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Lol néi dau

T lau vat 1y dd 1a co s& khoa hoc ctia nhiéu nganh k¥ thuat, dic biét 12 nganh
k¥ thuat dién t, vién thong. Cang ngay cang nhiéu nhilng thanh tiu khoa
hoc vat 1 duoc nhanh chéng iing dung vao k¥ thuat dién tlr, vién thong.

K§ su dién tlr, hon ai hét, cAn ¢6 nhitng hiéu biét sdu séc vé vat 1y hién
dai. Vi vay ngodi gido trinh "Vat ly dai cuong” chung cho tét ca cic nganh
k¥ thuat, trong chuong trinh d2o tao k¥ su dién tir duge b6 sung thém gido
trinh "Vat 1y dién tir".

Gido trinh "Vat 1y dién 61" nhim muc dich cung c4p thém cho sinh vién
nhimg hiéu biét vé vat 1¢ hién dai lién quan truc ti€p dé€n nganh k¥ thuat dién
tlr, vién théng. Nam 1981, Phé gido su Nguyén Minh Hién, v6i muc dich
trén, da bién soan tap "Cdc bai giang vé vat 1y dién ti".

Gén day do yéu cdu hién dai héa ndi dung chuong trinh giang day, khoa
Pién tir - Vién thong trudng Pai hoc Bich khoa Ha ngi da x4y dung mot dé
cuong mdi cho mon hoc "Vat 1§ dién tir”. "Gido trinh V4t 1y dién tlf” nay dugc
bién soan dua theo dé cuong d6. Tuy nhién, dé cho gido trinh duge mach lac,
su sip xép cdc chuong muc trong gido trinh ¢6 {t nhiéu thay déi so voi dé
cuong mon hoc.

Gido trinh duge chia Jam nam chuong, gom ba don vi hoc trinh véi thoi
lugng 45 tiét. Chuong thir nhét trinh bay "Chuyén déng clia cdc hat tich dién
trong chan khong dudi tdc dung clia dién truedng va tir trudng”. Chuong thd
hai gi6i thieu "Mot s6 van dé vat 1§ lugng tir", cung clp nhitng hiéu biét co
ban dé tiép tuc nghién ctu nhitng chuong sau. Chuong thit ba trinh bay "Phé
ning lugng cha cdc hé hat lugng tit", tit nguyén tir hydro don gian, nguyén tir
c6 nhiéu dién tr, phan tir va cudi cling dén tinh thé chat rdn. Chuong thit tu
dé cap "Mot s6 vin dé Vat 1y ban din”, gidi thiéu nhimg khai niém cdn thiét
nhat dé nghién ctru vat 1y linh kién dién ti, linh kién quang dién tir. Chuong
thit nam giGi thiéu "nhitng co s& vat 1y cla qud trinh truyén va xir 1y tin hiéu
quang”, dé ¢ap nhing co sd vat 1y cla cdce linh kién quang dién tir nhu linh



kién din séng quang, s¢i quang, diéu bién tin hiéu quang, nguén phét quang,
thu tin hiéu quang, tich séng quang. Cu6i mdi chuong ¢ bai tAp kém theo
ddp sd.

Gido trinh Vat 1y dién tr nay dd duge luu hanh noi bo tir nam 1976 va
dugc tac gia cing mot s6 déng nghiép sit dung dé giang day cho sinh vién he
chinh quy va hé tai chitc nganh dién tir-vién théng trudng Dai hoc Bach khoa
Ha néi cling nhur cho sinh vién nganh dién tit-vién thong & mot vai trudng dai
hoc khdc trong nude. Do yéu cdu cfp bach vé tai lidu giang day va hoc tap,
nghién cifu chiing t61 xudt ban rong rai "Gido trinh Vat 1y dién tt" nham phuc
vu Kip thai déng dao ban doc. Chiing t6i rdt mong dugc su gép ¥ clta cdc ban
doc vé nhitg sai s6t chic chin khé tranh khoi trong séch.

Tac gia.



Chuong 1

CHUYEN PONG CUA CAC HAT TICH PIEN TRONG
CHAN KHONG DUGI TAC DUNG CUA PIEN TRUONG
VA TU TRUONG

Ngay nay rit nhiéu nhitng dung cu dién tir chan khong (thudng goi 1a dén
dién i} da 16i thoi va khong duge st dung. Tuy nhién vin ¢on nhiéu dung cu
dién tir quan trong ing dung st chuyén dong ctia cdc hat tich dién duéi tic
dung cla dién va tir trudng nhu: 6ng tia dién tir clla mdy dao dong ky dién
tit, 6ng hinh cia mdy thu hinh, kinh hién vi dién tit, médy gia téc, khéi phd
k€...Vi vay nhiing kién thitc v& su chuyén dong clia dién tlt trong chan khong
dudi tic dung clia dién va tir trudng van rdt cdn thiét cho nhimg chuyén gia
clia nganh dién t,

1.1 Phuong trinh chuyén dong clia hat tich dién trong dién
trudng va tir truong khong doi

Gia sit trong khong gian ton tai mot dién trudng tinh véi vec-to cudng do dién
trudng £ va mot tir trudng finh v&i vec-to cam ing tir B. M6t hat ¢6 khéi
lugng m, ¢6 dién tich g s& chiu mét luc tac dung Ia

— -

f=q€+q{ﬁ'xB} (1.1)

Trong hé SI, F do bang N, ¢ do bing C, £ do bing V/m, 7 do bing m/s va B
do bang T. Phuong trinh chuyén dong clia hat sé 1a:

AT} — of + gl x B (1.2)
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D6i véi cdc hat c6 v < e ( ¢ - vAn t6c 4nh sdng ) c6 thé coi m 12 khong déi va
phueng trinh (1.2) ¢6 dang:

m§E=q§+q[ﬂ'x§] (1.3)
dt
Nhan vé6 huéng hai v€ cha (1.3) v6i # va bién d6i ta c6:
m d( v?) L=
5 — £ (1.4)

Tir day ta c6 nhan xét:

a/ Su bién déi dong nang cha hat chi do tdc dung cla dién truong, tir trudng
finh khong thé 1am thay déi dong nang cla hat, tir trudng chi ¢6 thé lam thay
déi hudng chuyén dong cha hat.

b/ Gia sir trong khoang thai glcm tr £, dén ¢, hat chuyén dong ti diém A,
dén diém A,. L4y tich phan hai v& phuong trinh (1.4) doc theo qu¥ dao A, 4;
ta c6:

2 Az

yae2 ; - Az
mz'”z _ % g Edz= —q/ gradl/ds = q(U, — Us) (1.5)
A‘] Al

v, 7, - van téc cla hat tai 4, va 4, tuong ing,
Uy, U, - dién thé tai cdc diém A, va 4,, trong Ung.
Phuong trinh (1.5) c6 thé viét lai:

muf

y t qU, = (1.6)
Vay nang lugng toan phén clia hat tai 4, va 4, bing nhau.
¢/ Néu cho van téc ban déu tai 4, béng khong, tit (1.6) ta c6
2
T =l ~U2) = U (1.7

U = Uy — U, 1a hiéu dién thé gilta hai diém 4,va A,. Ta di dép két luan khi
dién tich chuyén dong trong trudng finh dién sy thay ddi dong nang cba hat
dwoc xdc dinh bdi higu dién the U.

Dua vao day ngudi ta dwa ra mdt don vi nang lugng goi 1a electron-volt
(eV), 12 nang lugng ma mot dién tich ¢ = e = 1,6 - 107'*C thu duge khi di qua
mot hiéu dién thé tang toc bang 1V; 1eV =1,6-107'%J; 1) = 6,24 - 10'%eV.

Tir (1.7) khi biét dién tich, kh&i lugng cla hat ta ¢6 thé tinh dugc van t6¢
v cua hat.

. %‘% 46i véi dien tir o(=) = 6-10°/U (V] (1.8)



1.2. Chuyén dpng cva hat tich dién trong dién truomg déu 11

Hinh 1.1: So d6 mé td chuyén déng cia dién tir trong ong tia dién tr ding ru dién
lai tia.

Can luu ¥ rang ddng néng cua dién tich thu dugc chi phu thuge vao dién
th¢ diém ddu va diém cudi clia chuyén dong, chinh diéu nay chiing té trudng
tinh dién 1a mot trudng thé. Tu phuong trinh (1.3) néu biét sy phu thudc cia
cdc truding vao toa do, £(7), B(7), biét cdc diéu kién ban ddu cha dién tich ta
c6 thé giai bai todn dé tim dugc quy dao ciling nhu céc thong s6 khdc cla
chuyén dong cha dién tich. Gidi bai todn tdng quit s& phitc tap nén ta s& xét
mot s6 trudng hop riéng sau day.

1.2 Chuyén dong cta hat tich dién trong dién trudmg déu

Xét chuyén dong chia hat c6 dién tich ¢, ¢6 khéi luong m, trong tu dién phang
v6i dién truong déng déu £, ta cé:

di o
Moy = g& 1.9

Véi digu kién bién la: tai thoi diém ¢ = ¢, hat ¢6 toa d6 12 7 va van tdc 13 7,
14y tich phan (1.9) ta ¢6:

(1.10)

t —
S 9z q & dr
T =1y + =Edt = —E{t -t Vg = —
v= /tum m ( o) + dt
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Tich phan (1.10) ta c6

¢
F = Fg+/'t_"dt Et—to)2+'t}0(t—fﬂ)+?"g
to 2m
Fo= LE ) + Tt —t) + 7o (1.11}
2m

Chiing ta xét trudng hop don gian va thong dung nhét, trudng hgp chuyén
dong clia chiim dién tit trong t dién phéng 12 hai ban 14i tia ca 6ng tia dién
tlr trong may dao dong ky dién tl, nhir v& & hinh (1.1).

3 day chiing ta chon £ = (0,0, £.), chiéu dai cia m dién phang 14 ;, khodng
cdch gifra hai ban 14i tia 12 d, van t6¢ ban ddu clta dién tlt song song vdi tryc
2, Ty = vg,, va duge xdc dinh bdi dién thé cla cuc gia toc dién tir Uy, nghia la
Vo = gy = 1/ Uy, Hleu dién th¢ gifta hai ban 14i tia 1a Uk, dién trudng trong
tu dién phing 1a £ = . Chon géc toa do 7, = 0 tai diém dién nr bat ddu di
vao viing tic dong clia dlg:n trudng cia ty dién vao thoi diém ¢, = 0. Tt nhimg
gia thiét trén va phuong trinh (1.10) ta co:

e+ . Y - -
T=—-—Et+7 VA F= —&t° + Dot (1.12)
1o 2m

Viét (1.12) duéi dang cdc thanh phén:

=, = ./ 2E[] = — feeyr .
Vg = Uy, = mI r=1gt= mLUt

1y, =) y =0 (1.13)

Chiing ta thdy qui dao clia dién tir ndm trong mat phéing (roz) va dugc biéu
dién bdi cong thic

, . U T Uk,
T Tamd Zu, 4,
_ Uk —
7 = 4dU0I" y=10 (L.14)

Tix day ta cé thé két luan:

- Qu¥ dao cua dién tir la mét dudng parabol.

- V&i U va Uy cho trude quy dao khong phu thudce vao cic dic trung clia
hat (khai lugng, dién tich), diéu dé ¢é nghia la trdng tinh dién khong ¢ kha
ning phan tidch cdc hat theo cdc dac trung cua chiing.
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- Néu thay déi Uy va U, cing mét s6 1dn nhu nhau qu§ dao cla hat sé
khong déi.

Khi ra khoéi viing tdc dung clia dién trudng trong tu dién, dién tir sé chuyén
dong thing déu va dap 1én man huynh quang M. Chiing ta c6 thé tinh duoc
d6 léch cia chum dién tit D so v&i tAm ciia man, nhu v& & hinh (1.1) ta ¢6:

D = Dy + Dy; D1=Z1=§-*n-1—-d—t?;
tl:%:\/iﬁ dodéDI:-%%%:_—gf-i—z
—T7 2
Dzzzztgazszsfzzg%:_b%;_‘d
mlu
*—i—’:-;—ldt%m) (1.15)

Tir (1.15) ta thiy:

- B¢ léch ctia chim dién tir cang 16n khi dién dp tang tdc cing nho, khoéng
cich tir ving ¢6 di¢n tredng dén man hinh cang 16n. Dya trén nguyén tic dé
ngudi ta thiét k& cdc 6ng tia dién tir.

- D0 léch cia chum dign tir ty 1¢ thudn v6i Uy, hiéu dién thé gilta hai ban
lai tia. Trong &ng tia dién tir, d€ dac trung cho sy phu thudc nay ngudi ta dua
ra mot dai lugng goi la do nhay S cita ong. V& do I16n, do nhay $ bing do
léch clia chum dién tit gay nén boi sur thay déi dién dp 1am léch (hiéu thé giita
hai ban lai tia) ¢6 d6 1on 1V,

:%:Eib_ﬂ{%“ﬂ (1.16)
Thong thudng do nhay trung binh cha dng tia dién tlt ¢ S = 0, 25mm/V.

- Trén dudng di clia chum tia dién tir ching ta c6 thé dat hai cap ban l4i
tia (hai tu) vuong géc véi nhau. Tu cé ban vudng géc véi truc z giy nén do
léch theo truc z (theo phuong thing ding). Tu c6 ban vuong gée véi truc y
gdy nén d6 léch theo truc y (theo phuong nim ngang).

- Néu dién 4p trén hai ban ldi tia 14 dién dp xoay chiéu thi cdc dién tir
s€ dao dong lién tuc giita hai phién va do d6 diém sdng trén man hinh ciing
chuyén dong lién tuc. N&u dién 4p trén hai ban 1a "dién dp rang cua” thi diém



14 Chuong 1. Chuyén déng cua hat tich dién trong chdn khong

!lM
zA
A 1 '
]I-c~——-.‘-v——_.__._,§. _____ ,!I
1 QN j
B e -
0 oo A
T e Lk
i ;T Pl
K ! / ! ID
U, lQ} 1 P4
([ ‘L,.‘L
Iy -
\ s 1
4 L
¢

Hinh 1.2; So d6 6ng tia dién tir ditng cudn ddy tir truong ldi tia.

sdng s& chuyén dong déu trén man hinh va né c6 thé déng vai trd nhu mot
“truc thdi gian” trén man hinh. Bing céch dat trén hai tu ldi tia nhimg dién
4p rang cua thich hgp c6 thé thuc hign viéc quét toan bo man hinh theo tirng
dong mot.

- T6¢ do cha tia dién tir rdt 16n gén nhu tic thdi véi su thay déi dién dp,
nén 6ng tia dién tir 13 mot dung cu gin nhw khong ¢6 quén tinh. Tay nhién
néu tin s6 ciia dién 4p qué cao (f > 10°Hz) thi nhan xét trén khong con diing
niva,

1.3 Chuyén dong cia hat tich di¢n trong tir trudng déu

Xét chuyén dong clia mot hat c6 dién tich ¢, khéi lugng m trong khong gian
c6 tir trudng déu véi vec-to cAm tng tir B ta ¢b

dv =~

mEZQ[UXB] (1.17)
Tir day chiing ta c6 nhéin xét:
- Gia t6c clia hat @ = # = 7 luén lu6n vuong géc véi vec g van toc 7. Vi

vay nhu trén ta d3 nhan xét, tdc dung cta ¥ trudng khong lam thay ddi dong
nang hay d6 1dn cha van t6c hat.



1.3. Chuyén dong cia hat tich dién trong ux truong déu 15

- Ta c6 thé viét (1.17) dudi dang cic thanh phén

i =% = L(yB, - 2B,)
o — 1(;B, - ¢B,) (1.18)
i = g = 5 (8By — 98,

Tri

=
I

te
I

1.3.1 Trudmg hgp van toc ban ddu vudng goc véi tir tririmg. Chiing ta
x€t treong hop don gian va thudng dung nhét, dé 12 trudng hop sit dung cuén
day tir trromg nhu mot cudn Idi tia trong Sng tia dién tir, trong d6 vec-to cdm
tng tlr vuong goc v6i vec-to van t6c ban ddu & = v, = /22U, ;5 = (0, B,, 0),
chiéu dai viing tdc dung ctia tir trudng theo truc « 12 1, khoang céch gilta viing
tdc dung cla ti trudng dé€n man hinh 14 &, nhu v& & hinh (1.2) Vi % = v,,,
nghia la v, = 0, B, =0, B, = 0 cho nén ta c6 thé két luan v, = 0; y = 0 va qu§
dao clia dién tlr 12 mot dudng cong phang ndm trong mit 0z vudng géc véi
dudng siic tir trudng.

Vi gia tdc cla chuyén dong ludn vuéng géc véi vec-to van téc va do 16n
clia van t6c khong déi |51 = 5| cho nén gu§ dao cha dién tir phai 1a mot dudng
tron, trong d6 luc tdc dung cha tit trudng 1a luc hudng tam, ta ¢

2 2

E"'I";— =evB, Viv=v, mnén m};}u = evyB (1.19)
Tix day ta it ra duge bén kinh clia quy dao chuyén dong
_mi
= B (1.20)

Thdi gian di hét mot vong clia quy dao, nghia 14 chu k¥ cha chuyén dong

quay la
2rl 27m

T= o = eB (1.21)
Tan 58 quay f va van t6c géc clia chuyén dong la
1 eB 27 eB
I =T " %m “=T 7w (1-22)

Tén s6 quay ctlia dién tir trong tir trudng vuong géc duge goi 1a tdn s6 cyclotron.
Dién tit ¢6 thé thirc hign duge chuyén dong quay chi trong trudng hop viing
tac dung cla tir trudng rong va tir trudng di 16n.

Trong trudng hop chiing ta xét trong Ong tia dién tlf vang tir trudng & hep
va tir trudng nhd, quy dao clia dién tir chi 13 moét cung tron, ra khoi ving tic
dung cia fir trudmg dién tir s€ chuyén dong thing déu va dap 1én man hinh.
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b/

Hinh 1.3: a- cudn ldi tia cé 16i sdt, b- cudn ldi tia khéng cé 16i sdt.

Néu do léch trong tir trirong khong 16n ching ta c6 thé viét mot cich gin
ding do 1éch cla dién tir trong viing tic dung cla tir trudng:

Y i_xzeB_ eBx* 0 (niAfTe Bz?
2R 2mug 2?’1’1\/2,,%{]0 2mU, 2

€ Bzx?

mle 2 (1.23)

IR

z

Tir (1.23) ching ta c6 nhitng nhén xét sau:

- V6i z < I; phuong trinh qu§ dao 1a z =, /5-5-B%;y =0

- Quy dao cia hat trong tit trudng finh phu thudc vao céc dac trung cla
hat (vao ty s6 ¢/m). Nhu vay tit trudng tinh c¢6 kha nang phan tich cham dién
tich theo cdc dac trung clia hat, vi du trong kh6i phé ké.

- Quy dao clia mot hat s& khong d6i khi _2- khong déi.

- Ciing tuong tu nhu trong 6ng tia dién tir ding tu dién l4i tia, trong 6ng
diing cuon tir trudng 14i tia ta ciing c6 thé tinh do léch tia trén man hinh D.

D =D, + D,
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Trong dé
R
Dy=1ly- tgﬂ-% b= ifvf -£2=1/2—T§E-Bmg
Két qua la
EB“(f—l +h)= /o U }_nl(‘El +13) (1.24)

- Trong trudng hop nay chiing ta ciing ¢6 thé dua ra khdi niém do nhay 5.
Néu dong dién I chay trong 6ng day sinh ra tir trudng B thi B ¢6 do 16n ty
1& thugn véi I. Khi d6é d6 nhay duge dinh nghia nhu sau: do nhay cla 6ng
tia dién fir vé do 16n béng d¢ lech cla chdm dién tir gay nén bdi su thay déi
dong dién ¢ do 16n biang 14 chay qua cuén l4i tia.

D_eh /i ,\B e L B

2= = WE+u)Z (1.25)

S:T_mvg(§+ I mlly

- Trén hinh (1.3) biéu dién mot s6 cudn 14i tia ¢6 15i sit (1.3 a) va khéng
¢6 101 sét (1.3 b).

1.3.2 Trudng hop tdng quit. Bay gir ching ta xét trudng hop téng quat
hon, khi ma véin t6¢ ban ddu ; cia hat dién tich hgp véi dudng sic tir mét
goc bift ky. O day ta phan tich 5 thanh hai thinh phdn: mot thanh phén v,
song song v&i B va mot thanh phén v, vudng géc véi B. Thanh phén v, s& gay
nén chuyén dong quay theo qu§ dao trdn nhu vira xét & trén, con thanh phén
v g4y nén chuyén dong tinh tién song song v6i B. Qu¥ dao ciia chuyén dong
téng hop s& 13 mot dudng c6 dang 15 xo "vin" 14y duding sitc cia tir trudng.
Buée cta 1o xo 1a _—

A= UHT = ‘U|| —B

Trén hinh (1.4) biéu dién qu§ dao "10 xo" ctia dién tich trong it trudng.

Chiing ta nhan thiy ring v; cang 16n thi bude cha 10 xo cang 16n, 10 xo
cang gidn ra, sau mdi budc quy dao cha dién tich lai 14p lai tudn hoan.

- Tt tinh chat chuyén dong nay chiing ta thiy t trudng déu cé kha nang
héi tu duge chdm hat phan k¥ yéu v ¢6 do 16n clia van t6c gin déng déu.
Gia st c6 mét chiim dién tir phét ra tir catot K va duoc ting t6c bdi anot A sau
dé di qua 16 nh6 & anot dudi dang mét chiim tia phan ky yé&u véi v, gin dong
déu va vy <« v;. N&u chum tia di qua mot i trudng c6 vec-to B song song
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Hinh 1.5: Quy dao ciia hat dién tik trong tix truong song song véi truc cua chim dién
tr phdn ky yéu.

v6i truc chia chiim tia thi sau nhitng khoéng thdi gian béng chu ky 7' di¢n tir
s& cét truc chim tia tai nhitng diém gdn béng nhau, bang budc cla 10 xo, vi
ring

2mm
TS eB
va 5
mm
A:T‘U” ETU[): B (2]

Nhu vy tir trudng déu doc theo chiim tia cé kha nang hoi tu chim phan ky
yé&u, nhung quy dao ctia dién tit c6 dang 16 xo, nhu biéu dién & hinh (1.5).
- Cu6i ciing chiing ta ¢c6 mot nhan xét 1a n&y tir trudng doc chum tia khong
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Duang svec +7

a}

%] [ - .
% Huong suc i
TR =N

b) [ AX XN R RN RSy S X RN % ¥

Hinh 1.6: a- m6 td hién twong dién tich bi phdn xa trong tit trudmg, b- cdu hinh bdy
rr.

déu thi budc ctia 10 xo va bdn kinh quay clia dién tir s& thay déi, vec-to cdm
\ing tir B cang 16n (mét d6 dudng stic day) thi A cang nhé va R cang nhd, qu¥
dao ciia dién tir s& phiic tap hon nhiéy, tham chi x4y ra hién tuong dién tich bi
phan xa tr& lai. D6 chinh 12 nguyén tic cha cdc by tir ding d€ nhét plasma
ma ta ¢6 thé hiéu mot cich dinh tinh trén hinh (1.6).

1.4 Chuyén déng ciia hat tich dién trong chan khong duéi
tic dung dong thoi cia dién trudng va tir truomg déu

Khi ¢6 tic dung dong thdi clia dién trudng va tit trudng hat sé chuyén dong
theo nhimg quy dao khdc nhau thy thudc vao sy phan b6 tuong hé giita céc
trrong dé. Chiing ta s€ xét moét s6 tnrdmg hop thuong gép sau day.

1.4.1 Dién trudng va tir trudmg song song. Xét chuyén ddng clia mot dién
tich ¢, khoi lugng m, ¢6 van t6c ban ddu + trong khéng gian ¢6 dién trudng
£ =(0,0,£,) v ti trudng B = (0,0, B,) song song v6i nhau vi hudng theo truc
z. N&u # 1am thanh véi truc z mét géc 6 va tai thoi diém ¢ = 0 dién tich nam
tai vi tri 7 = 0 thi dién tich s€ dong thdi tham gia hai chuyén dong:

- Chuyén déng quay theo dudmg tron ban kinh R = oL voi chuky T = 20
trén mét phing vuéng géc truc =
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Hinh 1.7: Quy dao ctia dién tich dudi tdc dung ciia dién va ti tridng song song.

- Chuyén dong thing c6 gia téc déu theo truc z vdi van tdc v, = vy + L.
Qu¥ dao ciia chuyén dong téng hop sé& 1a nhitng dudng 16 xo cd budc thay
ddi dan nhu biéu dién & hinh (1.7). Qu§ dao clia chuyén dong t4t nhién con
phu thugc vao chiéu cha £ so véi vy

1.4.2 Pién trudmg va tir trudng vuéng goc. Xét chuyén dong cha mot hat
¢ dién tich ¢, kh&i lugng m, ¢6 van téc ban ddu 7, = (vog,v,y,0), & thii diém
t =0, 7y = 0, trong dién trudng £ = (£,,0,0) va tit trudng B = (0,0, B,), vudng
gdc voi bé miat gify nhu & hinh vé (1.8). Phuong trinh (1.3) ¢6 thé viét lai
dudi dang céc thanh phéin

Y4 L(%p, - Zp) (1.26)
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Hinh 1.8: Qu¥ dao ciia dién tich dudi téc dung ciia dién va tir triong vudng géc.

Hay la
dr ¢ g dy
i mt
Ly _ _gde (1.27
dz? m dt
r
aer

Néu gia thi€t v,, = 0;20 = 0 chiing ta c6 thé thdy qu§ dao 1a mot dudng cong
phing ndm trong mat phing 0y (mit gidy). L4y tich phan phuong trinh thy
2 ta cé:

dy qB
25 = T ey = —wE Uy, (1.28)

v8iw = 22, Thay (1.28) vao phuong trinh thit nhét cia (1.27) ta 6

2
% +wir = % + Wy (1.29)

Nghiém téng qudt cta (1.29) 13

. £ Y
T = ¢ sinwt + ¢y coswt + 2 5+ —, (1.30)
mw W

trong do ¢;, ¢, 1a cc hang s6 tich phan. Tir (1.30), ta ¢6

i—j:clwcoswt—cwsinwt (1.31)
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Tir céc diéu kién bién:
t=0,x =0,y =0,v; = Uz, Uy = Uy

ta c6 thé tinh duge o1, ¢, két qua tinh todn cho ta

B : B
z(t) = Evu sin 224 + (ﬁv{,y + EE)(1 — o8 q——t)
gB m q¢B m (1.32)
By MWoagy os—t)-l-( = L mE 698, '
vi)=-5'~ "B ‘ VT BB T m
Néu cho 7p = 0, vz = vy = 0 ta ¢
B
z(t) = 11'-é{l — o8 q—t) = Rp(1 - coswt)
m (1.33)
m & . ¢B E .
y(t} = _Et + (BB sin Et = —-B—t + Rysinwt
vl
mé

Ci4c phuong trinh (1.33) 13 phuong trinh tham s6 biéu dién mot dudng cong
goi 1a cycloit 1a quy dao cla dién tich. Duong cong cycloit chinh l1a quy dao
clia mot diém trén dudng tron 6 bdn kinh Ry ndm trong mat phing zoy va
lan trén truc y v6i van tdc géc w, nhu biéu dién trén hinh (1.8).

Phucng trinh (1.33) ciing cho ta thy van t6c trung binh cia hat theo truc
y 1 u = &, va chuyén dong cta hat cd thé xem nhu gém hai dang: chuyén
dong tinh tién theo truc y v6i van tée trung binh u va chuyén dong quay véi
tdn 56 géc w. DO cao cuc dai cla cycloit (znax) dat duoge khi

coswt= -1, wt=(2k+ Ljw

va bing .. = 2M%s.

Quy¥ dao cla hat cit truc y tai nhiing diém cdch déu nhau ¥ng vl zpin = 0
khi coswt = 1, wt = 27. Khoang cdch gifra nhiing diém cét nhau bang Ay =
97 R,. Dang chuyén dong cla dién tir trén day duge sit dung nhu nguyen 1y
hoat dong clia mot loai dung cu dién tlit magnetron, mot loai den phdt siéu
cao tdn. Trén hinh (1.9) v& so d6 mot loai magnetron: magnetron phéang (nhu
mot mdy phit siéu cao tin ing dung su tong tdc gifta chiim dién tir va song
dién tir).

Magnetron gém c6 catot phét dién tir va anot ¢6 cdc héc cong huong, dit
trong tir trudng. Dién tir phdt ra tr K dudi tic dung cla dién va tir trudng
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L6i vao L&ira

T

T

Hinh 1.9: Nguyén Iy hoat déng ciia magnetron phdng.

vuong goc.v6i nhau s& chuyén dong theo cdc quy dao cycloit. Do cao céc
cycloit phu thudc,vao dién dp trén hai ban va tir trudng. Chinh quy dao dic
biét nay clia dién tir da tao nén sy tuong tic va trao d6i niang lugng giita chiim
dién tlr va séng dién tir trong magnetron va dugc sit dung nhut nguyén 1y hoat
dong clia magnetron.

1.5 Su tuong tu quang co

Chiing ta biét ring trong quang hoc c6 mot nguyén ly quan trong d6 1a nguyén
ly Ferma hay ¢on goi la nguyén ly thoi gian cuc tiéu. Theo nguyén 1y nay,
khi tia sing lan truyén tir diém A dén diém B thi trong s6 tdt ca cac quy dao
c6 thé n6 s& lan truyén theo qu§ dao ma thdi gian cén thiét dé di hét quy dao
dé la cuc ti€u. Nguyeén 1y d6 duge dién ta bing todn hoc dudi dang mot bién

phan nhu sau:
B B B
6([4 dt):J(/A %):6([4 nds) =0 (1.35)

trong d6 v la t6c d¢ lan truyén clia 4nh sdng trong moi trudng c6 chiét sudt
la n; v = £, clatdc do lan truyén cia 4nh sdng trong chan khong. Tir (1.35)
nguyén 1y Ferma ciing c6 thé phdt biéu: quang 16 ciia tia sing theo quy dao
that ctia né bao gio ciing 1a cuc tri.

Trong co hoc ta cling ¢6 nguyén 1y tuong tu nbu nguyén 1y Ferma, d6 la
nguyén ly tic dung cuc tiéu, duge biéu dién bang toian hoc nhu sau: déi véi
mot hat chuyén dong trong trudng thé ta ludn cé:

/sz) g m—vdt)uo (1.36)
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trong d6 7' }a dong nang clia hat v 13 van t6c cta hat. Vi dién trudng la mot
trudng the nén chuyén déng chia hat tich dién trong trudng tinh dién phai tan
theo nguyén 1¥ tic dung cyc tiéu. Tix (1.36) ta c6 thé viét lai:

B mo? Pl Lds B
5([4 —é—dt)—é'(j; 51 vv—)_-é(fA Emvds)
hay la
2 % B
5(/ vds) =0; v=1] 22U a(f Vids) =0 1.37)
A A

m

Tir day ching ta thiy ring c6 thé xem quy dao ctia hat tich dién trong trudng
finh dién nhu dudng di cha tia sdng néu trong khong gian c6 thé xem n tirong
tu nhwr /T, nghia 12 su thay déi gid tri can bac hai cla dién thé trong khong
gian giéng nhu su thay d6i clia chiét sust trong méi trudng.

Su tuong tir d6 goi 12 su tuong tu quang co, né cho phép xay dung mét thi
quang hoc cdc chim dién tir, chiim ion giéng nhu quang hoc céc tia sdng.

Nhu chiing ta biét trong quang hoc ¢6 ba dinh luat co ban:

1. Trong moi trudng déng nhét (c6 chiét suit déng déu) dnh sing bao gid
cling truyén thing.

2. Khi tia sang di tit moi trudng ¢6 chiét sudt », sang moi trudng cé chiét
suflt n,, nd bi khiic xa & mit gi6i han giita hai méi trudng va ty s6 gifta géc
t6i va goc khic xa thoa mén diéu kién

sinx ng

sinf ~ np

3. Géc phan xa cla tia sdng trén mit phing gi¢i han giita hai moi trudmg
bing gdc tdi

{(xem hinh (1.10)).

P6i vdi chuyén dong cla hat dién tich trong trudng finh dién ta cfing c6
thé phét biéu nhitng dinh luét tuong tu:

1. Trong viing c6 dién thé& khong ddi (U = const) hat dién tich chuyén dong
thang (chii ¥ v ~ vU).

2. Néu chiim hat tich dién phan xa trén bé mit ding thé thi géc t6i bing
g6c phan xa,

$ day chiing ta hiy xét diéu kién phan xa mot chiim dién tlr ching han.
Hudng mot chiim dién tlt ¢6 véan t6c ban ddu bang 7, vao mot bé mit kim loai
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Hinh 1.11: Hién titong phdn xa tia dién ur.

(mot colecto) c6 dién thé Ue. DE dién tir roi 1én colecto khi colecto tich dién
am Uy < 0, thi van tdc dién tir phai thod min diéu kién

m
?vgz > ele;

V0l truc z vuodng goéc voi bé mat colecto nhu & hinh vé (1.11),
oz = tpcosee Va do d6 diéu kién trén ¢6 thé viét lai:

m oo 2
EUO cos“ o > ellg,
2 . . ~ A - Ta
Vi T8 = ellp, 20§ cos? a = ellg cos? a = ely(1 ~sin? o), nén diéu kién dé€ dien

tr rol vao colecto 1a:
leUp](1 — sin® @) > lelc|
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Hinh 1.12: Hién tuong khiic xa tia dién ik,

hay sine < /1 — |%%1

Nguoc lai, diéu kién dé chum tia phan xa tré lai 14

sina>\/1_—1€,°‘1 (1.38)
‘0

Diéu kién (1.38) tuong tu nhur diéu kién phan xa toan phin trong quang
hoc

sinea > n—r‘).
1
3. Khi hat dién tich chuyén dong tir viing ¢6 dién thé U; sang viing c6 dién
th& U, thi huéng v d6 1én cia vin t6¢ clia hat s& thay doi va duge xdc dinh
biang dinh luat

sina Uz
Sinﬁ a \a"Ul.

Hién tugng khic xa chim hat tich dién nay 1a do sy tdc dung cua lyc dién
trudng ton tai & mot 16p mong phin cach gita hai viing c6 dién thé khac nhau
lam thay d&i thanh phédn », (vudng géc v6i bé mat phan cdch) clia vén toc,
xem hinh (1.12).

Dién trudng trong 16p phan cdch khong lam thay déi thanh phén v cla
van toc: vy sina = vy sinf; 2 = 522, Dinh luat khic xa trén day cho phép ta

xdc dinh duge quy dao clia hat tich dién chuyén dong trong mét trudng tinh
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Hinh 1.13: Phuong phdp xdc dinkh qus dao dién tich trong mot trucmg thé tinh dién
bat k.

dién bat ky. Muén vay ta phai bidu dién trudng finh dién bing tap hop rat
nhiéu cdc mit dang the phan bé st nhau dé ¢6 thé xem dién thé trong khodng
khong gian gitta hai mit dang thé 1a khéng ddi va bing

Ui+ Uiy

v 2

Chiing ta c6 thé goi v/U 12 chiét sudt dién tir ctia khong gian trong d6 ¢ dien
tich chuyén déng.

St dung dinh luat khiic xa qua mit thif : ta s& nhan duoge

siInay ‘\g"Ug'.'.] +U; (139)

sin i /U,Cy + U

Quy dao that sy cia hat duge thay the mot cich gin ding bing mét duong
gy khic gom nhiéu doan thiang néi v6i nhau. S§ mat ding nang cang lén do
chinh xdc clia phép tinh cang cao (xem hinh (1.13)).

Nhu di nhédn xét trong muc §1-2, quy dao cha hat dién tich khong phu
thugc vao khéi lugng va dién tich clia né, quy luat ndy duge goi 12 quy luat
dong dang clia cic hat chuyén dong trong trudng tinh dién.
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Hinh 1.14: a- thdu kinh tinh dién mot mdt phdng, mét mdt cong, b- thdu kinh tinh
dién hai mdt cong.

1.6 Chuyén dong cta hat tich dién trong truong tinh dién
khong déu, thiau kinh finh dién

Ciing nhu trong quang hoc ciia cdc chim dnh sdng, trong quang hoc ctia cic
chim dién tit (ta goi 14 quang hoc dién tir), th&u kinh 1 phdn tit quan trong
nhdt, né diing dé hoi tu hay phan ky chiim dién ti.

Théu kinh dién tir ¢é thé tao duge bing dién truong khéng déng nhit ¢6
d6i xtmg truc, hodc tir trimg khong déng nhit ¢6 d6i xing truc. Trong muc
nay ta s& xét loai thau kinh thit nhat, duge goi 1a thau kinh tinh dién.

Trén hinh (1.14 a,b) biéu dién hai loai thau kinh finh dién: Th#u kinh mot
mit phing mét mét cong (1.14 a) va thdu kinh hai mit cong (1.14b) trong dé
cdc dudng diit nét bidu dién cdc mit ding thé.

Cac thdu kinh dugc ciu tao tir hai dién cuc ¢6 dién thé khic nhau U, nhoé
hon U, va ¢6 hinh dang dé1 xing truc. Trong hinh (1.14b), cdc dién cuc dé 1a
nhimg hinh tru déng truc, con @ hinh (1.14a) cdc dién cyc c6 dang phing véi
18 trdn & gitta, goi la diapham (diaphragm).

DAu tién ta khdo sat mot cach dinh tinh quy dao cha dién tir qua thau kinh,
di tir trdi sang phai, tir mién U, sang mién U, U, < U,.

Cuong do dién trudng £ va do d6 luc tdc dung 1én dién tlt £ c6 thé phan
tich thanh hai thanh phan F, doc theo truc va F, vudng gdc vdi truc. Trén
hinh (1.14 b) ching ta nhan thdy ring cdc mit dang thé cong vé hai phia va
c6 do cong khac nhau, c6 thé tim dugc mot mat déng the gin gita khe ¢6
dang gdn nhu phang, ta goi vi trd nay la tdm khe giita hai cuc hinh tru (dudng
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| g 8 6,6 X

Hinh 1.15: Gidi thich nguyén Iy hoi tu chum dién iz,

dut nét dam). Dé dang thy rang khi dién tir chuyén dong tir trdi sang phai
va dang nam phia bén trdi tam khe, lyc F, ¢6 chiéu hudng vio truc cia thiu
kinh nghia 13 cd tdc dung hoi tu, & phia bén phai tam khe luc F, c6 chiéu
nguge a1 hudng tir truc ra ngoai, nghia la ¢6 tic dung phéan ky. Tuy nhién tdc
dung phén k¥ ctia phén bén phai khong triét tiéu hoan toan tic dung hoi tu
clia phdn bén trdi, boi vi & phén bén phai dién ti chuyén dong véi van téc 1én
hon nén thoi gian chiu tic dung nhd hon. Két qua 1a khi mét chium dién tir
song song v&i truc cla théu kinh di qua phan bén phai tAm khe, mic do hoi
tu ctia chum dién tir d6 bi giam di chiit it, nhung qu¥ dao chia dién tlr vén cit
truc tai mot diém nao d6, duge xem 1a tiéu diém phai clia thdu kinh, khoang
cdch tir tiéu diém dén tam khe 12 tiéu cu. Tiéu cu phfa trdi va phia phai c6 thé
khic nhau.

Chuing ta thfy ring dé mot chim dién tir song song di qua th#u kinh hoi
tu tai tieu diém luc hudng truc £, tdc dung vao dién tir phai ty 1& thuan véi
r, luc cang 1én khi hat cing & xa truc, nhe minh hoa & hinh (1.15). RS rang
dién theé trong hé th&u kinh phai ¢é d6i xing truc:

Ulry=U(-r).

Ham phan b6 dién th€ phai thoa man phuong trinh Laplace ma trong toa
do tru (va cé déi xtng truc) ¢ dang

U 19U U

ore v ar 922

=0 (1.40)
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Phuong trinh (1.40) cling ¢6 thé viét lai dudi dang

12( .8_[,{)+82U
r dr r ar dz2

=0 (1.41)

Trong trudng hop chim dién € hep (r nhd) ta c6 thé bi€u dién U(r, z) dudi
dang mot ddy cdc ham mil cla r.

Ulr,z) = Z Un(2)r™ = Uo(2) + Ur(2)r + Ua(2)r” + -+
L}

Tuy nhién, do tinh d5i ximg truc trong tdng nay chi con lai cdc s6 hang ¢6 s6
mil cla « la chdn, nghia Ja

Ulr,z) = Up(z) + Ua(z)r® + Us(z)rt + - (1.42)

Néu ta ding cdc ky hiéu sau day cho dao ham

dr ,  Or

P=on T =g

(1.43)
sit dung diéu kién phuong trinh Laplace (1.41) va tinh d6i xéng truc ta c6 thé
viét:

Ulr,z) =Up(z) - §U6’+~- (1.44)

trong dé: Us(z) 1a dién thé trén truc thau kinh (v6i r = 0); Uy 1a dao ham bée
hai theo z ciia U{r, z) trén truc thfu kinh. Biéu thitc (1.44) nghiém ding (1.41)
néu gia thiét U, (2) « Uy (2).

Ching ta hiy tim cdc luc clia dién trudng tic dung vao dién tit : Lyc theo
truc z:

Fz:mg:e%_fzeug (1.45)

() day chiing ta di bd qua U, 12 dai lugng nho. Luc theo r:

. aU i1
. =mf =eq, = —%EUU
Ta thdy ring luc F, nay ty 1& thuan véi r khodng cdch dén truc. C6 thé viét
mot cach gin ding ring theo truc z van téc cla dién tir thay déi theo cong
thiec )
§m22 = EU(] (1 .46)
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Tim dang clia quy dao nghia la tim r = r(z) (su phu thudc cla r vao z) khi
dién tir chuyén dong. Vir = r(t);2 = z(t)ta c6 thé chiing minh dugc cong thic
todn hoc sau:

F o 2%+ g (1.47)
That vay ta cd:
f-—gia_z— 3
“ozat | °
_6 ;._.Q: ra-__-.-r- fou
7 E[‘rz]—zat[r]+ra[z]—zrz+'rz (1.48)

Xac dinh cdc gid tri tlir (1.45) va (1.46) r8i thay vao (1.48) ta c6
er o 2_3 v, Can

hay 12

ww%’gmi},ﬂr:o (1.49)
Phuong trinh (1.49) duge goi Ia phuong trinh co ban clia th4u kinh tinh dién.
DAy:1a phuong trinh vi phan bac hai véi cdc hé s6 bign déi, rit khé gidi dé
tim nghiém téng quat. Tuy nhién tir day ta ciing c6 thé nit ra mot s& nhan
xétvé quy dao clia dién tir hay hat tich dién néi chung:

- Quy dao cha hat tich di¢n khong phu thudc vao dién tich va khéi lugng
cua chiing (trong cong thiic (1.49) khong ¢6 miit e/m).

- Néu ta thay ddi gid tri dién thé clia cdc diém trén truc thifu kinh {truc 2)
mot 56 14n nhu nhau thi qu§ dao cta hat tich dién khong déi, (d6 1a vi cdc ty
86 U} /Uy va U} /Uq khong thay déi).

- Néu biét cic gia tri clia dién th€ doc theo truc thfu kinh, nghia 1a néu
bi€t cac ham Uy, U4, Uy thi ta c6 thé tim duge quy dao chia dién tlt r = r(2).

- Chiing ta c6 thé diing (1.49) d€ giéi bai toén trong tnrong hop mot thau
kinh tinh dién mong va y&u. Ngudi ta goi thdu kinh finh dién mong khi viing
khong gian trong th4u kinh ¢6 £ # 0 12 hep, trong viing 46 gi4 tri r cOa dién
tir khéng kip thay déi nhiéu. Dé xdc dinh ta xét mot chum dién tir tir didm s
cdch khe thdu kinh mét khoang d (khoang cdch vat) Iam thanh véi truc mot
g6¢ o, khi di qua thau kinh chim nay bi khdc xa va ciét truc tai diém s,, &
khoang cach anh d,, nhu & hinh (1.16).

Chuing ta ¢6 thé viét lai phuong trinh (1.49):

f U”T
U " + uU f_+_ (] — U
VR T S T T AT,
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Hinh 1.16: Gidi thich cdch tinh tiéu cy thdu kinh tinh dién.

hay [a
J arl _ 1 Uf()
2 [\/Ug(z)g] =-1 Uo(z)r(z) (1.50)
Tich phan (1.50) theo z tir S dén S, ta cd
— Or ar| 1 51 Ul (2}
VUol2) 5 . — Unl2) EP . “1/s \/mr(z)dz (1.51)

Vi ham s6 dudi ddu tich phan chi khdc khong trong mét viing rét hep va trong
viing d6 r thay déi rat it r ~ ro. Khi d6 ta 6 thé thay

O _aoT0 Ol g To
dels BT G Bzl =tef=-3
Thay cdc gid tri thu duge vao (1.51) ta co
o/ Uo(51} _Toy UO(S) 1-0 o U[’)’(z) (1 52)
d d oo v/ Uu(z '

3 day Us(S1) = Uolz = 513 Us(S) = Uo(z = )
Né&u cho d = oo V3 d; = f» v2 ta c6 thé tinh dugce tiéu cu bén phai

11 © [(z)

- = (1.53)
f‘Z 4\/ UQ(S]) \,‘Uu(z .
Tuong tir nhu vay néu cho d; = oo ta tinh dugc tiéu cu bén trdi
1 1 Ui(2) (1.54)

i a/Te®) /oo \/Uo(z)dz
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Hinh 1.17: a- thdu kinh tinh dién don gém 1 diapham, b- hé hai thdu kinh don.

Ta nhan thdy rang trong (1.53) va (1.54) f phu thudc vao d4u ctia dao ham
bac hai Uj'(z). Néu U} > 0 thi f s€ 16n hon khong ta dugc thdu kinh hoi tu,
néu UY < 0, f < 0 ta dugc thdu kinh phan ky. Ty 1& giira hai tiéu cu

= VT® |

- Trong trudng hop don gian nhét nhu vé& & hinh (1.17 a), thu kinh tinh
dién chi gédm mot tdm chén c6 cira s tron (diapham), gidi gdn diing phuong
trinh (1.54) cho ta cong thitc tinh tiéu cu (vi du dién tir di tir trdi sang phai)

4U,

Al —

trong doé & = (Ua —Up)/de, & = (Up —Ug)/d1; Ua— dlel'l thé anot, Ug dlél’l thé
lué6i, Up-dién thé tai tAm ctia diapham (so v6i catot), d; khdang cich giita luGi
va diapham, d,- khoang cédch giita dlapham va anot, &,&,; dién trudng phia
bén trdi va bén phai clia diapham.

- Ciing ¢6 thé c6 nhitng hé quang hoc dién tir phitc tap hon, vi du nhu
hé gém hai th4u kinh & hinh (1.17b). Vi cira s trén diapham rdt nhd so véi
khoang cich giira cic diapham nén tic dung cua ting diapham xem nhu doc
1ap v&i nhau. Dién trudng dugce tinh theo dién thé & hai dién cuc bén canh.
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Hinh 1.18: Nguyén 1y hoat dong ciia thdu kinh tr mong.

1.7 Chuyén dong ciia hat tich dién trong tir truong finh
khong déu, thiau kinh tir

Chiing ta xét chuyén dong clia dién tr ¢6 van tdc ban ddu #, trong tit trudng
clia mot cudn day ngan, duge xem 13 mot thau kinh tir mong.

R rang tir trudng & day 1a khong déu nhung ¢é déi ximg truc nhu dugc
minh hoa trén hinh (1.18).

Chiing ta phan tich vec-td cam tng tit 5 ra hai thanh phén:

- B, hudng theo truc cudn day, cling la truc thiu kinh

- B, hudng theo phuong ban kinh

Néu chiéu dudng sic quy udc nhu trén hinh v& (1.18) thi thanh phédn B, &
bén trdi c6 chiéu hudng vao truc thiu kinh, cdn & bén phai ¢é chidu huéng i
truc thdu kinh ra ngodi.

Gia stt vin tdc ban diu cha dién tlt % ¢6 hudng tit trdi sang phai va song
song truc z, vg = ¢/ 2U,. Do tic dung cia thanh phén B, dién tir s&€ chiu mot
luc vudng géc véi mat phing chita B, va 7.

F, =ewB,

Luc F, lam cho dién tir ¢6 xu hudng chuyén dong quanh truc clia cuon day
v6i thanh phén véan tdc trong Wng v, = £ B,, (& day v, = rp va c6 thé ching
minh ring ¢ = 1 £ B,).

Dén lugt thanh phén van tdc v, lai chiu tic dyng cia thanh phén 6 trudng
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B,, luc tic dung vudng géc véi v, va B, nén huéng theo  vé phia truc cia
cudn day cé gid tri F:

elr
2m

Ching ta nhan thfy ring luc theo hudng béan kinh nay ty 1¢ véi r, khodng
cdch tir vi trf cia dién tit dén tryuc cuén day giong nhy cong thiic (1.46) doi
vGi thiu kinh tinh dién. Nhu vay ti trudng khong déu clia cudn day ngan da
lam léch quy dao clia cdc dién tir vé phia truc cudn day va do d6 san khi ra
khoi.cuon day cac dién tir nay duge hoi tu tai mot diém trén truc z, d6 chinh
13 tieu diém cua th&u kinh tt mong.

Cin Ivu ¥ réng & nira bén phai nhu quy udc trén hinh (1.18) thanh phén
B, cla tir trudng hudng tit truc ra ngodi, do d6 vén téc v, clia dién tl s giam
di nhung vin con khdc khong, két qua 12 tinh hoi tu clia tit trudng vin duge
dam bdo.

- Trén co s& phueng trinh chuyén dong

27

me—
dt?

F,=ev,B, = ——B: (1.56)

= —¢[i" x B) (1.57)

v6i gia thiét chiim tia hep (r nhd) tinh d6i xiing truc cua ¥ trudng cudn day,
tir phuong trinh Maxwell
divB =0
hay viét trong hé toa do d6i xung truc
18 oB

¢6 thé tinh gin diing phiong trinh quy dao cha dién tir

d’r + & Bh(2)

a2 m sl r=20 (1.59)

Pay 12 phuong trinh co ban clia théu kinh tiY, trong d6 B.o(z) 1a thanh phin

B, (theo truc 2) cla tit trudng tai céc diém trén truc thdu kinh (r=0).
Néu ta 14y tich phan (1.59) va xit 1§ nhw d6i véi phuong trinh co ban cia
th&u kinh tinh dién (1.49) ta c6 thé di dén cong thic tiéu cu cla thau kinh tur
1

- [ " B2y (2)dz (1.60)
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Cong thikc (1.60) cho thdy f ludn duong va thau kinh tir ludn 1a thdu kinh hoi
tu. Cn huu ¢ riing do thanh phdn v, cla dién tir, nghia 1a do dién tir c6 xu
hudng quay quanh truc thfu kinh nén anh ctta vat qua thdu kinh s& bi quay di

mot géc
1 € o
0=, fszD /_m By(z)dz.

1.8 Chuyén dong coa cac hat tich dién véi van téc gan bang
van toc Anh sang

Theo biéu thitc cé dién clia dinh luat thd hai cha Newton: Lyuc téng hop tic
dung 1&n mot vat bang dao him dong lugng clia vat theo thdi gian, nghia la:

F= %(ma} (1.61)

Dé bao gbm ci cdc higu img twong d6i tinh ching ta cin dua vao sy kién la
khoi lugng thay d6i theo van t6c cla vat. Tir d6 suy ra ring biéu thic cha
dinh luat hai Newton md& rong cho ca thuyét tuong ddi hep trd thanh:
<_dP _ d Mot _d
F=—=x [m_'____l—vﬁ/c‘z} [m] (1.62)

T dt
Trong d6 m 14 khoi lugng cha hat khi chuyén dong, m, 13 khéi lugng tinh clia
hat va
My
=0 1.63

ey (163
Trong co hoc cé dién ciing nhu ¢o hoc tuong d6i tinh, dong nang 7 clia mot
vat chuyén dong bing cong clia ngoai luc thuc hién dé 1am ting van toc cla
vat tix O dén gid tri v cho trudc:

T= Fqs (1.64)

v=0

Chiing ta xét bai todn mot chiéu F = F,, dS = dz va thay F tit (1.62) vio (1.64)

ta ¢O: v g Y s
T - — fmicd —
fv=0 5 [mv]dz fu=0 d(mv) T

T= (mdy + vdm)v = /U (muvdv + v2dm) (1.65)
v=0

v=(
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T (1.63) ta ¢6 m? = ;=5 hay

m’c® —mi? = mic? (1.66)

Ldy vi phan hai v& (1.66) ta c6
2meldm — m*2udy — v22mdm = 0

hay la
(mudv + v*dm) = ¢*dm (1.67)

V€ trii clta (1.67) chinh 12 biéu thic duéi dffu tich phén cua (1.65) vi vay ta

cé: ) o

T= / (mvdv + vidm) = / cdm = ¢ (m - myp)
v=0 rL=Tng

T = me? — moe? = moc? [ﬁ - 1] (1.68)

Khi v « ¢ ta co

2

1 2
T = mye’ [1+ U—+] —mgc? &

Mgt

2 ¢
Ta lai c6 biéu thitc dong ning trong cd hoc 6 dién. Nhu vay khi hat chuyén
dong véi van t6c 16n khdi lugng clia n6 thay déi, kh6i lugng cha hat chuyén
dong 1on hon khoi lugng nghi cla hat mét lugng 1a:
T
Dong nang clia hat biéu dién hiéu s6 giffa ning luong toin phdn cia hat £
dang chuyén dong va ning lugng nghi E, cua hat, do dé

E - Ey = me? — moe®.

Néu 14y néing lugng nghi ciia hat 13 E, = moc? ching ta nhan duge hé thiic
Einstein
E =mdc* (1.69)

Hé thitc nay néu 1én sy twong duong giita nang lugng va khai Ivong .
Bay gi¢ chiing ta dp dung nhiing két qua trén dé x4c dinh van t&c clia mot
hat tich dién duge gia tGc bdi mot hiéu dién theé U, ta co
2
E-F mac

) = A Fa —moc® = qU (1.70)
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Tir day ta ¢é:
1 1
T+ 2y

e

v=c (1.71)
Khi U — oo ta thly v —» ¢, cdn khi U nhd ta lai ¢6 cong thitc v = /2. DG
véi dién tir ta ¢6 thé tinh dugc:

m el/ U

w—j’;_lﬁtm—oc2 _1+7511‘103 (1.72)
tic 1a khi dién tir di qua hiéu dién thé U = 511kV khdi lugng cha né ting gip
déi. Ta ¢6 thé tinh duge nang lugng tinh cla dién tir :

Ey = mpc® = 9,1.107°1.(3.10%)% = 8,19.1071*] = 0, 511MeV

Vi dong lugng duge bao toan (chit khong phai vén toc!), nén dé tién loi ngudi
ta thudmg biéu dién nang lugng cia vt duéi dang mot ham cia dong luong.
Pé 1am diéu d6 ta binh phuong biéu thitc ciia m va nhin hai vé voi ¢*[1-v?/c?)
ta dugc

4 2,22 2.4

mic! - m*vic® = mic

Vi E = mc?, Eg = moc? VA |P| = mwv ta c6
E*=(Pc)? + E}

hay
E? = (me))? = (T + mp?)? = P*c% + (moc?)? (1.73)

Tit P = mwv ta cling tinh duge vin téc¢ cha hat

_pe
B

v (1.74)
Dai véi hat chuyén dong v6i van téc gdn béang vén téc dnh sdng su tuong
quang-co vin x4y ra, tuy nhién biéu thic ctia he s6 khiic xa s& thay d6i bai vi
trong trudng hop ndy thay Vi xét su thay déi van t6c ta xét sy thay déi dong
luong, nhu & hinh (1.19). Khi hat tich dién di qua gilta hai mién cé dién the
khdc nhau thanh phin dong lugng song song véi mat phan cdch la khong d6i
(chtt khong phai thanh phédn van téc song song véi mét phan cdch khong doi).
Pinh luat khiic xa s€ la:

sina P

nd P (1.75)



1.8. Chuyén dong véi vdn téc gdn bdng vén téc dnh sdng 39

Hinh 1.19: Khiic xa tia dién 1k véi van t6¢ lom.
Ta lai c6 P? = L(F* - EY).

P = L quy - 5] = L [0+ 200

c‘Z

/ )
sina_ Loyl + (1.76)
sin & o U "1 + 2mge? '
1 qlh

Nhu viy ta ¢6 trong trudng hop nay chi s6 khiic xa trong quang hoc dién tir

co dang
n= U1 e 2med a7n
ql/

Chi 56 khiic xa khong nhiing chi phu thudc vao dién th€ U ma con phu thuéc
vao ty s6 khdi lugng trén dién tich ™o clia hat. Nhu vy 1a quy ludt d6ng dang
trong chuyén dong clia cdc hat tich dién khéng con diing nita d6i véi céc hat
twong doi tinh,

Ngugc lai vi trong tir trudng hat tich dién khéng thay déi do 16n cla van
t6c ma chi thay déi hudng clia n6, nén cdc hat twong déi tinh vAn chuyén
dong binh thudng nhu hat ¢ dién va chi cin thay m = —2e . V{ du ban

Vi-iz
kinh cong ctia qu¥ dao cua hat tich dién duge tinh bdi cong thite:

my Mgt
R=— =

BT o =
q gBy/1- %

Thay vao (1.75) ta cé:

1.78)
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Hinh 1.20: So dé nguyén {y mdy gia téc Cyclotron.

Dé gia téc cic hat tich dién ta phai ding cdc may gia téc. Mot trong nhitng
mdy gia t6c don gian 1a mdy cyclotron sir dung tir trudng khong doéi va dién
trudng thay déi véi tdn s cao (¢& 1.107 Hz). C4u tao chia cyclotron ¢6 dang
nhu & hinh (1.20): Hai ntta cia m¢t hinh tru det ¢hinh chit D) cédch dién véi
nhau bang mot khe hd néi v6i moét nguén dién cao tdn. Hai dién cuc niy duoc
dat trong chan khong va tir truong déu vuoéng géc vét mit day.

Chting ta biét ring trong tir trudng hat tich dién ¢ van tdc @ vudng goc
v6i dudng sic B s& chuyén dong theo quy dao trdn bén kinh R = 22, véi chu
ky khong phu thu¢c vao van t6c T = 28 - 2mm Do dign 4p xoay chiéu dat
gifta hai nlra hinh tru, trén khe chan khéng giita hai dién cuc d6 dién trudng 6
chiéu thay ddi theo thdi gian véi chu ky Ty Néu chu k¥ 7, bing chu k¥ quay
cha hat tich dién T thi ¢6 thé dat dugc diéu kién 13 khi hat di tir trén xudéng
dién trudng cé d4u thich hop dé gia téc né lam cho né chuyén dong nhanh hon
véi bdn kinh cong [6n hon (nhung chu ky khong doi) dén khi hat di qua khe
ho tir dudi 1én dién trudng lai d6i ddu va gia téc né. CF nhu the hat s& duoc
tang toc va md rong dan bidn kinh quy dao. Cén lwu ¥ rang trong buéng gia
toc chin khong phai rdt cao, dp suft khi phai rdt thdp (cd 10~ - 10~ mmHg)
dé trdnh hat tich dién bi va cham vao cic phan tir khi du.

B:i‘i tap chuong I
(1-1) Tim biéu thitc v xdc dinh do nhay clia mot ong tia dién tir c2a may
dao déng ky c6 cc thong s6 sau: Hitu dién thé tang t6c chiim dién tir 1a 900V,
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Hinh 1.21: Cho bai tdp (1-3}.

khodng cdch tir diém giita ban 14i tia dén man huynh quang bang 20cm, chiéu
dai cdc ban 14i tia bing 2cm, khodng céch gilta hai ban 14i tia biing 0, 5cm.

(1-2) Tim biéu thifc va xdc dinh d¢ nhay clia mét éng tia dién tir chia mdy
dao dong ky ¢6 cdc thong s6 sau: Hiéu dién thé ting t6c chum dién tir 13 900V.
Khoang cdch gifta tam clia viing tir trudng 1am 1éch tia dién tir dén man huynh
quang bang 35cm. H¢ théng 14i tia gém hai cudn day Helmholtz hinh tron ¢6
ban kinh B = 2, 5cm dit cdch nhau mot khoang cich 2z = 5cm. S6 vong day
trén mdi cuon 1a 200 vong. Kich thude viing téc dung cia tit trudng 1a 27,
trong do tir trudng duge xem la déu.

Chu y cuong dd tir truong trong cufn Helmholtz dugc tinh boi cong thiic
H = ?H—*_W D6 tir thdm cia chan khéng po =1,26-10-°Tm/A; ¢ 1a dong
dién trong cudn day, W s6 vong day cha ca hai cuén.

(1-3) Trén dudng di ciia chiim dién tir ngudi ta didt mot hé gém hai ludi cé
dang mit cdu déng tdm bdn kinh trung binh 13 R = 3cm. Pién thé [wdi ngoai
la Uy = 300V, dién thé luéi trong 1a U, = 500V (so vGi catot phdt xa dién tir).
Chitng minh ring hé hai lu6i nay ¢6 tinh hoi tu d6i véi chim dién tlr. Tinh
tiéu cy cha hé. (Hinh (1.21)).

(1-4) Mot hé quang hoc dién tir gém mot catot phing K, mot ludi ting tdc
G, 6 dién th€ Uy bang 200V, mét tdm ngan (diapham) c6 dién thé U;, va mot
anot A dugc nGi véi diapham, hinh (1.22). Xédc dinh dién thé U/, (so vdi catot)
dé chium dién tir song song hoi tu lén anot. Cho biét khoang cdch giita luéi
tang t6c dén diapham 12 0, 5cm, khodng cdch giita diapham d&n anot 13 0, 8cm.

(1-5). Xét mot h¢ quang !.;¢ dién tir nhu & hinh (1.17-b) gém Icatot X,
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Hinh 1.22: Cho bai tdp (1-4).

hai diapham D;, D, va mot anot 4. Khoang cich giita cdc dién cuc d6 bang
nhau va bing lem. Dién thé clia diapham thit 1 D, bang dién th€ anot 4 va
bang U/; = 100V (so vdi dién thé catot K). Xdc dinh dién th€ ctia diapham thit
2 D, dé cho chiim dién tlt song song di qua hé hdi tu § anot A.

Dap so
(I-1) S =4,5-10""m/V;
(1-2) S =0,618m/A;
(1-3) f=13,25-10"%m;
(1-4) [)rj') = 57V;
(1-5) c¢6 hai nghiém U, = 432V va U, = 28V.
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Chuong 2

MOT SO VAN PE VAT LY LUGNG TU

Ngay nay rdt nhiéu Iinh virc khoa hoc, k§ thuat, cong nghé cn cd nhitng hidu
biét vé cdc hé vi mo, trong d6 cdc quy luat tuong tdc, chuyén dong chi c6
thé gii thich dugc nhd nhimg kién thic vat 1y lugng tir. Vi vay, cdc chuyén
gia vé dién tlt, nhitng ngudi thiét k€, sit dung nhing linh kién bin din, quang
dién tir... rat cdn thiét nhimg hiéu biét t6i thidu vé co s& clia thuyét luong t,
vé phd nang lugng clia cdc hé vi mo.

2.1 Ludng tinh song hat clia cdc hé vi mo

Tir Iau ching ta da quen biét tinh chdt séng cia dnh sdng qua céc hién tuong
giao thoa, nhiéu xa va ciing di quen biét tinh chét hat cha dién 1. Ddu thé ky
thit hai muai, khoa hoc phét hién ra nhitng hién tugng d6i véi dnh sdng (biic
xa dién tir) khong thé gidi thich dugc bang tinh chdt séng cfia nd, ma chi ¢é
thé gii thich dugc néu gié thiét tia sdng 13 mot chiim hat. Nguoc lai d6i v6i
chitm dién tlr ngudi ta cling phdt hién ra nhitng hién tugng ching to chiing ¢
tinh chét séng. Theo quan niém c¢6 dién thi hat 13 mot d6i tuong vat chét ¢6
vi tri, xung lugng, dong ning, khdi lugng, va dién tich, con séng lai ¢ budc
s6ng, tin s6, van tdc, bién do, cudng do, nang lugng. Hat cé thé dinh xi &
mot chd, con séng thi lai trai dai va lan réng do d6 chodn mot khoang khong
gian rong 16n. M6t van dé quan trong duge dat ra vio ddu thé ky 20 12 phai
xdy dung mét 1y thuyét ¢6 thé phan dnh duge hai ban chat trai nguoe nhau
ciia mot hé vi mo: ban chat séng va ban chét hat, ma ta goi 12 ludng tinh séng
hat.



44 Chuong 2. Mot s6 vdn dé vdt 1y lwong t

O ®

j,o

g

Hinh 2.1: So dé thi nghiém hiéu éng quang dién.

2.1.1 Ludng tinh song-hat ciia bitc xa dién tir. Cudi thé ky 17 di x4y ra
mot cudc tranh ludn s6i ndi va kéo dai vé ban chit clia 4nh sdng. Ddu tién
Newton dua ra gia thuyét: 4nh séng & mot dong hat chuyén déng 14t nhanh
dwgc phdt ra tir m§t ngudn sdng va lan truyén trong khong gian theo cdc dinh
ludt quang hoc. Nguoce lai Huygens lai quan niém: 4nh sdng hoan toan ¢6 tinh
chat séng. Sy phdt minh ra cdc hién tugng giao thoa va nhidu xa 4nh sdng da
chiing minh t& rét ban chit séng clia 4nh sdng va gid thuyét ciia Newton bi
lang quén dan. Dau th€ ky 20 sau khi phét minh ra cdc hiéu \@ng quang dién,
hiéu iing Compton ngudi ta méi quay lai thuyét hat 4nh sdng boi i cdc hiéu
ting nay khong thé gidi thich bing thuyét séng dnh sdng. Chiing ta hiy xét
hai hién tugng dién hinh phan dnh tinh chét hat clia d4nh sdng, biic xa dién tir.

1. Hiéu vng quang dién. Trong mot thi nghiém quang dién, ngudi ta cho
dnh sdng chiéu vao mét ban kim loai dat trong binh kin d& nit hét khong khf,
nhu & hinh (2.1). Tir bé mét ban kim loai phdt xa ra céc dién tlr. Ngudi ta c6
thé thay ddi tdn s& » clia dnh sdng, hiéu dién thé U giita hai dién cuc emito
va colecto (cuc phdt va cuc gop) ciing nhur vt ligu 1am cuc phat.

Néu cédc dién tit ¢6 di nang lugng dé thing dugc the him thi chiing t6i
dugc colecto va tao thanh dong dién duge ghi bing ampe-k€ 4, mudn thé dién
tlt phai ¢6 dong nang 16n hon cong can do dién trudng gay nén, nghia la

%'m'u2 > el
Néu dong nang cua dién tif nhd hon eU thi no khong tGi duge cyc gép va
khong tham gia vao dong dién.
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E'=hV’
Pl b
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E-h
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Hinh 2.2: Sa d6 twong tdc photon-dién ut it do: a- Trudc twong tdc, b- Sau tuong tdc.

Ngudi ta quan sdt duge cac két qua thuc nghiém sau:

1. Thyc t€ dong dién dugce thi€t 14p gin nhu titc thdi ngay ca khi cudng d6
dnh sdng rdt yéu. Khoang thdi gian tit lic 4nh sdng t6i dén khi quan sét duge
céc dién tir vao c& 107°s va khong phu thudc cudng d6 dnh sdng.

2. Khi giit tdn s6 va hiéu dién thé him khong d6i dong dien 1 tj 1¢ véi
cudng d birc xa tdi.

3. Khi giit tdn s& va cudng do sdng khong ddi, dong dién 1 s& giam khi
U tang va triét tiéu khi U dat t6i mét gid tri U, ndo d6 khong phu thude vao
cudng d6 sdang, goi 1a hiéu dién thé ham.

4. D6i véi mot vat ligu lam cye phét cho trude, hiéu dién thé him U, phu
thudc tuyén tinh viio tdn s6 theo biéu thitc:

ell, = hv - Wy 2.1

Wo phu thudc loai vat lidu, » 14 hdng sé Planck.,

5. D3i véi mbi vat ligu cho trude lai ton tai mot tAn s6 ngudng v, sao cho
néu dnh sdng tdi c6 tin s6 v < v, thi s& khong bit dugc electron ra khdi vat
lign dit cudng 46 birc xa cé gia tri nhur thé nio.

Mau séng dnh sdng chi ¢6 thé giai thich dugc m6t két qua, d6 1a két qua
2 v€ tinh ty 1é giita cudng d dong dién va cudng do biic xa t6i. Thue vay,
cudmg do biic xa cang 16n nd cang mang nhiéu ning lugng do do s6 dién ti
bi bt ra cang 16n. Trdi lai, bon két qud khéc déu khong thé gidi thich duge
theo méu song anh sdng.

Dé giai thich ket qua thuc nghiém trén, Einstein dwa ra miu lugng tir 4nh
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séng. Theo miu nay, bic xa dién tir dugc tao thanh tr cdc photon hay cic
lugng tir. M&i photon cé mét nang lugng E chi phu thude vao tin s6 v cla
bite xa theo biéu thitc

E=hv= h% (2.2)

Trong d6 h = 6,626 - 10~%*Js 1a hing s6 Planck. Mdi photon s& tuong tac hoan
toan hodc khong twong tic v4i vat chét nghia Ja né hodc c6 thé truyén toan
b6 niang lugng clia minh hodc khong truyén mét chiit niang lugng nao cho vat
chét.

Theo quan diém d6 ning lugng do photon mang dén bi hip thu bai chi
mot dién tir. Néu dién tit bi biit ra khoi kim loai thi n6 s& c6 dong nang bang
hiéu s6 gifta néng lugng photon ma né hdp thu va nang lugng lien ket dién tu
v&i bé mat kim loai. Nang luong lign két dién tlr v&i bé mat W, ¢6 thé khéc
nhau. Tuy nhién méi vat liéu duge dic trung bdi mot nang lugng lién két cuc
tidu. Nang lugng cén thiét dé gidi phéng cdc dién tir lién két yé€u nhdt goi 1a
cong thodt . T4t nhién ¢ 12 nhd nhat trong cic gid tri W),. Trong nhing diéu
kién d6, cdc dién tir s& duge phat xa véi cdc dong ning khic nhau, xdc dinh
b&i cong thitc T = hv — W,. Nhu vAy T thay déi tir khong dén gid tri dong
ning cuc dai Thax = hv — . Diéu nay gidi thich duge két qua thue nghiém
(3), hé thitc tuyén tinh (4) va tdn s6 ngudng (5), xdc dinh bai diu kign T =0

hyvy = Womin =

Photon cé tin s6 thap hon (v < v,) khong thé bt bt ky mot dién tlr ndo ra
khéi kim loai dit cudng d6 biic xa téi ¢d gid trj 16n nhu the nao.

Két qua (1) ciing duge giai thich khi coi sy hdp thu photon 1a titc than.
Cuéi ciing khi bifc xa cang manh thi mét d¢ photon cang 16n, do vay s6 dién
tlr phét ra cang nhiéu, tit d6 giai thich dwoc két qua (2).

2. Hiéu vmg Compton. Mo hinh séng 4nh séng cho ring khi mét biic xa
dién tir bi tdn xa trén mot hat tich dién thi bic xa tdn xa vé khdp moi phuong
phai ¢6 cling tdn s6 nhu bifc xa téi. Nam 1922 Arthur H. Compton da chiing
minh ring néu ta thira nhan cdch 1y giai theo quan diém lugng tit vé bitc xa
dién tir (miu hat vé séng dién tir) thi tdn s6 cla biic Xa tdn xa phai nhé hon
tdn s6 clia bifc xa t6i va phu thudce vao géc tan xa. Sy phan tich cia Compton
thuc ra dua trén co s& coi hién tugng tdn xa cha bic xa dién tit gidng nhu
mot va cham dan héi gitta mét photon va mét hat tich dién tr do. Tuy chua
biét tudng tan loai tuong tic nay nhung khi 4p dung dinh lu4t bac toar xung
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Hinh 2.3: So d6 biéu dién dinh ludt bdo toan xung liong

lugng, ta thdy photon tin xa d chiu mét sy bién déi budc séng A cho bdi
cong thirc
oy _ b .
Ad=XN-X= mv-—oc(l—(,c)sﬂ) (2.3)

mo - kh6i luo‘ng nghi clia dién th
a, 0234A. Cin lu‘u ¥ rang AX chi phu thudc géc tin xa 9 mi khOng phu thuoc
ning lugng chia photon.

Két qua trén day c6 thé tinh dugc néu xem tdn xa giita photon va dién tir
14 va cham dan hoi gitta hai hat, mét hat dang bay (photon) va mot hat ding
yén (dién tif) nhur va cham giita hai hon bi, so d6 tuong tdc mo ta d hinh (2.2).

Photon dugc coi nhu mot hat ¢ nang lugng E = kv = ¢ va xung luong
p = k/A. Theo dinh luat bio toan nang lugng ta c6 thé viét nang lugng ciia hé
hai hat trudc va sau tuong tic.

he 2 _ he 2
) + mge Y + me (2.4)
Chuyén v€ va binh phuong hai v& phuong trinh (2.4) ta c6:
h2c? 32 4yt 2hie?  2hmyed | 2n2
(mc®)? = )‘2)‘!2( + A7) - o T oo W = A+ (moc?) (2.5)

Dinh uat béo toan xung lugng din dén gidn d6 biéu dién trén hinh (2.3). Vi

P, — P nén suy ra:

PP, = P?=p?yp?_9Pp -
h? h2 h?
= A—Q"'I‘P'—?HLOEB

L

14
|
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2 h? 12 2 i
Pl = o [,\ + 22 2234 cose] (2.6)

Ta lai ¢6 cOng thitc lién hé gilta nang luong va xung lugng nhu (1.73):
(mc?)? = (Pc)* + (moc®)? 2.7
Thay (2.5) va (2.6) vao (2.7) ta ¢c6:

h2c? 2, 2h% | 2hmoc® %)
/\Wz( TN - (Y A+ (mec)
2
= ;A;z (A 4+ X% ~ 2AN cos8) + (moc?)®
Do dé6 2 ke
2}1/1\1;?.2 (V= A) = 2h - 2};_; cosf
hay la

N - A= AA= (1 —cosh)
maol

Thuc nghiém v€ tdn xa tia Ronghen trén dién tir tir do di chitng minh nhitng
tinh todn trén day 14 dung.

2.1.2 Luong tinh séng-hat cua vat chat. Nam 1924 Luis De Broglie dua
" ra gia thuyét: néu bic xa dién tir hoat dong lic nhit mét séng, Itic nhu mot
hat thi ¢6 18 nhitng d6i tugng vat chét khic nhu electron, thudng dugc xem 1a
nhitng hat, cling ¢ khi hoat dong nhu mét séng. Néi cach khéac, De Broglie
dua ra gia thuyét 1a néu cé cic hat ndo dé di xuyén qua cic khe rong vao
- ¢ budc séng két hop véi chiing thi hat d6 sé bi nhidu xa giong hét nhu hién
twong nhiéu xa qua mot khe cua cdc photon truyén qua. Déi véi photon, ta
¢6 hai biéu thitc, v = E/h vA A = h/p, trong d6 v& trdi mo ta cdc dac tnmg
s6ng cua photon (tdn s6, budc séng), cdn v& phai lai thé hién céc dac trung
hat (nang lugng, dong lugng). M6i lién hé séng hat dugc biéu thi qua hing s6
Planck. Dya vao tinh chit d6i xing cla ty nhién De Broglie dua ra gia thuyét
12 cdc budc séng két hop véi hat phai thod mén cdc hé thitc giéng nhu cic h¢
thitc tuong ing cia photon. De Broglie da phdt biéu thanh tién dé sau: Méi
hat déu két hop voi mét séng ma budc séng dugc xdc dinh theo hé thic

L 2.8)
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Hinh 2.4: Phdn xa trén mdt phdng Bragg

Tuy nhién, gilta photon va cic hat khdc, c6 sy khdc nhau trong cdch thitc két
hop cic tinh chét séng va hat. Vi d6i véi photon, ta 6 hé thitc Av = ¢, nén chi
cdn mot he thire 12 ¢6 thé suy ra budc séng va tdn s6 tiX cic tinh chét hat 1a
nang luong va xung [ugng. Con d6i véi cdc hat khdc thi phai cé hai hé thirc
d€ suy ra budc séng (A = h/p) va tin s8 (v = E/h) tuong Ung véi ching. Dudi
day chiing ta xét hai thuc nghiém minh chitng cho gia thuyét De Broglie.

1. Dinh lugt nhiéu xq tia Ronghen ciia Bragg. Nim 1912 Max von Laue
da néu vin dé c6 thé ding céc tinh thé (coi nhu gém cdc nguyén ti sip xép
déu dan theo mot trat te ndo d6) dé 1am cdch tr nhiéu xa d6i v6i tia Ronghen.
That vay, cdc tia Ronghen 1a bic xa dién tir c6 bude séng khoang 1& tuong
duong khodng cdch gifta cac nguyén it trong tinh thé.

Nam 1913, William Bragg di xay dung duge 1y thuyét nhiéu xa tia Ronghen,
Ong da chimg té ring m3i mat phing nguyén tir trong tinh thé, goi 14 mat
phang Bragg, déu phan xa biic xa t&i giSng hét mot guong phan xa 4nh séng
nhu md ta & hinh (2.4).

Néu ta xét cdc tia phan xa tir cdc mit phing Bragg song song va céch déu
nhau mot khoang d nhu & hinh (2.5) thi cdc tia phan xa d6 cé thé cho cuc dai
giao thoa.

binh luat Bragg phat biéu: diéu kién d€ c6 cuc dai giao thoa I3 hiéu dudng
di 2dsin 4 gifta hai tia k€ ti€p nhau phai bing mot s6 nguyén l4n budc séng.

2dsinf = nA (2.9)

Néu biét n va d thi ¢6 thé xdc dinh budc séng clia bitc xa t6i bang cich do
glc 26 giita cdc phuong cua tia t6i va tia phan xa, nhu d3 chi ra & hinh (2.5).

Trong bat k¥ tinh thé nao ngudi ta déu c6 thé tim dugc nhiéu ho mat Bragg
khdc nhau, méi ho ¢6 mot khodng cdch d riéng biét. Néu ta c6 mot chim tia
Ronghen di xuyén qua mot vat liéu da tinh thé, bot tinh thé, gdm nhiéu tinh
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Hinh 2.5: So d6 gidi thich dinh ludt Bragg

thé con dinh hwdng hén loan va dat mot phim anh & phia sau thi ta s& thily mot
anh nhidu xa gém cdc vong tron dong tam. Méi vong tron dong tam tuong
mg véi mot bac nhiéu xa xdc dinh bdi mot ho mat Bragg riéng biét.

2. Thi nghiém nhiéu xa dién niz. Lin d4u tién & phong thi nghiém Beli thudc
cong ty dién thoai Hoa ky, Davisson va Germer, nam 1927 da thure hién thanh
cong céc thi nghiém nhiéu xa dién ti. Hai 0ng cho moét chim dién tlr ¢6 ning
lugng S4eV dap vao mét don tinh thé Ni va nghién citu sy phu thudc vao goc
phan xa ciia cudng d6 chiim dién tir phén xa. Céc 6ng dé thu dwge nhiing cuc
dai, nghia 12 mot bitc tranh nhiéu xa dién tit.

Budc séng tinh theo két qua thuc nghiém vé nhiéu xa dién tir rit phu hop
véi gid tri clia budce séng De Brogiie.

G.P. Thomson di nghién cttu sy truyén dién tir qua mot mang mong kim
loai (da tinh thé). Trong thi nghiém nay néu dién tir X sy nhu cdc hat thi
ta phai thdy moét anh md do chim dién tir 16 gy ra. Nhung thay vao dé
Thomson da thu duwgc mét Anh nhi€u xa gém nhimg vong tron déng tam ma
chi c6 thé giai thich duge néu coi dién tir XU sy nhu cdc séng. Do d6 thi
nghiém Thomson cling lai nghiém ding gia thuyét De Broglie.

Sau d6, viéc nghién cifu hién tugng nhiéu xa notron nang lugng thdp lai
mot 14n nita khing dinh sy ding dén ciia gia thuyét De Broglie. D6i vdi dién
tir ta co:

h h h
de = — = = =12 2vUA
my o [zt V2mel
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Néu dién nlr duge ting t6c bing hiéu dién th€ 1V thi né ¢6 bude séng A, =
12,24, véi U c@ 150V, A, = 14, ciung bac véi bude séng Ronghen.

Vé mit nguyén tic, ludng tinh séng-hat ciing phai diic trung cho ¢a vat vi
md. Tuy nhién vi A ty 1& nghich véi khéi lwgng, nén budc séng clia cdc vat
rit nhd va tinh chét séng cha cac vat khong thé hién,

Trong thi nghiém nhiéu xa dién tit trén tinh thé N, bude séng cua dién
tlr ¢6 gid tri ¢& 1A cing ¢& v@i khodng cdch gita cdc nguyén tir. Néu dién
tr duge gia téc dé€n nang lugng 10%V budc séng A, clia né ¢d A, = 10~ "m,
Néu cho céc dién tir nay tin xa lén bé mit N¢ thi tinh chét séng ca né khéng
duge thé hién 13 rang. Tuy nhién cdc dién tit d6 s€ thé hién tinh chat séng khi
ching tdn xa (tuong tdc) trén cdc doi tugng ¢é kich thude nhd hon, vi du nhu
hat nhan nguyén tir (c¢& 10~ 3m).

Theo méu Bohr vé€ nguyén tit, cdc dién tit trong nguyén ti chuyén dong
trong trudng ctia hat nhan v6i van t6c ¢& 2,2 - 10°m/s, Ung véi budc séng
De Broglie cia dién tir A, = 3,3107°m. Trong khi dé bdn kinh quy dao cia
nguyén ot ay = 0,53 - 10~ '%m. V1 1& d6 khi xét chuyén dong cla dién tit trong
nguyén tit ta phai diing co hoc séng, nghia I co hoc lugng ti.,

2.2 Cac tinh chat cua séng De Broglie

2.2.1 Ham séng phiang De Broglie. Trudc khi c6 gia thuyét ciia De Broglie
ngudi ta chi biét dén hai loai séng 12 séng co (séng dan hdi) va séng dién tir.
Dé mo ta cdc séng nay ngudi ta sit dung cdc ham séng. Ham séng biéu dién
su bién thién cia mét dai lugng vat 1y theo thoi gian va khéng gian. Trong
séng co daj lugng vat 1y dé 1a do léch (li do) khéi vi trf can bing clia mot
phén tr vat chét, trong séng dién tir dai lugng vat 1y d6 13 vecto cudng do dién
tnrdng, vecto cudng do tir truong. Bidu thitc ham séng ¢6 dang:

D = Acos(wt — K7) (2.10)

trong d6 D Ja dai luong vat Iy bién déi nhu da néi & tren, A 12 bien do, 12 gid
tri cuc dai ctia D, w 12 tdn 86 géc, K 12 vecto song, c¢6 phuong va chiéu triing
v6i phuong va chiéu truyén song, ¢6 d6 16n bing K = 2= goi 1a s6 séng, A 1a
buéc song. Néu séng truyén theo truc z ta ¢6 thé viét

DzAcos(wt—z;:z) (2.11)

hay D = Acos(%t - 22).
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Tir day ta thdy rét d: ham séng mo t& qud trinh thay ddi dai lugng D, tudn
hoan theo thdi gian vdi chu k¥ bang 7 va tuin hoan theo khong gian véi chu
k¥ khong gian bing budc séng A.

Néu séng truyén theo mot hudng bat k¥ trong khong gian thi vecto song
K dugc biéu dién bang ba thanh phin (K., K, K,) va (2.10) ¢6 thé viét lai:

D= Acoswt — (Kzx + Kyy+ K.2)}, (2.12)
z,y, 2 14 ba thanh phén cla vecto toa o 7 va K, = %F)?; K, = 2"Y K, = 2;’2
X£.¥,7 1a ba vecto don vi clia truc toa d6 z,y, z. Ham séng ciing c6 thé viét
dudi dang ham sin thay vi vi€t dudi dang ham cos.

P¢é tien loi trong viéc tinh toén, nhiéu khi nguoi ta biéu dién ham séng
dudi dang ham mii: i

D = Ae~it=R7) 2.1%)
Vi
Ae™ = A(cos ¢ — isin ) (2.14)

nén ham séng dang (2.10) chéng qua 1a phin thyc chia ham (2.13).

De Broglie gid thiét ring chuyén dong clia mot vi hat ty do ¢6 thé duge
mo ta (hay 12 dugc két hop) bing mot ham séng phéng don sic ¢6 dang nhu
(2.10) hay (2.13):

B(F,£) = Ae et (2.15)

trong ddw= £ v6i h=h/27, E =hv, v = o=

2r P . h
K_T—ﬁ vi P_.X (2.16)

Thay cic dai lugng & (2.16) vao (2.15) ta ¢6:
T(7, ) = Ae™ kP57 (2.17)

Nhu vay ham séng (2.17) duge dic trung boi nang luong hat E va vecto xung
lugng P clia hat, vecto P ¢ ba thanh phén P, P,, P, va lién hé vdi vecto séng
K bing (2.16).

Ham séng (2.15) 13 mot ham séng phéing vi mat séng, noi ma séng cé pha
nhu nhau, 12 mot mat phing vuéng géc véi phuong truyén séng nhu bisu dién
trén hinh (2.6). That vay, tai mot thoi di€m ¢ cho trude cde diém c6 pha ¢
bing nhau phai nim trén mat phing vuéng géc véi K, vi trén mat phing d6
tét ca cde diém déu thod min K7 = const, nén ¢ = (wt — K7) = const.
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© M3t sbn
e T LHQ
: (il - Krp = const
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Hinh 2.6: Mdt séng cia ham séng phdng.

Ham s6ng (2.15) 1a mot ham don sic boi vi nd duge dic trung bdi mat tin
Sﬁu:%:%ﬂhﬁ[dlﬂh

Séng De Broglie duge goi 1a séng vat chét, né ciing lan truyén giao thoa,
nhiéu xa... nhu mot séng phéng. By gid ching ta s& khio sit mot s6 nhimng
tinh chat dac trung cla séng De Broglie.

2.2.2 Y nghia xéc suit ciia séng De Broglie. Vin dé dat ra bay gidy 12 fim
hi€u d€ biét diéu gi s& xay ra khi mot dang vat chat (nhu dién tit ching han)
lai biéu hién cdc tinh chdt séng. N6i cdch khdc ta phai tim hiéu § nghia clia
ham s6ng De Broglie.

1. Y nghia xdc sudt ciia bic xa dién tir. Gia st c6 anh giao thoa qua hai khe
nam sdt nhau cia dnh sdng (bitc xa dién tit). Theo quan diém séng, thi cudng
d6 sang I la ning lugng trén mot don vi dién tich, mot don vi thoi gian tai
mot diém trén man hinh ¢é dang:

I= 60682, (218)
trong d6 £ 1a cudng do dién trudng tai diém dé, ¢ 12 hing s6 dién, ¢ van téc
anh séng.

Mat khdc theo quan diém hat thi cudng do bang:
I =hoN 2.19)

trong d6 hv 1a ning lugng mot photon va N 14 thong lugng photon (s6 photon
trén mot don vi dién tich, mot don vi thii gian) t6i diém dé.
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Ta khong ¢6 cach nao dé dodn trude noi ma mot photon cho trude sé roi
vao dé sinh ra mét chdp sdng. Nhumg néu ta xét anh giao thoa gdm cédc van
sdng van t5i xen k& nhau thi méi photon s& ¢6 xédc suft I6n dé roi vao ché van
sdng va c6 xdc suft bing khong dé roi vao chd van t6i. Nhu vy ta ¢6 thé ndi
ring thong luong photon t6i méi diém trén man hinh cho ta 5§ do xac suit dé
tim dugc mot photon & 1an can diém do.

Vi T = ¢0c€? = huN nén ta suy ra N ~ £2. Theo quan diém lugng tir thi dai
lugng dao dong (0 day la dién truong) phai 12 mét ham ma binh phuong cia
nd cho ta xdc suft tim thay photon tai mot diém cho trudc.

2. V¥ nghia xdc sudt cia séng vdt chdt. Anh giao thoa dnh sing néi trén
ciing c6 thé 13 anh giao thoa ciia cdc séng vat chdt. Khi d6, ¥ nghia xdc sudt
drra trén ludng tinh séng-hat clia 4nh séng duge m& rong cho ludng tinh séng
hat ctia vat chét. Thanh thir séng két hgp v4i dién tir cho phép giai thich ding
anh nhiéu xa dién tir, thi ciing chinh séng d6 duoc biéu dién bdi ham séng
ma gi4 tri tuyét d&i binh phuong |¥|? cho ta xdc sudt tim thfy mét dién fir tai
mot diéro cho trude. Mudn két hgp cdc cdch biéu dién s6ng va hat, ta phéi tir
bd ¥ nghi cho ring mdi hat cho trude phai duge dinh xif 13 rang phéi ¢6 qu¥
dao xdc dinh, ta chi dugc phép néi vé xdc sudt tim hat tai mot diém xdc dinh
& mot thoi diém da cho.

Thong thudng ta k¥ hiéu ham séng De Broglie, ham séng vat chét, bing
. S6ng De Broglie ¥ clia moét photon 1a mét séng dién tit, con d6i véi mot
electron hay mot hat vat chét khdc thi ¢ 1a mot séng De Broglie phi dién tir.

2.2.3 Nhém song. Su lan truyén cua séng De Broglie. Ta xét mot séng
don séc lan truyén doc theo truc x

Uz, t) = AeHwt—ke) (2.20)

Dai lugng ¢ = (wt — kz) goi 1a pha cla s6ng. Gid sit & thoi di€m ¢ tai mot diém
x nao d6 pha clia séng c6 gid tri 12 « , toa do cha diém nay duge xdc dinh tlr
phuong trinh (wt — Kz) = o. Theo su bién thién cha thoi gian diém c6 pha 1a
o phai dich chuyén véi mot van téc 12 v; xdc dinh tir diéu kién khong déi cla
pha

wt — Kz = const 220
L4y vi phan biéu thitc (2.21) ta ¢é:
dr do dr w
RRTwTY T K
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Tir k¢ hiéu v; trén day ta cé van toc pha la:

vp = ;"’—( (2.22)
Ap dung tinh toan trén day véi séng De Broglie ta ¢6
w hw E me ‘
SR TRK p v @-23)

Theo thuyét tuong déi, van téc truyén tin hiéu, & ddy 1a van téc cha hat v,
Khong thé 16n hon van téc 4nh séng ¢, do d6 van téc pha v; d5i v6i hat tuong
d6i tinh 16n hon véan t8¢ dnh sdng. Diéu nay chitng té van téc pha vy cla séng
De Broglie khong thé c6 ¥ nghia vat 1y truc tiép, né khong dic trung cho tc
do truyén hat, truyén niing lugng hay truyén tin hiéu.

Can lwu ¢ riang d6i v6i hat ¢8 dién chuyén dong véi van to¢ v < c, thi vin
téc pha clia séng De Broglie s& 1a

; _E mt v
=0 T 2mu 2
Con do1 véi photon ta ¢é
E  me
vfp= —=——=¢
p me

Nhu vay van t6c pha cla song De Broglie ¢é thé 16n hon, bing hoac nhd
hon van tG¢ anh sdng va khong déng nhat véi tée d6 truyén hat, truyén nang
lugng, truyén tin hiéu,

Vin dé dat ra 12 Jam thé nao dé c6 thé mo ta duge dong thoi tinh chit séng
va tinh chat hat ctia hé vi mé. Cu thé ta cdn xem nhitng séng nao (di nhién
khong phai 13 séng don sac) c6 thé dat twong ving v6i cdc hat quan sat duoc
trong thuc t&, vi du dién tir trong &ng tia dién 67 ching han.

Gia sl trong thi nghigm ta xdc dinh duge vi trf cla hat tai thai diém ¢
nao do. Sai s6 ciia phép do toa d0 12 Az, nghia la ta biét né ndm gilra z, va
2o+ Az. Theo quan diém cla cd hoc lugng tir, didu ndy c6 nghia 1a ham séng
dac trung cho hat s€ béng khong trong toan bo khéng gian, trir mién nim giita
2o VA 2o + Az. RO rng trong trudng hop ndy ham séng khong thé 13 mot ham
don sic De Broglie ma 13 m6t t8 hop cdc ham séng twong tu nhu vay.

Té hop céc séng don sic cé s6 séng chi khdc nhau rdt it quanh mot gid tri
trung binh K, duge goi 1a b6 song, hay nhém séng va c6 thé bidu dién dudi
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dang mgt tich phan

Kot+AK .
T(z,t) = / A(K)e Hwt-Kalgp (2.24)

Kog-&K

Nhar vy trang thdi chuyén dong cia hat duge xdc dinh béi su chdng chit cia
nhiéu séng don sic c6 s6 séng K gin nhau va ¢6 pha, bién dg khdc nhau.

Do két qua clia su chéng chdt, giao thoa clia cdc séng don sic thanh phin,
ham séng ¥(z,t) ¢6 bién do cuc dai tai gid tri =, goi 1 tdm séng va gidm din
khi di ra xa gia tri d6. Trén hinh (2.7) biéu dién sy tdng hop clia ba séng khic
nhau (Ao — AX}, Ao, (Ag + AX). Trong thyc t€ s6 cdc séng don sic 12 rdt 16n va
b6 séng hay nhém séng cé mot "kich thude” Az nao d6 khéc 0. Ly thuyét vé
cdc qud trinh séng c6 thé chimg minh ring ¢6 sy lién quan gitta "kich thudc”
nhém séng va gia s6 AK, chiing lién hé v&i nhau bdi: AKAz = 1. Vay chuyén
dong cua mot hat duge gan véi su lan truyén cia mdt nhdm séng c6 bién do
cuc dai & mot diém goi 13 tAm séng.

Vi van téc pha clia cdc séng don sac trong nhém séng khidc nhau nén cic
s6ng nay lan truyén dén mot diém bat ky nao d6 véi nhing pha néi chung 1a
khdc nhau. Séng téng hop tai diém dé phu thudc vao quan hé pha gitta cdc
séng. Néu cdc pha gin hoin toan ngugc nhau thi séng téng hop 1a cuc tiéu,
nguac lai, néu cic pha d diém dé gin triing nhau thi séng téng hop sé cuc dai,
diém niy chinh 4 tam clia nhém séng, ning lrgng cha séng hdu nhu dugc
tap trung ¢ tam séng.

Vi quan hé giita cdc séng khéng ngimg bién déi theo théi gian nén tim
clia nhém séng sé di chuyén (kém theo ning lugng clia séng ciing di chuyén)
voi mét van téc nao d6. Van téc nay duge goi la van tdc nhom.

Van t6c nhém duge xdc dinh tir diéu kién 12 tai tdm s6ng pha clia cdc sdng
tring nhau ma khong phu thudc vio s6 séng K.

Vi tri ciia diém ma tai d6 pha clia cdc séng triing nhau va khong déi khi
K thay déi phai ddp tng diéu kién sau

do dwt ~ Kx)

0

Fodn — i 0 (2.25)

Tir d6 ta c6 biéu thitc ctia cdc vi trf tam séng theo thoi gian

x-—ﬂt—vt
T dKT ¢
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Hinh 2.7: Su d6 biéu dién su tao thanh nhém song.
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Hinh 2.8: So d6 gidi thich nguyén Iy bdt dink Heisenberg

Vay van téc nhém v, dugc xdc dinh béng cong thitc

_dw
Uy

= (2.26)

Ta ¢6 thé tinh duge van toc clia mot hat trong trudng hop khong tuong doi
tinh:
dio d(hw)__@_d({ﬁ _p

“WTUK T dhK) dp  dp  m

2.3 Nguyén ly bat dinh Heisenberg

2.3.1 Hé¢ thire bat dinh vé toa do va xung lugng ciia hat. Gia sit ta mudn
xdc dinh chinh xdc i tri clta mot d6i tugng vat chat nhu dién ur chiang han,
thi ta phai thuc hién mot thi nghiém nlo d6: vi du ta c6 thé dat mot khe trén
16 trinh ctia hat chuyén dong theo phuong y, nghia 1a véi xung lugng P = P,
va véi nang luong cho truée nhu & hinh (2.8). Néu hat dé lai mot dédu vét trén
man chén dit sau khe thi ta biét chic hat dd qua khe. Khi d6 ta xdc dinh dugc
vi tr{ clia hat trén truc z vOi sai s8 bang do rong d ciia khe. Néi cach khic ta
da xdc dinh vi trf clia hat tai thdi diém (va ca truée thdi diém) hat qua khe
véi d6 bt dinh Az = d. Khe cang hep, d6 bat dinh Az cang nho va vi trf cla
hat theo truc zduge xdc dinh cang chinh xdc.
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Do béan chét cha vat chét, ta biét 15 hat s& bi nhiéu xa khi di qua khe. Ta
khong thé dodn trude hat s& roi vio chd nao trén man chin, nhung sau khi
hat di roi vao mot diém nao d6 trén man chin thi ta biét chic hat di qua khe
va ¢é su thay déi cha xung lwgng clia hat.

Hién tuong nhiu xa da tic dong dén xung lugng cita hat. Khi hat chua
qua khe ta hoan toan khong biét vi trf clia né nhung lai biét xung lugng clia
hat, ca vé do 16n (vi da biét niang lugng hat) va phuong (vudng géc véi khe).
Khi hat qua khe thi ta ¢6 thé xdc dinh duge vi tri cha hat nhung thanh phan
xung lugng P, theo phuong z cha hat tr& nén khédc khong vi hat chuyén dong
léch v&i phuong ban ddu vé mét diém nio dé trén anh nhiéu xa. Vi ta khéng
biét hat roi vao dau trén man hinh nén ta c6 mot d6 bat dinh tuong ing AP, vé
thanh phédn xung lugng theo phuong z. Theo 1y thuyét nhiéu xa thi vi trf cla
van t6i thi nhdt duge xde dinh theo cong thiic sina = 4. Mic ddu ta khong thé
biét chinh xdc diém roi trén man nhung vi trf ¢6 x4c sudt 16n nhit vin & 1an
cin ving trung tdm anh nhiéu xa. Vi vay ta ¢6 thé coi P, nim trong khoéng
tit 0 dén Psino, nghia l1a AP, = psina =p3. AP, =43 =%

Dé gidm do bat dinh vé thanh phén P, ta ¢6 thé mé réng khe d, nhung khi
dé lai tang do bdt dinh Az,

Ta ¢6 hé thic

AZAP, = h

Nhu vay cling mét thi nghiém ta khong thé vé nguyén tic 1am nhd déng thoi
dg bat dinh vé vi trf Az va vé thanh phin xung lugng theo phuong z, AP,
Vi du trén 3 minh hga nguyén 1y Heisenberg phét biéu nam 1927, goi la
nguyén 1y bdt dinh Heisenberg. Co hrgng tir da chig minh rang déi véi moi
kiéu thi nghiém cdc do bdt dinh Az va AP, lién hé véi nhau theo hé thitc
AzAP, > L3
2T
Can nhin manh ring hé thitc niy ¢ hiéu luc ca trong 1§ thuyét, né c6 thé
duge suy ra tir hé thitc AzAK = 1 d3 néi & trén, trong d6 Az 12 kich thude
nhém séng , AK 1a gia s6 cha 36 sdng trong nhém séng.

2.3.2 Hé thirc bat dinh vé nang luong va thoi gian. Ta c6 thé thiét 1ap he
thitc bdt dinh Heisenberg cho nhiéu cap dai lugng khéc nhau. Vi du muén do
nang lugng E cua mot vat ta phdi tién hanh trong mot thdi gian At. Nhu vay
ta ¢6 thé chimg minh ring giita d6 bt dinh vé ning luong va do bat dinh vé
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thoi gian ¢ hé thie
AEAt> 2
2
K&t qua 1a chi c6 thé biét niang lugng clia mot vat véi do chinh xdc cao nhat
(AE = 0) néu phép do dugc tién hanh trong khoang thdi gian vo han (At = oo).
» Nguyén 1y bdt dinh nay kéo theo mét hé qua quan trong la cac hé lugng tir
nhu nguyén tif c6 thé tén tai & mot trang thdi trong moét thdi gian rit ngén, goi
la thai gian song . Mudn do nang lugng cua hé thi phai do trude khi trang
thai d6 bi phan ra. Nhu vy do bdt dinh clia hé vé nang luong s& la
AE = % va AE- 7> %
2.3.3 Nguyén Iy bo sung. Nguyén 1y bdt dinh di khing dinh 4 trong ciing
mét thi nghiém khong thé dong thdi do duge cdc gid tri chia hai dai lugng goi
1a lién hop (nhu P, véi z, E véi t) véi d6 chinh xdc ty §. Tir d6 suy ra ring
cdc tinh chét séng vA hat clia vat chit khéng thé xdc dinh déng thdi trong
cing moét thi nghiém.

Vi du, néu ta 1am thi nghiém @€ do cdc dic trumg hat cha mot d6i tugng
thi & day nht thiét phai c6 Az va At bang khong vi theo dinh nghia mot hat
¢6 thé duge dinh xit v6i d6 chinh xdc cao vé han & bat ki thai diém nao. Con
xung luong va ndng luong 1a cic dac trung séng (A = h/p,v = E/h) thi theo
nguyén 1y bat dinh, hoan toan khong biét.

Nhu vay khi cdc tinh chdt hat xudt hién thi cdc tinh chit séng bi loai tri.

Viéc khong thé quan sdt dugc dong thdi cdc tinh chét hat va tinh chét séng
cua vat chit dd minh hoa mot nguyén 1y do Niels Bohr dua ra vao nam 1928
mi ngudi ta goi la nguyén 1y b6 sung.

Cic tinh chét séng va hat b6 sung cho nhau theo ¥ nghia 1a ca hai mé hinh
séng, hat déu cin thiét dé ta hiéu dugc diy di cdc tinh chét ctia vat chét tuy
van khong thé quan st duge déng thoi cdc dic tnmg séng va hat.

2.4 Phuong trinh co ban cua co hoc luong tir. Phurong trinh
Schrodinger

Pé mé th mot cich dinh lugng trang thii chuyén dong cla cdc d6i tuong vi
mo c6 ludng tihh séng hat ta phai thiét 1ap mot phuong trinh thé hién duge
tinh chét d6, giéng nhu phuong trinh Newton ddi véi cdc vat vi mé hay nhu
phuong trinh Maxwell d61 v&i séng dién tir.
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Phuong trinh cn tim phai déng thi thoa man gia thuyét De Broglie va su
phu thudc gilra nang ugng va tdn s6 thong qua hang s¢ Planck.

Ta xét mot hat vi mé c¢6 khéi lugng m chuyén dong véi van t6c v « ¢ trong
mét trudng e U = U(z, y, 2,t). Tinh chét hat cé thé duge dic trung bing hai
dai lugng E va P

-1

E=T+U vl T
2m

(P + P+ P?)

Tinh chit séng duge dac trung bing budc séng va tdn sé lién he véi cdc dai
lugng trén bing cdc cong thirc:

E = hy; ng

2.4.1 Hattudo. Dayla truong h.qp hat chuyén dong trong khong gian U = 0.
Ham séng De Broglie ¢é dang:

(7 1) = A- e KIFF) = g H{Btpaz—pyy—a2) (2.27)

L&y dao ham biéu thic (2.27) theo thdi gian ta duge:

o i
i ﬁE"I’
Tir day ta rit ra
L OU
m?)? = E¥ (2.28)

L4y dao ham bac hai (2.27) theo toa do z,y, z ta c6 thé viét

2 e v 1.,
8x2+6'y2+3z2:_?[Pz+Py+PZ]\B:A‘I,

2
AV+ B o=0 — AT+ ry—g
h B
Vi {# = 7 nay 1a vi hat tv do ta ¢6 E = T nén viét dugc:

AT+ i_TE‘I’ _ (2.29)
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2.4.2 Hat trong mét truong lire. Xudt phat tir phwong trinh (2.29), Schrédinger
da dua ra mo6t gia dinh vé€ sau dugc thira nhan nhu mét tién dé cha co hoc
lugng tir: chuyén dong clia mot vi hat bat ky trong mdt trudng luc U # 0 ciing
dugc mo ta bing phuong trinh giéng nhu (2.29) trong d6 T = E dugce thay thé
boi T = E — U, nghia 1a phuong trinh ¢6é dang:

AU+ %’;—‘(E Uy =0 (2.30)

Két hgp phuong trinh (2.30) v6i (2.28) ta duge phuong trinh Schrodinger dang
tong quat:

Y R*

aha——%tﬁ\}—%b"l’ (2.3
Néu th&€ nang U la mot ham khong phu thudc vao thdi gian thi ndng lugng
toan phan cla vi hat sé bao toan, trang théi cia hé trong d6 ning lugng cé gid
tri hodn todn xdc dinh, khong déi, duge goi 1a trang thdi dimg. Trong trudng
hop nay ham séng ¢ ¢ thé duge biéu dién dudi dang tich cha hai thia s,
trong d6 mot thira s§ chi phu thudc vao toa do, thira sd kia chi phu thudc thai
gian, nghia 1a ta ¢6 thé viét

U(z,y,2,1) = Uiz, u,2)p(t) (2.32)

Thay (2.32) vao (2.31) ta duge hai phuong trinh

ih 2 [z, 2)olt)] = E[¥ o)

va ,
— o AT @) +U(T -} = E(¥ - )
Sau khi gian uéc ¢ & phuong trinh ddu, ¢ & phuong trinh sau, ta c6:
L Oy
ih= = Ep (2.33)
ﬁ?
-—AU+UT = ET. (2.34)
2m

Nghiém clia phuong trinh (2.33) 1a

p(t) = e iR (2.35)
Phuong trinh (2.34) duge goi 1a phuong trinh Schrodinger trang thdi dimg cé
nghiém 13 ®(z,y, z). Nghiém cla phuong trinh Schrédinger téng quat 1a:
(2.36)

Et

¥(z,y,2,1) = U(z,y,2)e "%
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Cén luu ¥ ring: ban than ham séng ¥ ndi chung la ham phitc khong c6 §
nghia vat 1§ truc tiép ma chi ¢6 binh phirong modun ctiia né méi ¢é ¥ nghia
vat 1y. Pai luong |¥)? xdc dinh khong phai méat d¢ mét dai lugng vat 1§ nao
nhu trong 1y thuyét ¢6 dién ma né chi xdc dinh mat do xéc sudt dai lugng dé6,
vi du mat d6 xdc sudt tim thdy hat trong m6t don vi thé tich tai mot thdi diém
nhit dinh |¥1? duge tinh nhar sau

(L2 =10 9" 2.37)

Trong d6 ©* 14 haim lién hgp phic cla ©. Vi xdc sudt tim thdy hat trong toan
b6 khéng gian bing | nén ta c6 diéu kién chudn hod clia ham séng:

/// |¥)?dzdydz = 1
Y.z

Miit khac tr (2.36) ta c6 :[‘I‘(x,y,z) . e_'{”]. = ©*(z,y,2)e %L VA (z,y, 2,1) -
O*(x,y,2,1) = ©(z,y,2) - ¥ (z,y,z) nén d61 v&i trang thdi dimg sy phan b xdc
sudt tim thay hat khéng phu thudc vao thoi gian.

V6i nhitng nhan xét trén day ching ta thdy rang vé mat todn hoc, ham
séng phai thod man nhimg diéu kién sau ddy: don tri, lién tuc, hiru han.

2.5 Toan tir trong co hoc luong tir

2.5.1 Khai niém toan tir. Todn tir 1a su biéu dién tugng trung mét phép todn
nao d6 (dai s6, vi phan, tich phan...) dugc ti€n hanh d6i véi mot ham s6 dé
nhan dugc mdt him s6 khic va duge viét nhu sau:

Lu =y
Ta ndi ring todn tir L tdc dung lén ¥ cho ta . Nhu vay todn b L thiét 1ap quy
tdc nhan ham ¢ tir hAm &,

Gia sir do két qua tdc dung cla todn tir L lén ham s6 ¥ ta duge chinh ham
s6 d6 nhan v&i mot hang s6 L, tiic 14 LT = LY, khi dé ham s6 ¥ duge goi 1a
ham riéng cla todn tir £ va s6 L duge goi 1a tri riéng cla todn tir d6. Tap hop
t4t cA cdc tri riéng clia todn tit £ hop thanh phd cla tedn tit. Phd nay c¢6 thé
12 ph6 rdi rac, phd lién tuc hoic phé hén hgp. Trong tredmg hgp phd i rac,
cdc ham riéng va tri riéng duge ddnh s6 thit tu vi viét nha sau:

LU, =L¥;, i=1,23,.
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Gia tri trung binh ciia mét dai lwong vat 1y duge x4c dinh béi cong thic
L= f\y*ﬁw (2.38)
Trong ca hoc lugng i chi st dung cic todn tif tuyén tinh va tu lién hop.

Mot todn tir dugc goi 12 tuyén tinh, nél né thod man diéu kién

E(®, +0y) = Lo, + Lw, } (2.39)

L{c®) =cL®.

Diéu kién (2.39) dam bao nguyén 1y chéng chét cdc trang thdi: N&u heé cé the
& vao cdc trang thdi ¥, vd ¥, thi né cling ¢6 thé & vao trang thédi duge xéc
dinh bing t4 hop tuyén tinh cla hai ham

U =¥y + s (Cl,CQ la cac héﬂg 56). (240)
Todn ti tuyén tinh L duge got 1a tu lién hop néu thod mién diéu kién:
/ o*Lwdv =/ GLrT*dV (2.41)
v \4

Toan tir tur lién hgp cdn goi 14 todn it Hermit.
Vi du todn tif £ khong phai 12 todn tir oy lién hop, nhung todn tr i £ lai
ta todn tir ty lién hop. That vay

It

+oo . +oo
f U* LUdx i ‘I'*ﬁ‘-:—d:c

oo d
+oo »
= m*mtg‘g-&f v 4
—o dz
) -+ oG d‘I"*
= —z/_m ) e dr
+oo . '
= / TP 0%z,

Chi ¥ ring néu L =42 thi L* = -1 &.
Doi hoi céc toan tir trong co hoc lugng tir phéi 14 cdc toan ti ty lién hop
xudt phét tlir co s& vat 1y 12 gid tri trung binh cha dai lugng vat 1y L phai la
mot gia tri thuc, tic 1a L = L*; ma L = [¥*LedV; L* = [ ©i*¥*dV. Do d6
O LUV = [ TL ¥ dV.
Céc toan tlr lién hgp c6 hai tinh chét co ban sau day:
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1. Céc tri riéng chia todn it tu 1ién hop bao gio cing 1a tri thue L, = L=
2. Cdc ham riéng ciia todn tir ty lién hgp \ing v6i céc tri riéng khdc nhau,
hop thanh mét hé ham true giao. Tinh chét nay dwoc biéu dién nhu sau:

[ wtndv = b = { v nu mgm (2.42)
" ' 1 néu n=rm.

Bay gio ta xét hai todn tir L M. Néu L(MT) # M(L®) thita néi L va M
khong giao hodn v6i nhau. Néu L(A¥) = M(L¥) thi ta néi 7. vi M giao hodn
v6i nhau.

Vidu 1. Hai todn tit L = z- vd M = & 13 khong giao hodn v6i nhau vi

Ligrwy - K(L9) = 2% - —(a¥)
d¥ d¥

Keét qua nay dugc viét dusi dang sau
[L,7)®=—¥ hay [L,M]=-1
Vi du 2. Hai todn tif , = ¢ (hing s6) va & = £ giao hodn v6i nhau vi:
d d . d
C'E—@'C, mCIA [C,a]—o

Gia sir trang thdi clia hé duge mo ta bdi ham séng ¥;, ham séng nay lai 13

ham riéng cla déng thei hai todn i £, va A
Lv, = L%, MU= MV, (2.43)

Cho M téc dung lén hai v& cita phuong trinh ddu va £ tic dung 1én hai v&
ctia phuong trfinh sau, sau dé trir di ta ¢6:

(ML - LMY, = MiL;¥; — LMW, =0

Nhur vy, néu ¥; la ham riéng tuong tng déng thdi v6i hai tri déng L; va M,
cha hai todn tit L va M khdc nhau, thi hai todn ti ndy s& giao hodn véi nhau.
Diéu nay c6 nghia 13 tinh giao hodn cila cdc toan tir 13 tiéu chuén x4c nhan
ring cic dai luong lién quan dén cdc todn tir d6 ¢6 thé dugc déng thdi do
chinh xdc. Nguge lai néu cdc todn tr £ va A7 khong giao hodn thi cic dai
luong vat 1y L va M khong thé d6ng thdi duge do chinh xdc. D6 chinh xéc
chia phép do dai tugng L phu thudc vao d¢ chinh xic phép do dai lugng M.
Tinh chét nay 1a hé qua true tiép ciia nguyén 1y bat dinh Heisenberg.
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2.5.2 Toan tir va cic dai luong vat Iy. Cdc todn tir trong co hoc lugng tir
duoc thigt 1ap tit cdc dai lugng vat Iy bing cdch so sdnh cdc bi€u thic trong
¥ing trong phuong trinh séng hodic dva vio cdc cong thirc ¢ dién bicu dién
méi lién hé gifta céc dai luong vat ly. O day ching ta s& dé cap dén mot so
todn tlt thudmg gip nhat.

1. Todn tir xung luong. Xung lugng P c6 cie thanh phin theo cdc truc toa
46 z,y,z 1a P, P,, P,. O day ta tim todn tir thanh phén xung lugng theo truc
z, né duge ky hiéu la P,. Tir biéu thic ham séng De Broglie (2.27):

U(z,y,2,8) = A emRIPTam PR,

ta tinh duge dao ham theo z:

av H . L Ov

e L hay 12 —ihg— =P (2.44)
Ngudi ta xem phuong trinh (2.44) nhu mot phuong trinh todn tr trong do6
—ih 2 12 todn tir thanh phén xung luong theo truc x va P, la tri riéng cha 2.
Cliing tuong tu nhu vay ta co:

}5¢ = —iﬁ%
Py =-irl (2.45)
P, =-inl
2. Cdc todn tit toa do va cde ham toa d¢. Céc todn tir toa do duge dinh nghia
12 phép nhan binh thudng véi toa do d6, nghia la ta c6:

it

=x; =y, =2, F¥=g¥
Céc todn tir ciia bt k¥ ham toa do ndo ciingla phép nhan véi chinh ham d6:

Ulz,y,2) = Ulz,y,2); U¥=UT

Ta c6 thé chitng minh ring: cdc cdp todn tir & va P, j va P, 2 va P, lakhong
giao hodn vdi nhau:

&P, — Pz =ih
P, - Pg=ih (2.46)
P, — P,5=ih
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3. Todn tit dong ndng. Toan tlit dong ning dugc xdc dinh dua trén cong thic
c6 dién lién hé gilra ddng nang va xung lugng:

T:izi[P“JrP%P?]
2m  2m v F v 3

Trong co hoc lugng t, todn tlr dong nang duge dinh nghia:
T = L(pz + P2+ BY)

= L [( —iR2)(—iRZ) + (=) (iR L) + (=iRE)(- @n%)]

- rﬁ 8* LA
= [3—1*‘5—54'5—7 = —gm A

A 1a Laplacian.
4. Todn tu ndng lugng todn phdn, todn tu Hamiltonian. Todn tl ning lugng
toan phdn duge xdc dinh dya trén cong thitc H =T+U — B=T+0

2

- h
H= _LTn_'LA + Uiz, y,2) (2.47)

St dung dinh nghia todn tir Hamiltonian ta ¢6é thé biéu dién phuong trinh
Schrédinger dudi dang todn ti

HY = EY (2.48)
Nhur vay nang lugng toan phin E cha hé 1a tri riéng clia todn tf Hamiltonian.
5.  Todn u thanh phdn moment dong lupng. Toan tit moment dong lugng
dugc xdc dinh tir cong thitc c¢d dién d6i v&i moment dong lugng twong déi véi
mot diém cho trude O.

M =[Fx P
Tir day ta dé ding xdc dinh todn tir hinh chiéu ciia moment dong luong theo
cdc truc toa do.

M, = 4P, - 3P, = —ih{y £ - zay}
My =3P, — £P, = —ih(z & -z £) (2.49)
;;4 =P, — §P; = -ihz S -y &)

Ta ciing ¢6 thé d& dang xé4c dinh todn tif binh phuong moment dong fuong tir

cong thie:
M? =M+ ME+ M2

- —h2 [(y Oz Zay )'3 + (2: zﬂz) + (LB yaz )2] (250)



68 Chuong 2. Mot s0 vdn d€ vt Iy luong t

¥
r"—-—__h“-..
r( A
v N }
N /
\\“ .\ ,/
"‘-\..______‘..M
0/ 1
)
o) A
AL ¢
. lJ/!;d’

Hinh 2.9: H¢ toa dé cdu.
Ta ¢6 thé chitng minh ring cdc todn tir thanh phdn moment dong lugng 1a
khong giao hodn véi nhau, ta c6
[M,, M, = ihM,;  [M,, M,] = iRM,
(M., M) = ihMf,; (M, M, — M - M,]¥ = ihM,%¥.

Tuy nhién méi todn tir M., M,, M, lai giao hodn véi todn tr binh phuong
moment dong luong.

(Mg, M3 = My, M?| = [M,,M*] =0

6. Phuong trinh todn ti thanh phdn moment ding luong.

M, U = M,T
L. 8T 9v
—tﬁ(xa - E) =M,¥ (2.51)

D¢ giai phuong trinh nay ta sit dung hé toa do cdu (r,8,¢) lién hé véi (z,y,2)
nhu & hinh (2.9), nghia la

z=rcosd
z =rsinfcosy
y — rsinfsing

o _ 9 o 2:0
8¢  Bpdx OBpdy 0Opdz
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3 a0 . 9
B = —rsm&sm(pa+rsm9tzostpa—y
0 a
- Y +I6y —:an “Yaz

Nhu vay trong toa do cdu ta ¢6 thé viét phuong trinh (2.51) nhur sau

oy i

B~ WEM;,‘I: 2.52)
Tich phan phuong trinh (2.52) ta duge

T = ekM:e, (2.53)

vdi c 13 hang sd tich phan).
Diéu kién don tri: Him s6ng khong déi khi ¢ thay d6i mot lugng béng 2x:

V(o +21) = U(p) —> ek M:lot2m) - ok M
Diéu d6 cé nghia la .
kM2 _ (2.54)
va Y= phéi 1a cdc s6 nguyén

r? S 0,41,42, - = m (2.55)

Nhu vay ham riéng clia todn tir M, 12 ¥ = ¢ - ¢, cdn tri riéng clia n6 bang
M, = mh. Trong co hoc uong tir hinh chi€u cia moment déng lugng ciia hé
vi mo nhén nhilng gid tri gidn doan bing s6 nguyén l4n . Trong trudng hop
nay ngudi ta néi M, da bi lugng tir hod. S6 m xdc dinh do 16n clia M, duge
got 1a s6 lugng tir tix,

7. Phuong trinh binh phuong moment déong luong.
MU = M*T

M? = M2+ M? + M2, duge xde dinh bing cong thitc (2.49), trong toa do céu
todn tir A7? ¢6 dang

M* = -R*Aq,, (2.56)
Trong dé A4, 1a phén géc cua todn tir Laplacian trong hé toa do cdv:
a.,., .8 1 &
AB#’ = mﬁ(slﬂ 93?) + S—“'—in2 9% (2.57)
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Vi todn tlt M2 chi tdc dung 1én phén géc 6 va p, do dé ham séng ¥ ciing c6
thé xem nhir 12 ham ctia 6 va ¢, ta ¢6

—R Ay , (8, 0} = M*T(8, ) (2.58)

C6 thé ching minh ting ham séng ¥(8, ) dugc xdc dinh tir phuong trinh
(2.58) chi thod min diéu kién don trj khi A2 bi lugng tit hoa theo quy luat:

M? =1{l + )% véi 1=0,1,2,...

S6 1 duge goi 14 s6 lugng tit qui dao.

2.6 Mot s6 bai toan don gian cfia co hoc luong ti
Chiing ta s& xét mot s bai todn don gian nhung cén thiét.

2.6.1 Chuyén dong cha hat tw do. Gia sk ta xét mot hat ¢6 khéi lugng m,
chuyén dong tur do trong khong gian, U = 6. Phuong trinh Schrodinger

. R
HU = —Q—n:A\IJ = EVU (2.59)

E—T+U =T. Phuong tiinh (2.59) c6 thé viét lai duéi dang
AT + i—’fw -0 (2.60)

Xét trudng hgp bai todn mét chiéu theo phuong = va dat tham s6 K = 1v2mT

ta cd

%+Kﬂm:o 2.61)

Nghiém riéng cua phuong trinh (2.61) c¢6 dang

U(g) = ¢ - eFKT (2.62)

Vi dong ndng cha mot hat twdo T = ”‘2"2 luén luén 16n hon khéng do dé
K Tuon ludn 12 mot s6 thue va nghiém (2.62) thod min diéu kién lién tuc, don
“tri, hitu han v6i moi gid tri 7 > 0. Tham s6 K & day déng vai trd s6 séng. Su
phu thudc ctia nang lugng vao s6 séng K cb dang

REK?
E= 2m
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Hinh 2.10: So dé hé thé ndng.

Su phu thudc giita E va K duge goi 12 phd ndng lugng cla hat. Trong trudng
hop nay phé nang lugng dugc xem 12 pho lién tuc vi cé dang ham parabol.
ViK =£néntach
U(z) = ¢ eEnP=®
Ham séng nay 14 ham riéng cilia todn tir £,. Nhu vay hai todn tit & va P, ¢6
cung ham riéng nén chiing giao hodn véi nhau va do d6 nang lugng E va dong
lugng P cha hat ¢6 thé duge do chinh xdc déng thai.
Con xdc sudt tim hat tai mét vi tri ndio d6 trong khong gian bang

BT = |2 H2 . eFHKe = 162 = const,

khéng phu thudc vao toa do. Diéu nay chimg té toa do clia hat 13 hoan toan
bat dinh, K&t qua nay phit hgp vdi nguyén Iy bat dinh Heisenberg.

2.6.2 Hat trong hé thé nang. Ta xét chuyén dong clia hat trong mot viing
thé nang bién déi nhu sau: (Hinh (2.10))

U=0lhtalving z <0, U=0tal ving 0 < z < a, U = U, tai viing z > a.
Viing c6 the nang bién d6i nhu the nay duge goi 1a mot hé the nang, o ducc
goi 1a bé rong, Uy duge goi 1a chiéu cao hd thé nang. Ta xét trudng hop ning
lugng toan phdn E cia hat nhd hon chiéu cao hd thé.

Theo vat 1y ¢6 dién trong trudng hogp ndy hat chi ¢6 thé chuyén dong trong
hé thé ma khong thé nao vuot ra ngoai duge.

1. Truong hop hdng rdo thé vé han, Uy — co. Khi dé ham séng & viing
ngoai hd phai bang khéng, cdn him séng & trong hé thé duge xdc dinh boi
phuong trinh séng (2.61)

d*¥
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Vi diéu kién bién suy ra tir diéu kién lién tuc ciia ham séng

Nghiém tdng quat clia phuong trinh (2.63) ¢6 dang
T(z) = Ae'KT 4 BemiK7
tmg dung diéu kién bién ta cé

r=0—A+B=10 A=-H
$=G—)A€iKu+Be_iK“={] eiKu_e—iKa:U

hay la sin Ka =0 vd K = %7 v6in = 1,2,3,. - Thay gid tri cla K vio biéu thic
nidng lugng ta c6

hinin?

2m  2ma?

(Chi ¢ rang & day khong ton tai trang thdi ing v6i » = 0,K = 0 vi khi dé
¥(z) = 0.) Nhu vy vi K nh&n nhitng gia tri gidn doan nén nang lugng E ciing
nhan nhing gid tri gidn doan, néi cich khdc phd ning lugng chia hat khong
lién tuc. Nang lugng nhé nhdt ma hat trong hé thé ¢ thé ¢é 1a khong phai
bang khong ma ing véin=1, K =T va

K2r? h?

1 = =
2ma?  8mal

Khoang cich giita hai mic nang lugng cho phép canh nhau tang theo s§ lugng
tir n va ty 1& v&i hiéu binh phuong giita chiing

K22
2

AE, [(n+1)? —n?]=-

"~ Ima
Bé rong clia hé thé€ niang cang 16n thi AE, cang nhdé. D6i véi dién tir, khi
a=1lem

E,=3,37-10""532 . eV

AE,=0,7-10""n-eV.
Khi g = 54,
E, = 0,68n%V
AE, =1,36neV.
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J l'I'}I“I., | Wn
nzl
n=3 \_/ 0
n=
n=2
n=4
0 n=1 a o a
a/ b/

Hinh 2.11: a- Ham séng ¥ ciia vi hat trong hd thé ndng, Us gici han, b- Xdc sudt
fim hat W, trong hé thé ndng, U gidi han.

Bay gi¢ chiing ta ¢6 thé viét bidu thirc clia ham sdng (tng v6i cdc gid tri
ning lugng cho phép:

Vo (z) = A [¢F0% = e707] = A sin Koz = A, sm('%?iz) (2.64)

Bién d¢ A, ¢ thé tim duoc tir diéu kién chudn hod:

/ ¥y | dz = 1 vabing 4,= \/2
o a

Mat do xdc sudt tim thiy hat
Walz) = |0, (2)|? = ising(?x} (2.65)

Trén hinh (2.11) biéu dién sy phu thudc him séng va x4c sudt tim hat theo .

2. Trudnmg hop hang rao thé'Us 1a gidi han, U = Uy < 0. Trong viing 11 hinh
(2-10) nghiém téng quét phuong trinh vin nhu cii ¢6 dang

U(x) = Ae'f* + Be~tH= (2.66)

nhung s& ¢é cdc diéu kién bién khidc.
Trong viing [ va III phuong trinh Schrodinger c6 dang:

r? 2V " @Y [2m(U - E)
— + Uy =E¥; hay e [T

- O =
2m dx? ] 0
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Chuing ta gi thiét £ < Up va kg hiéu: k7 = Z2E=E) Phuong trinh Schrodinger
c6 dang
EY oy g 2.67)
dxz U T '

Loi giai téng quat cua (2.67) s& Ia
‘I’;IJHZCBKW+D€_KM, (268)

vGi K, thue, 16n hon khong.
Trong viing 1, z < 0, ta phai cho D =0, ciing nhu thé, trong vang 111, z > 0
ta phai cho € = 0, vay ta c6 trong ving [, z < 0, ¥; = Cef1?, trong viing I,
x>a, Uy =D-e 5=
Diéu kién bién doi héi su lién tuc cha ham séng va dao ham bac nhat cia
ham séng, nghia la ta cé:
. d¥,  d¥yy

Tai z=0 T, =%, va = = dr (2.69)

d¥ _ d¥ypy

Tai = Ui =T vél
] I a ir 11 dr dx

(2.70)
Piéu kién (2.69) tai = = 0 cho ta 2 phuong trinh
C-e®=A4’ + B 5 C=A+B

K Ce® = KA’ - KBe® - K\C=KA—- KB

Piéu kién (2.70) tai z = a cling cho ta hai phuong trinh tuong ty, cdng thém
ta ¢6 phuong trinh chuén hod
f [T dz = 1

Tir 5 phuong trinh dé ching ta ¢6 thé tim duoc 5 dn s6: A, B,C, D va ning
lugng E(i). Bb qua nhiing tinh todn cbng kénh chiing ta ¢6 thé dua ra mot
s6 nhan xét vé mot s6 trang thdi thdp nhét cling nhu ham séng va xdc sudt
tim hat d6i v6i cdc trang thai d6, trén hinh (2.12) biéu dién ham séng va xdc
sudt tim hat ctia 3 trang thdi thip nhat.

So sénh véi cdc ham séng trong trudng hop Uy = oo @ hinh (2.11) ta thdy
& d6 trang thdi thdp nhdt dng vSi A = 2e, cOn trong trudng hop Uy < oo ta
thiyA > 2a. Vi p = 2 ta thay trang théi thdp nhit khi Us < oo tng v&1 niang
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Y Wn
= 13//\\” //\/\ns}\._
TN | T~ N

n=1 ] n=4
D el y /‘"\h

0 a

Hinh 2.12: a- Ham séng ¥, cuia vi hat trong h6 thé ndng, véi Uy = oo, b- Xdc sudt
tim hat W, trong hé thé ndng, Us = 0o

Hinh 2.13: Ham sdng ¥, cita vi hat khi E > Us.

lugng thép hon so véi khi Uy = co. Phia ngoai hd thé nang ta thdy ham séng
giam theo quy luat ham mii, nhung né khdc khong trong mot viing ngoai by
hS. Diéu d6 ¢6 nghia 1a & ngodi b hé noi ma E < U, x4c sust tim th4y hat vén
khdc khong. D6 1a bi€u hién cia tinh chét séng cla hat khéng thé giai thich
bang vat 1y c6 dién. Hién tugng tham nhép clia hat vao trong viing c&m nhu
the 1a trdi v6i dinh luat béo todn nang lugng. Tuy nhién chiing ta c6 thé giai
thich hién tugng d6 tir nguyeén 1y bat dinh Heisenberg: AEAt > h. That vay
nang lugng [a bat dinh, né c¢6 thé khong tuan theo dinh luat bao toin trong
thdi gian rit ngén 7 = At = h/AFE va hat ¢6 thé & ngoai bd hé trong thoi gian

T.

3. Truong hop ndng lugng hat lén hon U, hat 12 ty do, khap moi viing
ham séng c6 dang hinh sin, nhung s6 séng & viing I khic 58 séng & viing |
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U

Hinh 2.14: So d6 hang rao thé ndng chit nhadt.

va vang 11 nhu trinh bay & hinh (2.13); Trong ving II:

Trong vung I va III
~ 2m(E - U)
Khi E > U, phé nang lugng cha hat 1a lién tuc.
2.6.3 Hiéu ing dudbng ngam (tunnel). Xét chuyén dong cua hat trong ving
¢6 thé ning bién déi nhu & hinh (2.14), goi 1a hang rao thé ning.

0 khi z <0
U={ Uy>E khi 0<z<a
0 khi r>a

Theo vat 1y cd dién mot hat & trong viing [ ¢6 nang lugng toan phdn £
nhé hon chiéu cao hang rao thé (Uy) thi chi c6 thé chuyén dong trong viing
I, khong thé vugt qua hang rao the ving I dé sang ving III. Tuy nhién do
tinh chat séng cha hat vi mé, co hoc lugng tir tién dodn ton tai mét xdc sudt
khdc khong tim thdy hat trong vang I11. Hién tugng d6 goi 1a hiéu tmg dudng
ngdm (tunnel).

Ta xét bai todn cu thé bing cich giai phuong trinh Schrodinger d6i voi
timg viing, trong trudng hgp mot chiéu

d2‘1’1 2m ,-
a2 2 e
d:;[:ﬂ2 + —m (E - U{])‘I’Q =1 Vol 0<z<a (272)

h«2
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d2lI’3 2m ER
S ?Elps =0 véi z>a (2.73)

Chiing ta dit
1
K] :%Vsz, Kg:%me(Ug—E): K;g:'h-\a" mE:K1

Ta c¢6 thé viét nghiém cla ba phuong trinh (2.71), (2.72), (2.73),

T, = A, etz + B]E‘_iK'z (274)
Py = AgeK” + BQB_Kzz (275)
Wy = A;«;{EiKlI + }3;56.‘”{]z (276)

M&bi nghiém dugc xem 13 gém hai séng mét song lan truyén theo truc = vé
mot séng phan xa nguge lai. Trong ving Il khong thé ¢6 séng phén xa nén
ta c6 thé cho By = 0. Nghia la:

lI’s - Ageikiz (277)

Tir diéu kién lién tuc clia hAm séng va dao ham bac nhét clia ham séng ching
tacéd:

¥, (0) = ¥2(0); Uy (a) = Pa(a)

d¥)] _ d¥ d¥y|  _ d¥s (2.78)

dzr lg=0" dx lz=0 de |lz=gn dF |lz=qn

ing dung cédc diéu kién bién vao cdc ham séng ta c6

A +B=4,+8; (1)

1K, (A1 — B1) = Ka(Aqs — Ba) (2)
) 2,79
A‘ZEKEQ +B'38_K2n :Aae:fﬁa (3) ( )

KQ{AQSK"’G — BQB_KN‘) = iKlAgeiKm (4)

Tur hé phuong trinh (2.79) ta ¢6 thé tinh dugc méi lién hé giita bién do séng
61 ving III (A3) va bién d6 song t61 viing 1 (A4,).

As UK, KyeiHe
A, (K? — K2) sh(K»a) + 2iK, K, ch(K,a)

Ta c6 thé fim hé s& truyén qua cha hang rdo th€ D, nghia 1a ty s6 gita mat do
hat di qua hiing rdo v mat do hat dén hang rao. D& dang thy rang:

_ 148 4K K3

D= =
[As)? (K2 + K2)? sh?(Ksa) + 4K? K32

(2.80)
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|fo)

Hinh 2.15: So dé hdng rao thé ndng bdt ky.
Trong thuc tién chi quan tim dén cdc trudmg hop ma trong d6 Kza > 1 va ta
c6 thé viét shKsa = Le®2e va K, = Ky, nén (2.80) c6 thé viét gin ding

- 1 % —2Kqa
1+ (zekee)?

Thay K, = 1/2m(U, — E} vio biéu thitc trén ta c6
D = e~ #VmUo—E) (2.81)

Tir day chiing ta ¢6 nhan xét:
- D6 truyén gua clia hang rao phu thudc manh vao bé rong hang rao, véi
(Uy — E) = 5eV ta thdy D d6i v6i dién tir thay d6i: D = e~232h)

)| 1 |15 2 |25 ] 1w |

D | 0,100 | 0,032 | 0,010 | 0,-003 | 1,026 - 1077 |

- Hiéu tng dudng ngdm 13 hiéu ing lugng tl, néu trong cong thitc ta cho
A=0thi D=0
- D6i v6i loai hang rao thé cd dang bdt k¥ ngudi ta ding cong thie tinh D
nhu sau: . .
I N (2.82)

Gid tri z,, z; xac dinh nhar trén hinh vE (2.15).
- Ung dung: Hién tugng ty phét xa, kinh hién vi quét tunnel, dicde tunnel

2.6.4 Dao dong tir diéu hoa (oscillator), Trong ¢o hoc ¢6 dién, dao dong
tir diéu hod don gian nhat 13 mot qua cdu ¢ khéi lugng m treo trén mét 10 xo
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khong trong lugng cé do cing K. Néu kéo qua ciu léch khéi vi tr can bing
(duoc quy uSe tai diém z = 0) doc theo truc thing dimg z thi s& sinh ra mot
lyc ty 1& vé6i ly d6 = va ngugce chiéu z, d6 12 luc dan héi;

d%z
e

F=-Kr=
Giai phuong trinh chuyén dong nay ta dugc
r = Acos(wt + o)

A - bién do, w - tdn s6 gbc, o - pha ban diu.
Trong trudng hop niy ta cé thé tinh thé ning cla qua ciu

4 I K 2
U(a':):—/ Fd:r:[ Krdr = —
n 0 2

Ning luong toan phin bang

E:T+U=%m’u2+KTI2

Theo quan diém c6 dién ning lugng cha dao dong tr diéu hoa cé thé nhéan bt
k¥ gid tri ndo, k& ca gi4 tri cuc tifu E = 0 tng véi trang thai nghi hoan toan.

Néu xét dao dong tir diéu hoa theo quan diém co lugng ot ta sé thiy két
qua hoan toan khac.

(3 day ta xét bai todn mot chiéu vé chuyén dong clia mot hat trong hd the
nang parabol U(z) = £2°.

Phuong trinh Schrédinger déi véi dao dong tir ¢ dang

2T 2m Kz?

Giai phuong trinh nay ta thdy: nghiém cla né thoad min cdc diéu kién clia
ham séng khong phai véi bat k¥ gid tri nang lugng naoc ma chi déi véi nhitng
gia tri ning lugng E xdc dinh bdi biéu thitc sau:

E, = hw(n +1/2) véi n=40,1,2,3,... 2.84)

Nhu vay nang luong cliia dao dong tit diéu hoa lugng fir 1a mot dai luong
bi lugng tir hod.
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Ytx)

Hinh 2.16: Phd ndng luong ciia dao déng tir diéu hoa.

Gid tri nang lugng nhé nhét ma dao dong tir diéu hoa c6 thé nhan khong
phéi bing khéng ma bing

Fy = %hw (2.85)

E, duge goi 1a nang luong diém khong. Su t6n tai ctia gid tri K, hoan toan phlt
hop véi nguyén 1¥ bt dinh. That vy, o trang thdi nghi hoan toan Az = 0, theo
hé thiic b4t dinh thi AP = o, nghia 12 van t6c va dong ning ciing vo cling 16n
& trang thdi nghi hoan toan, diéu nay 14 phi 1y. Tir d6 suy ra dao dong tir diéu
hod luong tit khong thé ¢6 trang thai nghi hoan toan, tic 1a khong thé & ddy
dudng parabol thé néng (hinh (2.16)). Két qua nay tuwong tu két qua khao st
hat trong h6 thé nang. Chi ¢é & day nang luong ty 1€ vdi n, chit khong phai
vl n?.

2.6.5 Quay tirrian. Ta xét mot hé gém hai hat c6 khéi lugng m, va m. duge
n6i v6i nhau bing mot thanh khéng trong lugng, trong qud trinh chuyén dong
khoang céch giita hai hat luén c6 dinh, d6 13 quay t rin. Bai todn vé chuyén
déng quay cla hé trén quy vé€ bai todn clha mét hat duy nhat véi khoi lugng
it gon nhu & hinh (2.17)

mymsa
m=
my + Mo

Moment quay quén tinh cua quay tif tuong doi véi truc vudng goc véi dudng
ndi hai hat tai diém trong tdm cla hé: J = mR?. Phuong trinh Schrodinger cé
dang:

AT+ %”;"Ew -0 (2.86)
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Hinh 2.17: So d6 mé td moment qudn tinh cia quay tr.

Ta khong giai phuong trinh (2.86) ma chi quan tdm dén phé nang lugng cho
phép cta moment déng lugng quay:

M =mvR=mR*Q = JQ

& day Q - van téc géc, v = RQ. Biéu thiic clia nang luong
_p_ M Mosn2 i a
E=T= gV = 2RQ = 29

Tir day suy ra m&i lién hé giita nang hegng va moment déng lugng

M2 . M2
D= je—— = —_—
7 T H=37

Cong thitc nay cho ta mé6i lién hé gifta todn tit nang lugng va todn tir binh
phuong moment dong lugng clia quay tlr. Ma ta di biét ham riéng v tri riéng
clia todn tir binh phuong moment déng lugng
MU = M*T
Tri riéng cla téan tir M2 13 M? = 3210 + 1) v6i 1 =0,1,2,3,... Tir day ta c6
biéu thitc xdc dinh phé nang lugng ciia quay tir.

2
E= %z(: +1) = Bol(l + 1); (2.87)

By 12 hiing s6 quay. O day khoang cich gilta hai mifc nang lugng canh nhau
1a

AE) = E - E =2By{i +1) (2.88)
Phé niing lugng cha quay tir bi€u dién trén hinh (2.18).
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L=5 308,
I=4 208,
£=3 128,
Iz 5B,
I=1 28,

8:0 0

Hinh 2.18: Phé& ndng lugng cia quay .

Bai tap chuong 11

(2.1) Mot mit bing kali & cich ngon dén 100W 1a 75cm. Gia thiét ning
lugng bitc xa cia den trong don vi thifi gian chi bing 5% cong sudt dinh mifc.
Néu coi mdi nguyén tir kali ¢6 dang mot dia det dudng kinb 14, hdy xdc dinh
thoi gian cin thiét d€ mbi nguyén tit 46 hdp thu mot ning lugng bing cong
thodt clia nd px = 2eV, theo miu séng 4dnh sing. Riit ra nhan xét.

(2.2) Ngudi ta chi¢u kali bang tia cuc tim budc séng 25004. Biét cong thodt
cua kali 12 2, 2eV, tinh dong nang cuc dai cla cac electron phdt ra. Néu cuong
do buc xa tGi 1a 2W/m?, tinh s6 dién tir do mot don vi dién tich phét ra trong
mdt don vi thai gian.,

(2.3) M6t photon X néing lugng 0, 3MeV va cham trre dién vdi mét electron
lic ddu & trang thdi nghi. Tinh van t6c 1di cha electron bing cdch dp dung
cdc nguyén 1y bao toan nang lugng va xung luong. Kiém fra lai két qua bing
cong thitc Compton.

(2.4) Tinh hiéu dién the gia t6c cn thiét d€ budc séng ket hop véi mot
electron (séng De Broglie) cé budc séng 1A (vao ¢& khoang céch giita cic
nguyén tir trong tinh thé).

(2.5) Chitng té ring khi mét hat ¢6 ning lugng rit 16n so véi nang lugng
nghi clia né thi hat s& ¢ budc séng két hop gin ding bing budc séng cla
photon ¢d cling nang huong.

(2.6) Tinh vn téc pha va van téc nhém cha mot séng De Brogiie c6 bude
song A = h/p = h/mu.

(2.7) Mot chiim hep electron nang lugng 60keV di xuyén qua mét mang da
tinh thé bac (Ag) c6 khodng cich giita mit mang I d = 4,08X. Xdc dinh bdn
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kinh anh nhiéu xa bac nh4t trén man hinh dit & sau mang bac 40cm.

(2.8) Ta gia thiét h = 6,625-10~2Js thay cho 6,62510-31]s. Ngudi ta ném céc
vién bi khéi lugng 66,25¢ vdi van t6c 5m/s xuyén qua hai cira s6 hep, song
song v cdch nhau 0,6m. M5i 14n ném, vién bi lot qua cita s6 no 13 hoin toin
nglu nhién. Tinh khodng cdch van clia anh giao thoa trén tudng ciach phia
sau cifa s6 12m.

(2.9) Gia st ta ¢6 thé do duge xung lugng clia mot hat dén phédn nghin.
X4c dinh do bdt dinh cyc tiéu vé vi trf cla hat:

a- N&u hat ¢6 khéi lugng 5mg va van téc 2m/s.

b- Néu hat la dién tu cd vén toc 1,8 - 10%m/s.

(2.10) Do rong ciia mot vach quang phd budc séng 40004 bang 10-*&. Tinh
thdi gian trung binh dé hé nguyén tir & trang thai ning lugng dé.

(2.11) Gia st d¢ bét dinh vé xung lugng ctia mot hat diing bing xung luong
ciia nd. Tim hé thnic giita d6 bat dinh cuc tiéu vé vi trf hat va budc séng De
Broglie cua né.

(2.12) Gia thiét nang lugng clia mot hat dang chuyén dong theo dudng
thing 12 E = Lmy?, chiing minh ring AE - At > k/2r, trong d6 At = Az/v.

(2.13) Mot hat kh6i lugng m bi bit budc phai & trén doan thing L. Dua
vao nguyén 1y bét dinh hily x4c dinh nang lugng cuc tiéu ma hat c6 thé cé.

Néu trong hat nhéan, c¢é dudng kinh 10~'*m, cé mat mot dién b thi dong
ning cuc tiéu clia né bing bao nhiéu.

(2.14) Tim ham riéng va tri riéng cta todn tir L = i . Qua d6 chiing minh
rang hinh chiéu xung lugng cha hat tu do )3 dai lwong khéng bi luong ti hod.

(2.15) M6t vi khudn rét nho (tiny bacterium) ¢6 khéi lugng 10~!*kg bi nhét
gifra hai vach citrig cdch nhau 0, 1mm. X4c dinh van t6c nho nhit ciia né. Néu
vén t6éc cha nd khodng 1mm trong 100s, hily xdc dinh s8 luogng tir ting v4i trang
thdi dé clia né.

(2.16) Mot dién tit ¢6 dong nang 50eV dén gdn mot hang rao hinh chit nhat
¢6 chiéu cao 70eV va bé day 12

afL =1,0nm

b/L = 0,1nm

Hay tinh xdc suit dién tir di qua theo hiéu ling dudng ngam.

(2.17) Chiing minh rang bién do A clia cdc ham séng mo ta cdc trang thai
ciia hat trong mot ho the nang ¢6 vich cao vo cuc 13 4 = /2/L, trong 46 L 13
bé rong clia ho thé,
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(2.18) a/ Tinh ba mitc niang lugng thdp nh4t cua dién tit nhét trong mat ho
th& c6 vach vo cuc, bé rong L = 107 °m.

b/ Néu mot photon duoc phét ra khi dién tir chuyén tf mic ¢6 n = 2 xudng
mifc ¢é n = 1 thi budc séng cha photon bang bao nhiéu.

Pap s6

2.1). t = 57, 6s;
(22) Tnax = 2,75eV:Je = 2.52- lolﬁﬂ_erﬁgl:?l_n_

(2.3). v = 0,65¢;
2.4) U =151V,
(2.5).x, = ’E = A

(2.6) vy =S5 vy =v.

(2.7). B =0,478m.

(2.8) Ay = 0,4m.

(2.9)a/ Az =10,56-1072°4; b/ A = 5,144,

(2.10) r = 8,48 -107 %,

2.1 Az =4

2.13). E= ﬁf; Tmin = 9,35MeV. (2.15). v = 3.10"¥m/s;n = 3 - 10'°.
(2.16). a/b/D = e 1% =1,3. 1072,

(2.18). B, =37,7eV,Es = 151eV,E3 = 33%V; A =1,1-10"%m.
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Chuong 3

PHO NANG LUONG CUA CAC HE HAT LUGNG TU

Vao cudi th€ ky 19, nhiéu cong trinh thuc nghiém da duoc tién hanh nhim
nghién citu phé gidn doan cha cde bitc xa phit ra trong cdc qué tinh phéng
dién trong chdt khi. Thue nghiém cho thdy phé cla hydro 14 phd don gian
nhdt, budc séng clia biic xa do nguyén tir hydro phdt ra déu duge tim thdy tir
mot cOng thic thyc nghiém don gidn: cong thitc Rydberg:

1 1

1 . -1
IR~ =1 210784 3.
5 R(nI2 'ni} véi R =1,0967758 10 3.0

& day
¢ n; =1vdn, =2,3,4,... cho ta diy Lyman (tit ngoai),
e ny =2Van, =3,4,5,... cho ta diy Balmer (nhin th4y),
¢ ny =3 Van, =4,56,... cho ta ddy Paschen (hfng ngoai),
e ny =4 van, =567, .. cho ta diy Brackett (hdng ngoai xa).

Chinh nhimg két qua thyc nghiém nay da 1am co sd vat 1§ cho nhitng 1y thuyét
vé nguyén tir hydro nhu m&u nguyén tir Bohr.

Xéc dinh phé nang lugng clia dién tif trong c4c hé lugng tir nhu nguyén ti,
phén t, hay tinh thé rin la bai todn quan trong bac nh4t cha vat 1y lugng tir.
Nhimg két qua vé 1y thuyét v» thyc nghiém trong linh vic nay 12 hét sitc vi
dai. Nhiing ket qué dé da duge \ing dung rong réi trong k¥ thuat, cong nghe,
dac biét la trong k¥ thuat dién t.

Trong chuong nay chiing ta s& nghién ctru nhimg bai todn xidc dinh phé
nang lugng cha hé lugng tlr tir don gidn nhu nguyén tit hydro dén phan tir va
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cudi ciing dén phé niing lugng ctia dién tif trong tinh thé chét rin. Cudi chuong
nay chiing ta dé cap dén mot ing dung quan trong trong linh vyc quang dién
tir: nguyén 1y hoat dong cla céc laser trong dé sir dung két qua nghién ciu
cdc phd nang lugng clia nguyén tit, d6 1a laser khi nhu laser He-Ne, laser tinh
thé st dung phé ning luong ctia cdc ion phu gia nhir laser hong ngoc.

Nhitng tng dung két qua nghién ciu phd ning luong cia cdc tinh thé nhu
tinh thé ban din sé dugc trinh by trong chuong sau.

3.1 Bai toan vé nguyén tir hydro va cic ion dong dang

Nguyén tir hydro c6 mot hat nhan véi dién tich +e va mot dién tir v4i dign
tich —e. Dé téng quat hod ta xét bai todn tuong tdc giud mot hé gom hai dién
tich —e v +ze. Luc tuong tic 12 huc Coulomb. Trudng thé trong d6 dién tir
chuyén dong s& la

Ury=- i

(3.2)

4mregr
- Phuong trinh Schrédinger viét cho dién tir chuyén dong trong trudng d6i
xiing cdu cia hat nhin cé dang:

2

AT+ 2}_:” [E + ] .= 0 (3.3)

dmegr

Trong toa do céu (r,8, ) phuong trinh (3.3) cé dang

% 1 a%
—_— 2 —_—
r2 B'r( ) +2 sinf 68 (51118 )+
1 3 2m ze?
2 gin? § Bp? ﬁ‘a & 4Trﬁor')ly =0 3.4)

- Giai phuong trinh niy theo phuong phdp tdch bién s&, bing cdch dat

T(r,0,¢) = Rir) - 4(6,¢) (3.5)
Thay (3.5) vao (3.4) ta tim dugc hai phitong trinh:

18, ,0R o
R r( Br P ﬁz( 47re r) 3.6)
11 8 11 §*@
576_(51118 ) * 3 ¢ sin? @ dp? =X 3.7

X hing s6 bién déi.
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Ta c6 thé tiép tuc tach cdc bién goc 9 v » bing céch dit:
$(8,p) = X(8)-Y{p) (3.8)
Thay (3.8) vao (3.7) ta dugc hai phuong trinh

1 1 d dX

1 &Y

m? 12 hiing s0 bién déi.
Nghiém ctia phuong trinh (3.10) ¢é dang

Yig) = A. ™ @G.11)

trong dé A 12 hiing s6 ¢6 thé xdc dinh tir diéu kién chudn hoa. Nghiém nay la
bi chiin va lién tuc, mudn nd thod man diéu kién don tri ta cin cé:

et‘m.w — et'mg(qp+21r) (3 12)
thi m; chi c6 thé 1a cdc sd nguyén,
my =0, +£1,+£2 £3. ... (3.13)

Bay gid ta xét phuong trinh (3.9) va viét lai n6 dudi dang

1d X,
sind df do
& day m? da thod méan diéu kién (3.13).
Ngudi ta da chitng minh ring phuong trinh (3.14) chi ¢6 nghiém hitu han
va lién tuc khi

2
(Sin o) — X (8) + AX () = 0 (3.14)
sin® #

A=Il+1) V6 1=0,1,2,... (3.15)
va by | <1 (3.16)

Vay v6i méi gid tri {, m; ¢6 thé nhan céc gid tri
my = 0,+1,42,...,

titc 12 my; ¢6 thé nhan (20 + 1) gid tri khdc nhau.



88 Chuong 3. Phd ndng lugng cia cdc hé hat lugng tiy

Nghiém ctia phuong trinh (3.14) cé dang 1a mot ham s6 cdu:

Ximi(8) = \/2:; L. (51;!2:?;!191'””'((:039) (3.17)

Trong d6 PP (n) = (1~ n*)™/2 L2 [Pa(n)]; Paln) 1a da thitc Legiandre:

1 4 1
Pu(n) = 5o @y [((* = 1)°] ; Py(cosf) = !—cosﬂ
ta cd thé viet mot vai ham X, ,,, ddu tién fam vi du:
=0 m;z{J taC6 XOU:\_}‘E
. =1 m;zt) ta Cé X[u: %EOSG
vil . . o
=1 my=1 ta co X = Esmﬂ
I=1 m=-1 tacé X, = isn
Thay A = I(f + 1) vao phuong trinh (3.6) ta viét lai dudi dang
d 2m [, zefr I+ DR
Bl P ik - : = N
S+ o e i I R (3.18)

Ké&t qua khdo sdt phu’o‘ng trinh nay cho thdy:

a/ Néu E = (”“‘2 - ,,) > 0 phuong trinh (3.18) cé nghiém vé1 mo1 gid tri
E. Trong trudng hop nay ta duge moét phd gid tri riéng E lién tue, tifc 13 ning
lrong cho phép cha dién tir khong bi luong tir hod. Diéu nay rat dé hiéu wi
khi E > 0, dong ning cta dién tlr da thing duge lyc hit Coulomb va dién
duge hoan toan ty do, né ¢6 thé chuyén dong ra xa hat nhan mot khoang vo
cung 16n.

b/ Néu E < 0, phuong trinh (3.18) chi ¢6 nghiém thoa mén cdc diéu kién
d&i v6i mot s6 gid tri hodn toan xdc dinh cia E. D€ tim nhitng gié tri d6 ngudi
ta giai phuong trinh (3.18) qua hai budc.

Truede hét tim nghiém tiém can cha phuong trinh, tdc 13 nghiém ing véi
diéu kién r — oo (dién tir & rdt xa va doc 14p v6i hat nhéan), khi dé phuong
trinh (3.18) ¢6 dang gin ding vdi r — oo:

2
‘;Ter%T_ER:o (3.19)
Nghiém cla (3.19) ¢6 dang

R, = 41e"" + Bie™*"
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Ay, By la hing s6, a = /-22EF > 0. D€ thod man diéu kién hitu han clra ham
song ta phai gia thiét 4, =0 vatacd

R, = Bie ™" (3.20)
Tiép theo ta tim nghiém gin ding cha (3.18) bing cich dat:

R=Ro-f=efV0if=p"Y aip'
i=:0
Trong d6 p 12 mot bi€n s6 khong thit nguyén, p = = vdi r 12 d6 dai dac trung
trong ham R, theo (3.20}), r, = 1.
Nghiém cua phuong trinh (3.18) ¢6 dang

R :e_“rZa,-p"'“ 3.21)
i=0

Két qua khao sit ham R tir diéu kién hitu han thdy rdng mudn R dép ting
diéu kién ham séng ta chi c6 thé 14y dugc n, s6 hang trong chudi va cén loai
bd cdc s6 hang bat ddu tir s6 hang thit (n, + 1) trong chudi.

Tir day ta it ra duge biéu thiic xde dinh cdc gid tri nang lvong cho phép
cla dién tit lién két véi hat nhan:

mzlet 1

En = - 5 322
(47ep) 2% n? ( )
Trong cong thic nay m 1a khéi lugng cia dién tr, cdn n nhan nhitng
gid tri n > 1 + 1 va goi la s lugng tir chinh.
Vin>l+1mal=0,1,2,...dovayn=1,23,...
bai véi nguyén tir hydro thay céc s6 liéu vio (3.22) ta c6

1
By = -13,58_(eV) (3.23)

Thay céc gid tri n vao (3.23) ta dugc cdc gid tri ning luong cho phép clia dién
tir trong nguyén tir hydro, phé niing lugng clia hydro duoc mé ta & hinh (3.1).
Gia tri mét vai mifc ning lugng dé la:

n=1 B =-13,58V

n=2 F,=-340eV

n=3 Ey=-15leV

n=oc0 E, =0eV trang thdiion hod
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000 —— -y Sy T -

.38 T = &
.54 ——- . —5
ul

-0.85 ¥ 4
l Day Brakett

- ———

r Yy
Day Pashen

151

Nang luang {eV)

44

-4.40 —_— z
Day Balme-

. L ,
55— L

Day Lyman

Hinh 3.1: So dé phd ndng hwgng cila hydro.
( day cuc tiéu tuyét doi clia nang lugng ting v6i » = 1 va chinh gid tri tuyét
déi chia nd bing ning lugng ion hod nguyén tir hydro
|E]| = Eil.mhl)é = 13,588V

Tir hinh (3.1) ta ciing hidu duge sy hinh thanh cdc ddy quang phd nhu day
Lyman, ddy Ballmer, ddy Paschen, ddy Brackett.

- Dang cu thé clia ham ban kinh R(r) trong trudng hop E < 0 v6i ning
lugng bi luong tir hod:

_ 4(1&—-!—1)! 2\? (22 l-.;fl—'"— atey { 2rz
mio- sy () () o5 (i) o

3 rr
vai L3(n) = L [e" 4 (n“a‘”)] 18 <a.
f dn? dn® =

a, = 1 = 0,529 10~*cm dugc goi 12 ban kinh Bohr.
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Vi du mét s6 ham bin kinh cu thé:

3/2  ar
n=1 1=0 szz(u—a) ¢ %n

H

3/2 _Er
n=2 l=0 Rm:ﬁ.({%) (2 - ) Ta (3.25)
BT _F:_‘"
n=2 I=1 Rﬂ:,_,'—ﬁ(ﬁ) 2y

Bay gi® ta xét nghiém téng qudt clia bai todn. Truéc hét chiing ta nhan
thdy réng trong qua trinh tim nghiém tir diéu kién cha ham séng da xudt hién
3 s6 lugng ulr:

-n=1,23,...,00 s0 lugng tir chinh x4c dinh ning lugng cia trang thai.

-1=20,1,2,...,{n — 1) s6 lugng tir qu¥ dao xdc dinh do 1én ctia mémen
dong lugng qlly dao.

-y =0,£1,%2,..., % s6 lugng tlt tir x4c dinh hinh chiéu cia momen dong
lugng d6 1én mot truc xdc dinh, nghia 1a xdc dinh phuong huéng cia momen
dong lugng qily dao.

Ca ba s6 lugng tir ndy xdc dinh ham séng ¥, (r,8,¢) tic 12 xdc dinh
trang thai clla dién tir trong nguyén tir. N6i cdch khdc bét cif trang thdi nao
clia dién tir déu dugc xdc dinh bing tap hop 3 56 lugng tir trén. Dé tién cho
viéc su dung, ngudi ta ky hiéu cdc trang thdi dién tlr nhu sau

n 1 2 3

! 00 1 0 1 2

my 00 |0,+1,=1|010,41,-1]0,+1,~1,+2,-2
Trang thdi | 15 | 2s 2p 3s Ip 3d |

Nhu vay quy tic ky hiéu trang thdi caa dién tir dua viao s§ lugng tir i : ing
vGil=10,1,2,3... tacd cdc trang thdi duogc ky hiéu la s,p, d, f... cdn s6 luong
tir chinh n duge dat trude ky hiéu chir do.

- Nghiém téng quit clia bai todn ¢ dang:

\I’nimi (T: 91 99) = Ry (T)leg (Q)Ym; (‘P) (326)

Xic sudt tim thdy dién tlr & trang thdi duge dic trung bing ba s¢ lugng tit
n,1,my trong phin tir thé tich 4V bing

aw = |lpnfm: (Tv 9: ‘P)‘udv — I‘I"nlml ('."‘, 9: ‘P)|27'2 sin edfdﬁ'd(p
= R ()PP | @i, (8, ) sin OdBdip. (3.27)
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4
22

w24 -

Hinh 3.2: D4 thi biéu dién cdc ham |Rn|* (dwomg dit nét) va P(r) (duomg lién nét)
déi véi cdc trang thdi khdc nhau, theo khodng cdch r tinh theo bdn kinh Borh (a,,).

Néu 14y tich phan ca hai v€ cta (3.27) theo moi gid tri clia 6 va ¢ ta dugc
x4c sudt tim thdy dién tir & trong mot viing duoc gii han bai hai mat cdu co
ban kinh r va r + dr.

AW () = | R ()P s i 6)7 sinas [ T Wm@Pde  (328)

Tix diéu kién chuén hod clia cdc ham s6 g6c X;,,, (8) Va Y, () ta c6
dW (r) = |Rp(r)|*r?dr = P(r)dr; v6i P(r) = |Ru(r)|*r® (3.29)

D6 thi biéu dién cdc ham |R,;|? va P(r) c6 dang nhu trén hinh (3.2), & day
dudng lién nét biéu dién ham P(r), dudng dit nét biéu dién ham |R?, dién
- tich phdn gach gach biéu dién mat do xdc sudt tim thdy dién uf, vach ding
dam nét chi vi tri cla dai lugng trung binh, a, - ban kinh Bohr.

Bay gid néu ta 14y tich phan biéu thic (3.27) theo moi gid tri clia r s& thu
duoc biéu thitc x4c dinh xdc suft tim thdy dién tit trong géc kh6i dQ = sin fdfdy
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theo phuong (8, o).
AW (0,0) = |Bim,(6,)[2d0 / |Rua(r) P
]

= Ko OF W @2 [ (Rra(r) s

1

( vi |Ylmi (ﬁo)lz = 'é;)

AWE,) = 5-|Xi, () sin by, (3.30)

D6 thj ham | X, (8))? trong hé toa do cuc ¢6 dang nhu & hinh (3.3).

Trong trudng hop ! = 0, ham | X,,,,(8)|* khong phu thuée vio géc 6, titc 1a
mat d6 xdc suft ¢ tinh d6i xing cdu. Trong cdc trudng hop ! # 0, st phan bs
x4c suft theo gdéc khéi phite tap hon.

Nang lugng cua dién tlf trong nguyén tir hydro duge xdc dinh béi s6 luong
tir n, con ham s6éng mo t trang thdi cia dién tir d6 lai dwoc xédc dinh bdi tap
3 56 hugng tit n, ¢, m,. Trong tredng hop nay ngudi ta néi ring mic nang lugng
cta dién tir Ia mifc suy bién theo s6 lugng tir n.

C6 thé dua ra mot dinh nghia tdng quat vé miic ning luong suy bién nhu
sau. Mitc nang lugng E; cla hé vi mo6 duge goi 1a suy bién néu ing véi gia
tri nang lugng dé c6 nhiéu hon mot ham trang thai ¥,;; v6i j = 1,2,..., g, déu
12 nghiém clia phutong trinh Schrodinger:

HY,; = B, (3.31)
ngoai ra t6 hop tuyén tinh clia cdc ham s6 d6

Tj=) ey (3.32)
cling 1a nghiém cta phuong trinh trén. S6 cdc ham séng g (s6 céc trang thai)
¢6 cung chung mét gid tri ning lugng E; duge goi [a bac suy bién hay lugng
théng ké clia miic ning lugng d6.

Nguge lai, néu ing v6i mot mic ning hwgng chi tén tai mét trang thai duy
nhit dugc mo td bang ham séng ¥; 12 nghiém ciia phuong trinh

HY; = B,

thi mic nang lugng d6 duoc goi la khéng suy bién.
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" oo ‘“"’A ay
Al e
N 3
A A/
= i

Hinh 3.3: D6 thi biéu dién ham | X, |* trong hé toa dé cuc.
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Ap dung dinh nghia trén ta xdc dinh duge bic suy bién ca cdc mic ning
lrgng ciia dién it trong nguyén tir hydro. VGi mot gid tri n cho trudc { ¢6 thé
nhan céc gid tri tit 0 dén (n - 1). Dong thoi véi mbi gid tr ¢ cho trude my lai
¢6 thé nhan (2¢ + 1) gid tri. Vay ta ¢

—

11—

g=) (A+1)=n’ (3.33)

=0

-~

Ta thdy rang trit mitc nang lugng co ban £, ra, con tit ca cdc mic nang lwong
khédc cua nguyén tit hydro déu suy bién theo s6 lugng tit n.

Su khdc nhau co ban gilta mifc ning hrgng suy bign va miic nang luong
khong suy bién 1a khi c6 tdc dung phu lén nguyén tir, vi du khi dat nguyén
tir trong tlr trudng, cdc miic nang luong suy bién bi tich ra thanh nhiéu phan
mitc khic nhau. $6 cdc phan mifc nay néi chung bing bic suy bién cua miitc
niang lugng suy bién ban ddu. Hién twgng nay goi 1a sy mit suy bién.

3.2 H¢ nhiéu dién tir, nguyén 1y loai trir Pauli

3.2.1 Hé nhiéu dién tir. Cho dén nay ching ta chi nghién ciru cic hé véi
nhiéu mitc nang lugng nhung chi chita mdt dién tit, nghia 13 trong nguyeén i
hydro va cdc ion dong dang (He*, Lit+,Bet++,...) D6i vdi cdc hé nay phuong
trinh Schrédinger giai duge mot cdch dé dang bang phuong phdp gidi tich, né
cho phép ta xédc dinh duge chinh xdc ham séng ¥,.,., (r, 8, ) Mo ta cic trang
thdi dimg cna dién tir va céc gid tri nang hugng cho phép E,.

Ba6i véi cdc nguyén tir ¢6 tir hai dién tir trd 1én, bai todn trd nén phitc tap
hon nhiéu vi & day ta phéi xdc dinh trang thdi clia mot he nhidu hat tuong tac
14n nhau.

Gia sir ta c6 mot hé gém mot hat nhan véi dién tich duong +ze va N dién
tir. Ham séng biéu dién trang thii ctia hé nay di nhién s& phu thuéc vio toa
dd cha N dién tir va ¢6 dang:

= ‘I’(ﬂ ,?:.2,1-"3, ...,T."N) = lI'(;m sy Z1 T, He, B, - BN, yN,ZN) (334)
Ham séng nay 1a nghiém cua phwong trinh Schridinger
i 2m
ZA;'IJ+?[E—U]:{] (3.35)
i=1

. 52 2 2
Vm/_\.‘-=3—5+§5;+%g,

e
i
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E - ning luong toan phdn clia ca hé, U - th€ nang cla ca hé bao gom thé
ning tuong tic gilta hat nhan véi ting dién tr va giita cdc dién tit véi nhau.

N
U= ZU;'(Inthi) + ZV(L’Ci — 23], |y — il [z — 20) (3.36)

i=1 i#i

@ day binh phuong modun clia ham séng ||? s& xdc dinh gia tri xdc sudt im
thdy mot dién tir & toa do 7, mot dién tir khdc & toa do 7% - - -

Cidn luu ¥ ring do nguyén 1y khong thé phan biét cdc hat ciing loai, nén &
day ta khong néi |92} 1a xdc sudt tim thy dién tif thit nhét & toa 46 7, dién
tie thit 2 & toa do ... Do sy phitc tap cla biéu thic th€ nang (3.36) phuong
trinh (3.35) chi giai duge bang phuong phdp gén diing.

- Gdn ddng don gian nhit (gdn ding bac khong) 1a gin ding ma trong d6
ngudi ta bd qua tuong tic gifta dién tlt v6i nhau. Khi d6 ta c6 mot he cic
phuong trinh cé dang:

Ay, yi, 2:) + %?[Ei =~ Uiz, yi, 2:))¥i(2s, 1, 2:) = 0 (3.37)
v ham séng gdn ding bic khong cia ca hé la:
B (A, 7y ) = T (P T (FR) - T (FN) (3.33)

Nang lugng toan phén cla hé 1a

N
E=)E
i=1
Tuy nhién trén thue t€ trong nhiéu bai todn ta khong thé bd qua tuong tic clia
dién it v&i nhau, vi du khi 58 dién tir nhi€u hon 10 thi th€ néng tuong tac giita
dién tlr v6i nhau x4p xi thé nang twong tic giita dién tr v6i hat nhén,
Phuong phdp gin dung thit hai 1a phwong phap trudong tu hop. Gia sit ta
xét mot dién tir ¢ ndo do, thé ning cla dién tlir nay bao gém thé€ nang tuong
tdc v&i hat nhan U(z;, y, ) cha dién tor 46 va thé nang tuong tic gilta dién o
thit i d6 véi cdc dién tir khdc 13 Vi, né phu thudc vao toa do cioa (N — 1) dién
tir khic. Gia st ching ta ¢6 thé thay thé thé nang tuong tic Va; bang mot the
nang hiéu dung V;* sao cho:
- V& 36 16n v ghn biing nang lugng tuong tic cla dién tif i vai (N — 1)
dién tr cOn lai, Vy,.



3.2, Hé nhiéu dién tir, nguyén Iy logi trir Pauli 97

- V* chi phu thudc vao toa d6 clia dién it 4, (s, 4, 2:). Trong trudng hop
dé ta cé thé viét

N N N

U=) Uileiyiz) + 3 Vilonyna) = 3 (U + V) (3.39)

i=1 i i

va phuong trinh (3.35) dugc thay the bing hé phuong trinh
Az, 2) + i—?[Ez Ui+ Ve =0 (3.40)

He phuong trinh (3.40) ¢6 chita V;* va duge giai twong tv nhu phuong trinh
(3.3). Vin dé quan trong & day 13 chon duge V* thich hop.

3.2.2 Spin cia dién tir. Trong qud trinh gi4i phuong trinh Schrodmger doi
v6i nguyén tir di xuét hién ba s6 lwgng 1l n, 1, m; ma ¢ nghia vat 1¢ cla chiing
¢& thé tém gon nhu sau:

a/ 56 lugng tir chinh n x4¢ dinh nang lu’o‘ng toan phan cla dién tir theo quy

tic lugng tir hoa:

mzlel 1

(4meg)2h? nt’
b/ S6 lugng tlt qu§ dao ¢ xdc dinh d6 16n clia momen dong luong quy dao
cua dién ti¥ trong qud trinh chuyén dong xung quanh hat nhan theo quy tic

My =hJII+1), 1=0,41,£2,...,%(n—1) (3.42)

¢/ 56 lugng tir oY m; xdc dinh d6 16n hinh chigu ctia monen dong luong
quy dao trén truc z cho trude

E,=- n=123,. (3.41)

M;, = ﬁm;, my =0,:5:1,:|:2,...,:i:! (343)

Cén luu ¥ réng s6 lugng tif ndy chi ¢6 ¥ nghia vat 1y khi ¢6 téc dung cia
trudng ngoai 1én nguyén tir bdi vi chi nhd c6 trudng ngoai méi c6 su phan chia
thanh nhilng phuong x4c dinh trong khéng gian va khi d6 ta méi cé thé xdc
dinh duoc hinh chi€u clia monent dong lugng lén phuong ciia tru(’mg ngoai.
Nhu vay hai s6 lugng tit I vh m, xdc dinh d6 16n vh huéng clia momen dong
lugng qiiy dao cla dién fir. Vi dién tir 12 mét hat tich dién nén déng thai véi
mémen dong hrong né con c6 momen tir. Momen it qily dao cha dién tir
duoc ky higu 1a P c6 chiéu nguge v61 momen dong lugng qlly dao M,. C6
thé chimg minh ring g = — =M.
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B

st
Cnurm nguyer Phim anh

Tir trudng
khéng dang nhat

Hinh 3.4: So dé thi nghiém cua Stern va Gerlach.

Dai lugng (- %) duge goi 1a hé s tit co clia momen qily dao. Su tuong tdc
gifta momen tir qiy dao ctia dién tit véi 6 trudng ngoai da lam cho méi vach
phé dirge tich thanh nhiéu vach riéng biét, khi nguyén tit nam trong tir trudng
ngoai. Hién tugng nay duoc goi 1a higu tng Zeeman. Hiéu ting Zeeman dugc
giai thich v6i gia thuyét ring mot momen tir Z dat trong tir trudng B s& o6 the
ning Ex Vi Eg = —i- B.

Tuy nhién két qua thuc nghiém chiing to rang tap hop ba s6 lugng € trén
chua d x4c dinh mot cich tron ven trang thii ciia dién tir trong nguyén tir.
D¢ giai thich cdc két qua thuc nghiém, dac biét 1a d€ giai thich vach kép cia
quang phé phdt xa nguyén tit hydro & trang thdi 1s, nam 1925 S.A. Goudsmitt
va G.E. Uhlenbeck di dé ra gia thuyét vé spin cla dién tit va dua thém vao
day s6 lugng tir thit tw goi 1 s& lugng tir spin clia dién tir dé xdc dinh ddy da
trang thdi clia dién tit.

Theo gi4 thuyét nay thi ngoai momen dong luong quy dao A, dugc xdc
dinh bang s6 lugng tir I, dién tir cdn cé mot moémen dong lugng rieng goi
12 momen spin M, vi momen tX spin. Gia thuyét vé spin giai thich duge thi
nghiém cla Stern va Gerlach tién hanh vao nam 1921, trong d6é mét chum
nguyén tit bac véi momen dong luong quy dao bang khong di qua mot tir
truomg khong dong nhét bi tach 1am hai phén chifa cling mot s6 nguyén tr
dudi dang hai vét trén man chin nam phia trén va phia duéi vét bac khi khong
c6 tit trudng. Mo hinh thi nghiém duoc trinh by & hinh (3.4).

Thi nghiém nay cing ching to spin chi ¢6 thé dinh huéng theo hai cich
khdc nhau d6i v6i tie tnedng ngoai.

Chiing ta th4y ring d6i vdi s6 lugng tir 1 hinh chigu cia momen ti quy dao
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lén phuong cha ti trudng cling chi ¢6 thé cé (20 + 1) gid tri. Tuong ty ta ¢b
thé tinh s& luong tir s cita spin bang biéu thitc 2 = {25 + 1), vi hinh chiéu cta
momen spin chi ¢6 thé nhan hai gia tri, tr d6 s = 1/2. Tir két qua tinh todn
cho thdy moémen déng lugng spin clia dién tir ¢é do I6n M, bang:

M, = ks + 1) (3.44)

Hinh chiéu ciia momen dong luong spin 1&n truc dinh hudng 2 bét ki duge
xdc dinh bang biéu thic
Marz - ﬁma (3.45)

Vi m, = 5,5 — 1 =1/2,-1/2 14 56 lugng t spin.

K&t luan lai s6 Juong tir spin m, chi ¢6 thé nhan hai gid tri 1/2 va -1/2,
moémen dong luong spin ¢6 thé c6 hai kha ning dinh huéng: hoic Ja triing
v6i hudng trudmg ngoai hodc 14 nguge véi hudng trirdng ngoai. DPong thoi véi
momen dong lugng Spin, dién tit cling ¢6 moémen tir Spin Z,. Giita mdmen
dong luyong Spin va moémen tix Spin ciing ¢é mét hé thitc.

Hy = _geé'%ﬂs
véi je = 2,002 va thudng 14y gén diing bing 2.

- Vay dé dac trung ddy di cho mot trang thdi dién tir ta di c6 bon s6 lugng
tt n,l,m;,m,. Ham s6 séng bay gi® 1a ham cha 4 bién s va ¢6 thé ky hiéu
nhur sau

‘I"nlm;m_, (27, Y, T, 0) = ‘I(nlm; (xy Y, z) ’ Sm, (U) 4
ham toa do ham spin (3.46)
o = +1 con duge goi 1a toa do spin.

- Néu cong mémen dong lugng quy dao v6i mémen dong lugng spin ta

duge mémen dong luong toan phéin cha dién tr

M =M+ M, (3.47)

P 16n chia moémen M nay dugce xidc dinh bang s6 lwgng tir § goi 12 s6 lugng
t mémen dong lugng toan phén (hay sd lugng it ndi).

M=r/iG+1) (3.48)

VA j=|lts|=[I£1/2; vidul=2j=5/23/2 '
Hinh chi€u cia mémen toan phin M 1én truc z duge xdc dinh bing biéu
thire
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M, =hm;, VO m;=+5i-1,..,-} 3.49)

viduj=5/2thim; =5/2,3/2,1/2,-1/2,-3/2,-5/2;¢6 (2j+1) gi.itri Su tuong
téc cifta cdc moémen giiy dao va Spin ¢6 thé giai bang méu ban c6 dién. Trong
méu bin cé dién clia Bohr dién tir quay quanh hat nhin véi mémen dong
luong qity dao 4. Khi nhin 6t phia dién tir thi dién tir thdy hat nhan mang
di. dwtong quay quanh minh véi cling van t6c gée. Tur d6 suy ra ring hat
nhin quay quanh dién tir s& gy ra tai vi trf clia dién tir mot tir trudmg B song
song v6i A,. Dén lugt minh ti trudng ndi cia hat nhan nay sé tic dung lén
momen tir Spin cua dién tir. Do g, ty 1& v6i M,, B ty 1& v&i M, nén th€ nang
twong tac gitta Bvaugla

E,= KMM, K Ia mot hiang s

Su twong tic nay goi 1 twong tic Spin - gty dao. Sy tuong téc nay thé hién
trong hiéu ving Zeeman ndi, c6 tdc dung phén tich mot mifc nang luong voi
M, # 0 thanh hai mitc con tuong tng v6i hai gia tri cho phép cla M;,.

- Khi tinh dén sy t6n tai cha spin dién tir v sy phu thude twong déi cia
kh&i luong vao van téc, biéu thitc xdc dinh cdc miic ning lugng clia dién tr
trong nguyén tir hydro va cdc ion déng dang dugce vié’t nhu sau:

mzlet 1 { a2

(dmeo) 22 02

nj =

n 4n

1 3

trong dd o = 3%3—2 = ;11 hiing s6 cfu tric tinh t€.

Nhu vay ngoai s6 lugng tit chinh » ra, cde mifc nang lugng con phy thuoe
vao s6 luong tit j. Cdc mifc nang lugng ¢é cing chung s6 lugng tir chinh
nhung c6 s6 lugng tir j (goi 1a s6 lugng tir ndi) khdc nhau s€ c6 gid tri khac
nhau. Diéu ndy ciing cé nghia 12 mic ndng lugng clia trang théi dién tr con
phu thudc vao sé lugng tr qiiy dao L.

3.2.3 Nguyén Iy khong thé phan biét cic hat cing loai. Nguyén ly loai
trir Pauli. Nhu d4 biét trong co hoc ¢é dién cdc hat vi mo bao gid ciing
chuyén dong theo nhiing quy dao xdc dinh, do vay ta ¢6 thé theo doi dugc
su chuyén dong ciia cic hat d6 mot cdch chinh xdc va tai timg thoi diém ta
c6 thé phan biét dugc hat nay v6i hat kia. N6i cdch khéc, ta luon luon c6 thé
phan biét duge céc hat cé dién cing loai dua trén quy dao chuyén dong clia
chiing. Song, d6i v6i cdc hat lugng tir, thi vén dé s& hoan toan khic. Theo
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quan di#m co hoc lugng 6, hat khéng ¢6 qu§ dao chuyén dong xdc dinh, do
dé vé nguyén tic ta khong thé theo di chuyén dong clia chiing dé€ qua dé
ma phan bi¢t duge. D6 chinh 12 nguyén 1y khong thé phan biét hat cung loai,
mot trong nhifng nguyén 1¥ co ban cla co hoe lugng tir.

- Ta dp dyng nguyén 1¢ nay dé xét mot hé gém hai vi hat. Néu ta déi chd
hai hat nay cho nhau thi di nhién trang thdi cla ci hé s& khong déi. Ta hiay
Xem V€ mit todn hoc sy hodn vi ndy anh hudng nhu thé€ nao dén ham séng.

Goi ¥(1,2) va ¥(2,1) la ham séng trude va sau khi hodn vi. |(1,2))? bidu
thi mat d¢ xdc sudt tim thdy mot hat tai vi tri 1 véi toa 0 7 va mot hat khic
tai vi tri 2 v6i toa do 7. DGi véi |T(2, 1) ta cling c6 két luan tuwong tu nhu
viy.

Thec nguyén 1y khong phan biét cdc hat ciing loai ta cé

(1,2 = (22, 1))

hay la ©(1,2) = £¥(2,1). Nhu vay két qua cda sy hodn vi hai hat s& din dén
hai kha nang
a/ Ham séng cla hé¢ khong thay d6i sau phép hodn vi

T(1,2) = ¥(2,1)

trong trirong hop nay ngudi ta néi ham séng cla hé 1a ham déi xting.
b/ Ham song clia hé déi ddu sau phép hodn vi:

W(1,2) = —T(2,1)

trong truong hop nay ta néi ham séng ciia hé 1a ham phén déi ximg.

- Do nguyén 1y khong thé phén biét cc hat cling loai, ham séng dac trung
cho h¢ hat cling loai chi ¢6 thé 1a d6i xing hodc phan d6i xing. K&t qua
nghién citu 1y thuyét va thue nghiém khang dinh ring d6i véi dien tir va cdc
vi hat ¢ spin ban nguyén (vi du: proton, neutron ¢é spin bang 1) thi ham
séng dac trung cho chiing bao gid ciing 1a phan déi ximg. Nguoc lai, d6i vsi
cdc hat ¢6 spin bang khong ho#ic bing mét sd nguyén (v du photon ¢6 spin
bang 1 =-mezon... cé spin bang khong) thi ham song dic trimg cho ching
bao gid ciing 1a di’n xing.

- Ta hay xét mot hé gom hai dién tir, trong dé trang théi chia mot dién tir
dugce dic trung bing 4 s6 lugng t n, I, my, m, (k¥ hiéu bén s6 nay bing chit a)
con trang thdi dién tlr kia duge dic trung biing 4 s6 luong tit n', /', my,m!, (k¥
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hiéu bang chit b). Trong gin ding bac khong, khi bé qua tuong tc giita dién
tir v6i nhau ta c6 thé bidu dién ham séng clia hé qua ham séng timg dign tr
nhat sau:

X )
T.(2)0(1)

Tuy nhién c6 thé thiy ring cd hai ham séng nay déu khong thoa man diéu
kién ham s6ng phan d6i xing.

Vi vy d€ dam bao diéu kién phén d6i xtng ta phai 1dy t6 hop tuyén tinh
cua hai ham 46 dudi dang:

B(1,2) = Ua(1)T5(2) — Ta(2)Ty(1)
Ta thdy ©(1,2) thod mén diéu kién phan d6i xing, that vay.
‘I,(Q!]') = ‘I'ﬂ(z)‘I'b(l) - \Iﬂ(l)‘llb(2) = —‘I’(l,?)

Bay gid néu ca hai dién tir clia hé & trong clng mét trang thai Jugng nr la
trang thdi « thi ta c6

T(2,1) = €, (2)¥a(l) - La(1)Tu(2) =0

Tir day ta it ra két luan xdc sudt ton tai cua cd hai dién tir trong cling moét
trang thai lugng ti¥ luon bang khong. Néi cdch khac, trong nguyén tit khong
thé ¢6 hai dién tir cing & vao mét trang thai duge dic trung bing 4 s lugng
tit n, 1, my, me. Day chinh 12 nguyén 1¥ loai tnix Pauli dugc dua ra nam 1925.

3.2.4 Cau hinh dién tir ciia nguyén tir. Ta hiy dp dung nguyén ly Pauli
dé xét quy luat phan b6 cdc dién tir trong nguyén tir. Trude hét, ta hiy tudng
tirgng diéu gi s& xay ra néu ta khong dé ¥ dén nguyen 1y Pauli ma ci bé sung
ddn timg dién tlt vio xung quanh hat nhan mang dién tich ze dén chimg nao
nhan duge nguyén tir trung hoa (¢ 2 dién tir). Trong gin ding mot dién tr,
néu bd qua tuong tic gilta cac dién tu thi mdi dién tit s& chuyén dong hoan

toan doc 1ap trong trudmg theé U = -

luong cho phép trong nguyén tir glong nhu céc mic nang lugng da tinh cho
nguyén tt hydro. Mic niang lugng thafp nhét cha hé E; = —2°13,58eV va tét
cdc cic dién tir ciia hé déu c6 thé nim & trang thdi nay néu khong tinh dén
nguyén |y Pauli.

. Diéu nay c¢6 nghia 13 cac mitc nang
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Tuy nhién, diéu gia dinh trén khong thé xay ra. Theo nguyén 1y Pauli, khi
n =1, thi i =0 vd m; = 0. Nhu vay c¢6 thé ¢6 t6i da 14 hai dién tir ing v&i hai
gid tri m, = £1/2 nam & mifc nang lugng E,.

- Ta ¢6 thé sap xép cdc dién t theo cdc mic nang lugng. Theo nguyén 1y
Pauli, trong nguyén tir khong thé c6 hai dién tlr c6 ciing chung 4 s6 lugng tir

n=n',m=m' m =m|,m, =m,

Tit day ta ¢6 thé tinh duge s6 cdc dién tit t61 da ¢ trong nguyén tir c6 cung
chung ba, hai va mot s6 lugng tir.

a/ S& dién tir ¢6 cing chung ba s6 lugng tlt n, I, my t61 da la 2 (m, = —1/2
va my = 1/2).

b/ S6 dién tlt ¢co cling chung hai s8 lugng tlr n va I toi da la 2(21 + 1). Cac
dién tir ndy dugc goi 1a cdc dién tir tuong duong va chiing hop thanh mét phan
16p.

¢/ S6 dién tit c6 chung s6 lugng ti » t6i da 1a 27%. D6 [a vi v6i mbi gia tri
n, ta ¢ thé ¢é cac gid tri !

1=0,1,2,...,.n—1

mbi gid tri I ta ¢ (20 + 1) gid tri my va ¢6 2(21 + 1) dién nr. Vi the so dién tir
cé cling 86 lugng tir n phai bang
n—1

S22 +1) =27 (3.51)

=0

Céc dién tir ¢6 cung mot s& lugng tit chinh n hgp thanh mot 16p. Thit tu sdp
x&p cdc 16p va phéan 16p dién 6 trong nguyén tir nhu sau:
1. Theo 16p: Nang lugng phu thuge sé lugng tr chinh theo cong thiic

mzlel 1

E, = e ~ % Nhy viy n cang nho thi ning lugng cang thép.
Quy !luat sap x&p dién tit theo 1dp: cdc dién tir s& dién diy cdc mifc nang
lugng thip, ndm gin hat nhan ing vdi s6 lugng ti » nhé trudce, sau d6 ching
dién ddy tiép cic 16p ing vdi n 1én hon.

2. Theo phan 16p: Khi trong nguyén tit c6 nhiéu dién tir thi cdc dién ur
chuyén dong khong chi trong trudng tinh dién Coulomb cé d6i xting xuyén
tAm ma cdn trong trudng thé tuong tac khdc, vi du tuong tic gitta cic moémen
tlr quy dao. Vi vay ning lugng ctia ching khong chi phu thuéc vao sé lugng
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tit chinh n ma con phu thudc vao s6 lugng tir qu§ dao ¢ nita. Két qua Ja cing
mot gid tri n nhu nhau nang lugng clia cic trang thdi v6i { khdc nhau 1a khac
nhau. Khi #; < i; <l3--- thi B, < E, < Ey, ---. Do d6 trong cting mét 1:0p cdc
dién tir ¢6 xu huéng ndm & cdc mic nang lugng ing véi s6 lugng tir  nhod
hon trudc, sau dé méi dién ddy dén cdc mic ing vdi 1 16n hon. Nhu vay néu
nhimg diéu trén day hoan todn diing ta ¢6 thé viet duge quy luat phan bs cdc
dién tii theo cdc 16p va phan 16p nhu sau

1572822p%3523p%3d' 0457 4p% 44" 04 £ 11

bic diém céc trang thdi duge biéu dién trong bang dudi day

Ten 16p K|L M N
S lugng it n 1] 2 3
S6 lugng tis i 040 1 0 1 210 1 2 3
Tén phéan 1dp Is|2s 2p|3s 3p 3d|4s 4p 4d 4f
S0 dién t t6i da : !

trong phan 16p 212 6 2 6 102 6 10 14
56 dién th téh da

trong 16p 2 | 8 18 32

Cong thiic phén bé trén diy duge goi 1a c&u hinh dién tlt chia nguyén nr. Vi
du c4u hinh dién tir cha mot s6 nguyén t6 & ddu bang tuin hoan Mendeleev
H z=1: 1§
He z=2: 1¢°
Li z=3: 1824
Be z=4: 1524
B z=5: 1s°2s%2p'
C z=6: 1s225?2p°
K&t qué thuc nghiém cho thiy rang cong thiic vé cdu hinh dién tir trén déy
thuc ra chi diing cho céc nguyeén td ding trude Kali. D6i v6i Kali 2 = 19, cdu
hinh dién tir ddng 1& theo cong thifc 12 15°2s22p%3523p°3d, nhung thue t€ cho
thdy Kali ¢6 cu hinh 15%25%2p%35%3p%4s.
Nhu vay & day 6 su ddi chd giita phan 16p 3d va 4s, cu thé 1a theo 1y thuyét
thi E(3d) < E(4s) nhamg trén thuc t€ thi nguoc lai E{4s) < E(34).
Do vay dé xdc dinh duge cdu hinh thuc su cia tt ci cdc nguyeén tir ngudt
ta phai x4y dung mot quy tic méi, quy tic dé nhu sau: Trong nguyén tlr cdc
dién tir dugc sip x€p theo thif tf ting ddn chia tdng (n + 1). Né&u hai phan Iép
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c6 cling chung téng (n +1) thi phan 16p nao tng v6i s6 luong tit »n nho hon s&
nam sau hon va duge dién day trude. Nhu vay cu tmic dién tir clia nguyen tir
c6 thé bidu dién theo quy tic dién ddy cdc phan 16p sau:

D 1s® 25% 2p® 3s% 3p® 45% 3410 4p° 552 440 5p8 652 4f11 540 752
m+H=1 2 3 3 4 4 5 5 5 6 6 6 7 7 7

Trén thye t€ su dién ddy cdc phan 16p cling khong hodin toan tuan theo quy
tic nay, ta vin thdy rit nhiéu ngoai 1, vi du:

24Cr  {15%2922p®35°3p®3d°4s)

29Cu  (15°2s°2p%35%3p%3d"%45")

41Nb  (15%25%2p83523p%3d! 0 4524p%4d%55")
42Mo (1s*25°2p%3523p53d!%45%4p%44%551).

Cac 10p (hodc cic phan lop) duge dién diy t6i da goi 14 16p (hoidc phéan
16p) bio hoa. Cdc dién tir clia 16p chua dién ddy hoan toan goi 13 cdc dién ti
hoa tri va thudng c6 vai trd quyét dinh tinh chit hod hoc cta nguyén t&.

Can hru ¥ rang cdc phan 16p d, f tuy duge dién ddy sau cic phan I6p s, p,
vi du 4f dién ddy sau 5s,5p v2 6s, nhung 1y thuyét tinh todn cho thay trong
cdc trang thdi 4, f dién tir nim gdn hat nhan hon céc trang théi s, p nhiéu. Vi
vay trong cdc nguyén t6 ddt hi€m cd s6 2 tir 58 dén 71 déu cb 1dp v dién i
ngoai cling & trang théi 65, ¢6 hod tri hai va c6 tinh ch4t hod hoc giéng nhau.

3.3 Trang thai dién tir ciia nguyén tir

Nhu ta da thdy, d6i véi dién tlr trang thdi lwgng tit chia né duogc dac trung bing
bén s6 lugng tir: n, I, m, v m, (hodc j). D61 véi nguyeén tif c6 mot dién tir nhue
hydro va cdc ion dong dang, trang thdi cla dién tir ciing chinh 1a trang thii
cia nguyén tir. Chinh vi vay, d6i véi nguyén tir hydro néi trang thii cha dién
tir hoac trang thdi cta nguyén tir ciing chi 13 mot.

Tuy nhién déi v6i cdc nguyén tlr ¢6 tir hai dién tir trdy 1én trang thai fugng
tir ctia chiing phai duge xdc dinh tir trang thai cla tdt ca cdc dién tit cé trong
nguyén {ir.

Dé khéo st trang thai dién tir clia nguyén tir nguddi ta sit dung miu vecto-
nguyeén tir. Theo miu nay trang théi clia nguyén tir duoe xdc dinh khong chi
bing d¢ 16n cha vecto moémen dong luong quy dao va momen spin cua dién
fir ma con bang su dinh huéng twong hé gitta cic vecto nay. P& tién viée khao
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st trang thdi clia dién tlf ngudi ta ding cac ky hiéu sau:
[ - vecto momen qu¥ dao cua dién al.
5 - vectd momen dong lugng spin cla dién tir
7 - vecto momen dong luong toan phén ctia dién tir.

D6 16n clia cdc vecto niy duge xdc dinh boi cdc quy tac lugng tir hod cia co
hoc lugng tir.

= n/ii+1
1 = m/s(s+1)
7l = B+

Céc vecto momen dong luong qu¥ dao I va momen dong luong spin 5 ¢6 thé
dinh huéng tuong hd v6i nhau bang nhiéu cdch. Tuy nhién chiing ta ¢6 thé
sip x€p su tuong tac gilta cdc momen d6 theo trinh tu sau déy:

- Vecto momen dong tuong qui dao cla cédc dién tit lién két sinh ra mémen
dong lugng quy dao tdng cong cua nguyén tir

trong d6 s6 L goi 1a s6 luong tit quy dao téng cong cla nguyén tu, dugc xic
dinh tir s6 luO'ng tr quy dao I; cha cdc dién tit va ¢6 thé nhan cdc gid tri
cuc dai cua tong dai s6 cua I; dén cuc tiéu clia téng do6:

N N hi
L= Zzi,@m -1, (Z:,-} -2,

Vi du: trong trudng hgp nguyén tit ¢6 ba dién tir vai cic s6 luwgng tir quy
dao: I, = 1,1 = 2,4 = 1, thl 8 lugng tif L cla nguyén tit ¢6 thé nhan cdc gid
tri it cuc dai cua tong dai s6°3 1 1; dén cuc titu 3204 tire 1a

L=4321,0
- Twong tu nhu vay, cic vectd momen dong lugng spin cla dign it tien két

lai d€ tao thanh moémen dong lugng spin tdng cong cla nguyén tlr

N

STw=§ v6i |51=r/S(S 1)

1
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S& lugng tir spin téng cong cla nguyén tir S nhén gid tri nguyén hodc ban
nguyén phu thudc vao s6 dién tir N chan hay 1&. Vidu véi N =1, § = 1/2;
N=2,8§=0vaS=1,N=358=3/2vaS=1/2, N=4,5=0,1,2; S nhan cdc
gid tri nguyén khi N chdn, cdc gid tri bin nguyén khi N 1€,

- Cudi cling cic vecto dong lugng L va § clia nguyén tif sé twong tic voi
nhau d€ tao ra mémen dong luong toan phén clia nguyén ti.

L+§=7 (3.52)

vt | J = RJI(T+1) (3.53)

S& hrgng tr J clia nguyén tir duge xdc dinh tit cdc 80 lugng th L va § va
c6 thé nhan cdc gid tri

J=L+S8L+S-1,L+8-2,..,|L-S5| (3.54)

Trudmg hgp twong tac gilia cdc vecto ma ta dang xét goi 1a tuong tac spin-quy
dao L - 5. Néu L > § thi s6 gid tri J ¢6 thé bing 25 + 1 =y, x duoc goi 12 do
boi clia trang thédi hay do boi cha s6 hang quang phé ctia nguyén tir. Do boi
cla trang thdi chi s phan mifc ma mot mitc niang lwong ban ddu ¢6 thé tich
ra do tuong tic spin-quy dao L - §

Vi du, trong trudng hgp 3 dién tlr, N =3, chiing tac6 S =1/2 va § = 3/2.
D6i v6i S = 1/2 56 gid tri J ¢6 thé bing 2. D61 v6i § = 3/2, 56 gid tri J c6 thé
bang 4.

Trong trudng hop 4 dién tr, N = 4, ta cé § = 0,1,2 va tuong iing ta ¢é:

J=L x=2-0+1=1
J=L+1,LL-1 x=2-1T+41=13
J=L+2L+1, L. L-1,L-2 x=2-24+1=5.

- Ba&i vi nguyén tir, trang thai dién tr cila nguyén tit hay s6 hang quang
pho dugc biéu dién bing ky hiéu XL;. Trong d6 Ung v6i cdc gid tri khdc nhau
cha I ngudi ta diing cédc chit cdi in hoa dé ky hiéu trang thdi clia nguyén tir
tuong tu nhu cdc ky hiéu dé dung véi dién tir (chir in thuong)

L o1 2 3 4 5
Trang thdi nguyentr [S P D F G H
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Vi du ndu L =2, § =3/2 ta cd 4 trang thai:

4D?/2 st/‘z 4ri,"2 4D1/2-
J= 2+3/2, 2+3/2-1, 2+3/2-2, 2+3/2-3
Y= 28+1=2-3/2+1=4

K&t qua nghién citu cho thdy téng, trong cdc phan 16p dién tlr ¢4 dién ddy,
céc dién tit duoc sip xép sao cho momen dong lugng quy dao cha ching trigt
tiéu 1in nhau, momen dong luong spin cha ching triét tiéu nhau va ca ba s6
lugng tir ing vdi phan 16p d6 L, S, J déu bing khong.

Vi vy dé xét trang thai dién tlt clia nguyén tir ta c6 thé bd qua cdc 16p
dién tir d3 dién ddy va chi cidn xét cic 16p chua dién ddy nghia 12 chi cin xét
cdc dién tlir hoa tri. Bay gid chiing ta xét mot s6 vi du cu thé.

3.3.1 Trang thai dién ta cua nguyén tir hydro. O trang thdi co ban nguyén
tir hydro ¢6 mét dién tir & trang thdi 1s. O day chico | dién titnén L==1=0,
S =s=1/2 J=j=1/2. Trang thdi co bdn clia nguyeén tit hydro Ia 5, , ¢6
do boi x =25 +1=2. Day cung chinh 14 trang thdj dién tir chia cdc nguyén to
c6 dién tit hod trj 1a 1 dién tt ns' nhur cdc kim loai kiém. Trén hinh (3.5) biéu
dién phd nang lugng clia hydro va hinh (3.6) clia natri. Trén cdc so dé nay
gdc nang luong duge tinh tir trang thai co ban theo truc tung bén trdi vai don
vi eV. (Chd y ring budc séng dnh sing tng véi ning lugng photon bing leV
11,2410 %m = 124004). Truc bén phai ciing 1a tryc ndng lugng nhimg tinh
theo gid tri nghich dio budc séng tuong ng 1, bang don vi cm™'. Cic duong
thing n6i giita cdc trang thai bidu dién céc chuyén mitc ¢6 the. Cic trang théi
¢6 mot con s& ditng trude chi s6 16p. Trong trudng hgp nay N = 1, cic trang
thai c6 do bdi x = 2 goi 12 cdc trang thai dublet. Tir so d6 nay ching ta ciing
th4y r& sy hinh thanh cdc ddy Lyman, Balmer, Pashen.

3.3.2 Phd nang lugng cha nguyén tit He, para-He va orto-He. Quang
phé ctia He c¢6 nhitng diém dic biét dang chu y sau day. NG gom nhlmg:
diy vach kiéu nhu d6i v6i cdc nguyén tir kim loai kiém, tuy nhién moi day
nhir vy gém c6 hai phién bén khac nhau vé do néi: phién ban nét va phién
ban m&. Trong phién ban md méi vach phé thyc chat 12 ba vach rat gén
nhau, vi du vach dac trung mau vang thuc chét la ba vach ¢ budc song
5875,0634; 5875, 6434; 5875, 6014, Nhitng vach nhu vay dugc goi 1a vach triplet.

Tir dang quang phd kép, nghia 12 gom hai phién ban nhut trén da mé ta,
ngudi ta dd nghi ring He 12 hdn hdp cha hai nguyén t6 para-He va orto-He.
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Para-He cho c¢dc ddy phd nét, ting vdi cdc trang thdi don (singulet), orto-He
cho cdc day phé md, ing vdi cdc trang thdi chip ba (triplet). Diéu nay c6 vé
nhu hop 1Y vi ngudi ta khong phét hién duoc sy t6 hop gilfa hai hé singulet va
triplet. Tuy nhién, theo thuc t€ va ly thuyét gia thuyét néi trén l1a khong duing.

Dang quang phd kép trong hé nguyén tir ¢6 hai dién tr, ¥ = 2, 1a do trong
hé& nguyén tit d6 c6 hai hé mifc niang lugng: hé cdc mifc ndng lugng don
(singulet) va hé cdg mic nang lugng triplet, do cdc quy tic lva chon, ma ta
sé dé cap dén sau nay,’khong cho phép c6 su té hop clia hai he dé.

Trén hinh (3.7) trinh bdy phd ning lugng cia He cling nhir cdc chuyén
mitc ¢6 thé theo quy tic lua chon. Trong nguyén tir He néu hai dién tit ndm
@ trang thdi 1s thi ching ta ¢ L = 0,5 = 0,J = 0 va trang thdi cua nguyén it
s8 1a 'Sy (c6 46 bodi y = 1); 1s15'S,. Bay gid néu mdt dién tir § trang thdi 1s,
dién tir thit hai & trang thai 2s, nghia la c4u hinh dién tir ¢6 dang 1s'2s'. Trong
trudmg hop nay S =0 hay 1. Khi § = 0 chiing ta ¢é trang thdi singulet 1S, (cé
do boi x = 1); 1625 'Sy, Khi § = 1 ta ¢6 trang thdi triplet: 35, (c6 do boi bang
3) 152545,

Khi mét dién tir & trang thdi 1s, mét dién tr & trang thdi 2p (1s2p). Trong
trudng hop ndy L = 1, nguyén tif ndm & trang thdi P; $ =0hay 1. Khi § =0
chung ta c6 trang thdi singulet 'P;, J=L+ S=1.

Khi § =1, J =210, x =25+ 1 = 3. Ching ta ¢ 3 trang thai triplet:
3Py,3 P} P,. Tuong tu nhu vay chiing ta ¢6 thé xdc dinh dugc cic trang théi
clia nguyén tif {ng véi cdc t6 hop trang thdi cla dién tit : 1s3p, 1534, ... Trong
tdt ca cdc t6 hgp chiing ta déu nhan dugc cdc trang théi singulet va triplet, c6
do bot 18.

3.3.3 Pho nang luong clia cac nguyén t6 nhém II. Cic nguyén t6 nhém
II bao gém céc nguyén t6 kim loai kiém thd 4Be, 12Mg, 20 Ca, 388, 56Ba,
88Ra, ciing nhur cdc kim loai 30Zn, 48Cd, 80Hg.

Trén hinh (3.8) biéu dién phd ning lugng clia Mg mot kim loai kiém thd
dién hinh. Chiing ta thdy ring déi v6i Mg chiing ta cling nhan dugc mot phd
nang lugng tuong tu nhu He gom hai hé mitc nang lugng: mic nang lugng
singulet va mic ning lugng triplet. -

Cau hinh dién tir clia Mg 1a 1s%2s72p%35%, cdc 16p | va 15p 2 dién ti da ddy
chota L = 0,5 =0, ta chi xét hai dién tir & 16p thit 3, 352

Khi haj dién tir & trang thdi 3s: Iy =1, = 0, L = 0, trong trudng hgp nay spin
bat budc phéi nguoe nhau, S = 0, ta ¢6 mét trang thdi singulet duy nhét ' S,.
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Hinh 3.8: Phd ndng lugng ciia Mg.
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Khi mot dién tit & trang thdi 35, mot dién tir & trang thdi 3ptac6 §, = 0,1, =
1,L =1; § ¢6 thé nhan hai gid tri O va 1.

Khi § =0, J =1 ta ¢ mot trang thai singulet 'Pj; S =1,J=21,0tacd 3
trang thdi triplet 14 *P, 3 P, % Py.

V&i nhitg t6 hop dién tir khdc chiing ta ciing déu nhan duge hai nhom gia
tri J Ung v&i hai gid tri S1a0va 1.

& J =L v6i § =0 cho cdc trang thdi singulet

b/ J=L+1L L—1v6 §=1cho cic trang thdi triplet.

3.3.4 Trang thai dién tir eiia nguyén tit carbon. Ciu hinh dién tir cta
carbon 1 1s22s22p%. Ldp 1s? va phan 18p 2s* di ddy ta c6 thé bd qua, phan
16p 2p? chua diy. O day tacod ) =1 = 1. Vi vy L ¢6 thé nhan cdc gid tri
L =2,1,0. Vi c6 hai dién tlr nén $ = 0,1. § = 0 tuong ung véi trudng hop hai
spin phan song song, S = 1 tng vdi tnrdng hop 2 spin song song.

SV L =2 8=0J=2tacé 1 trang thdi singulet 'D, & day $ khong
thé bang 1 vi néu thé thi ca 4 s& n,1,m;,m, cla hai dién tlr s& giorg nhau,
(n=2,1=1,m = 1,m, = }) trdi nguyén 1y Pauli.

-Véi L=1,8=0,J =1 ta c6 trang thdi singulet ' P,.

-V6i L=1,5=1.J=2tacd3 trang thdi triple 1a: *P,,* P, * F.

-V&i L=0,5=0J=0tacé mét trang thai singulet 'S,, & day 5 khong
thé bing |1 vi néu th&thicd 4 s6n = 2,1 = 1,my = 0,m, = 1/2 d6i vdi ca 2 dién
.

Nhur vy, d6i véi cdu hinh dién tit 1% 25% 2p? chia nguyén tir carbon ta ¢6 ca
thay 6 trang thdi dién ti

3P2:3P113PU$ID2$ISOI‘P1

c6 do boi 1é. Véi cach 1am twong tu chiing ta cé thé tim dugc cic trang thii
kich thich clia nguyén tir ting véi cdc c4u hinh dién tif khéc ctia carbon ciing
nhu clia cdc nguyén t6 khdc, dé ¢ duge phé nang lugng nhu di trinh bay trén
day.

3.3.5 Mot sé quy luat trong phd nang lugng cia cac nguyén tir phifc tap.
Ding miu vecto nguyén tir ¢ thé tién dodn dugc nhitng tinh chit rat tinh t€
trong quang phd clia cdc nguyén tir phic tap. Vi du c6 thé giai thich duge
hién tugng tich cdc vach quang phé trong tir trudng yéu va tlr trudng manh
(hiéu ing Zeeman, Zeeman di thudng).
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Dudi day chiing toi chi néu 1én mot s6 quy luat ddi véi quang phé clia céc
nguyén tit phitc tap.

1. Nguyén tic chuyén dich: Phé va cdc miic nang lugng clia nguyén tit co
nguyén tlr s& 2 twong tu nhw phé va cdc mitc nang lugng ciia ion cua nguyén
tlt ¢6 nguyén tr s6 z + 1. Vi du pho cla H vd B}, clia H, va L} 1a hoan toan
tuong tu.

2. Nguyén tic luan phién vé do boi: S6 hang quang phé clia cdc nguyén té
chia bang tufn hoan ¢6 do boi chin va 1€ lién tiép nhau. Vi du kim loai kieém
(nhém 1) ¢é s6 hang dublet (chdn) kim loai kiém thé (nhém II) ¢é s& hang
1a singulet va triplet (1&). D6 1a vi: s lugng tr spin téng cong S s& 12 nguyén
hoiic b4n nguyén phu thugc vio s6 dién tir N trong nguyén tif chan hay lé:
N=1 S=1/2 ~ do boi chan.

N=2 5=0,1 do boi 1é

N=3 §=1/2,3/2. d6bdichin

N=4 §=90,1,2 dé boi lé

v6i S ban nguyén ta ¢6 d6 boi chdn x = 25 + 1 = chan, v6i § nguyén ta c6 dd
boilé xy =25 +11é.

Khi

3.3.6 Quy tic Hund. Sau khi da xdc dinh duge cdc trang thdi nang lugng
¢6 thé clia nguyén tit réi thi van dé it quan trong 1a phai xdc dinh duge trong
cdc trang thai do trang thdi no 12 bén vitng nhét, tic la tim trang thai ning
lugng co ban clia nguyén tr. Piéu nay c6 thé giai quyét dugc nhd quy tac
Hund.

Nai dung quy tic Hund bao gém:

1. Trang thai co ban cha nguyén tir 12 trang thdi dng véi d6 boi 16n nhat,
(khi cdc dién tir ¢é spin song song v6i nhau).

2. Néu hai trang thdi ¢6 cling do bai thi trang thédi nao ¢6 s6 lugng tu L 1on
hon s& bén vitng hon.

3. Néu hai trang thdi cé chung do boi va cling s6 luong tit L thi trang théi
bén vitng hon duge xdc dinh theo tiéu chudn sau:

S6 lugng tir J nhd nhit néu phén 16p duge dién diy chua qud mot nira
s dién tir t&i da.

S6 lugng tit .J 16n nhét néu phan 16p duge dién ddy qud mot nira s dien
ti téi da.
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Ap dung quy tic Hund dé xét nguyén tir carbon, ta thdy ngay ring trang thdi
co ban cha nguyén tit carbon 13 PR, cdc trang thdi ¢6 nang lugng 16n dén
(kém bén hon)

3P0,3P1,3P2,1D2,1P1, 150

Nhu vay trang thdi dién tir co ban ctia nguyén tir 13 trang thdi nang lugng
hén viing nhat (nh6 nhdt), trang thai khong bi kich thich.

3.3.7 Chuyén mic nang lugng, quy tdc chon loc. Gid slt bang cich nao dé
(va cham, chiéu séng,...) ta dwa dugc mot hodc vai dién tit tlf trang thdi khong
bi kich thich lén cdc 16p c6 nang lugng cao hon. Trudng hop nay la trudng
hop nguyen tir bi khich thich, tic 12 né di chuyén tir trang thdi co ban lén
trang thdi cao hon goi Ia trang th4i kich thich & mitc nang lugng kich thich.
Nguyén tir thudng ton tai & trang théi kich thich mot thoi gian ngdn 7 goi la
thoi gian s6ng sau d6 chuyén xuéng mot trang thdi ¥ing véi nang lugng thap
hon, hay trd vé trang thdi co ban. Qu4 trinh chuyén doi tif mifc nang luong
thdp dén mitc nang lugng cao hon phéi kém theo qua trinh nguyén tir hép thu
mot nang fugng, néu nang lugng nay dudi dang bitc xa thi bitc xa phai tudn
theo quy luat tdn s6 (bao toan nang luong)

hw = |E;, — Ey |

Quad trinh chuyén tir mitc nang lugng cao xudng miic ning luong thdp hon
phai k&m theo qui trinh gidi phéng nang lugng, néu nang luong dugc gial
phéng dudi dang bidc xa, thi bitc xa phat ra phai tuan theo quy luat tin so trén
day.

Tuy nhién, két qua tinh todn vA thyc nghiém cho thdy ring qua trinh chuyén
mifc nang luong cho phép nay sang mifc niing luong cho phép khdc clia nguyén
tir phai tuan theo quy luét chon loc. Quy lu'aE chon loc duge suy ra it cdc dinh
luat bao toan mémen dong lugng né khéng dinh: chi cho phép chuyén mic
gifra c4c trang thii @ng véi su thay déi s§ lugng tit nhur sau:

AL=Ly ~-Ly=%1
AS=8,-5,=0
AJ=dp - Jp=0,%x1

Vi du: Trén hinh (3.9) biéu dién céc chuyén mic cho phép giita céc trang thai
cla nguyén tit para-heli (heli & trang thdi ma spin clia hai dién tir nguge nhau).
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1S, 4424
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Hinh 3.9: So d6 biéu dién cdc chuyén mitc duoc phép.

Ngoai cdc chuyén doi duge danh ddu bang cic miii tén t4t ci cdc chuyén miic
khéc déu bi cim bdi quy tic chon loc. Ngoai ra cdn cé mét quy tic chon loc
nita d6 1a quy tac cdm t6 hop, vi du c&m céc chuyén mifc tix trang théi singulet
sang triplet. Tuy nhién quy tic niy ciing ¢6 ngoai 1¢, vi du chuyén mc giita
'Sy &* P; khong bi cdm xem hinh (3.7). Chinh phé nang lwong, hay cfu tric
dién tlr chia nguyén tr vh cdc quy tic chon loc d6i véi cdc chuyén mitc da
quyét dinh phé hdp thu va phé phdt xa quang cta nguyén tir. T4t ca nhimg
két qua do cdc phd hp thy, phd phit xa 1a nhiing minh chiing cho su ding
din cta 1y thuyét.

3.4 Phé nang hrong ciia phan tir

Theo quan diém hod hoc, phén tir 13 phén tit nhé nh4t cia mot ch4t cdon mang
ddy du tinh chdt hod hoc clia chat d6. Phéan tir duge cfu tao tit cdc nguyeén
tir thong qua lién két hod hoc. Nguyén nhan cla su lién két giita nguyén tt
dé tao thanh phan tir 1 sy tuong tic ciia cdc dién tir hod tri. Céc dién tr nay
thudng twong déi tu do, né khong bi gan qué chat vao mot hat nhan ¢ dinh
ma ¢6 thé chuyén dong quanh hat nhan ndy hay hat nhan khéc véi nhitng xéc
sudt khdc nhau.

Duing vé mit co hoc phan tir ¢6 thé xem nhu mot tap hop gém hai loai hat
¢6 khoi lugng rat khdc nhau, 13 cdc hat nhan ¢6 khéi lugng Af v dién tir ¢
khéi lugng m « M. Trong gén diing cho phép, c6 thé coi khéi lugng ciia phan
tlr nhur tap trung tai mot s§ diém riéng biét 13 cc hat nhan.

Trong phan tir luén luén tén tai 3 dang chuyén dong:
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1. Chuyén dong chia cac hat dién ti (giong nhu trong nguyén tl).
2. Dao dong cla cdc hat nhan quanh cdc vi tri cin bang.
3. Chuyén dong quay clia cd phan tif nhir mét khai thong nhat.

Ung v6i 3 dang chuyén dong nay, trong phan tir ¢6 ba loai trang thdi nang
lrgng khac nhau:

- C4c trang thai niang luong dién tir
- Céc trang théi nang lugng dao dong
- Céc trang thii nang lugng quay.

Trang thai chuyén dong cla phan tir néi chung dugc vi€t bdi phuong trinh
Schrédinger:

N

RS B
e Y B - ZQMA +U| ¥ =EV

voi
n- & dién tir trong phan tu
N- s6 hat nhan nguyén ti ¢6 thé c6 khai lugng khac nhau.
E- nang luong toan phan ciia phén tir.
U/- the ning toin phin clia phan tir bao gém ba thanh phén
- Niang luong tuong téc gifta cdc dién tir v6i nhau
- Nang lugng tuong tic gilta cdc hat nhan véi nhau
- Nang lugng tuo‘ng tac gifta cdc dién tit v6i cdc hat nhan,
) et z2k e’ oz
v= 87rt0 Z |74 —r3| * 8meg kz# |R; - Byl " 8mey Z |7 — R; |
17 = 74 la khoang céch tix dién tr i dén dién tr §

|B; — Ry| 1a khoang cdch tir hat nhan j dén hat nhan &
|7; — R;| 1a khodng cdch tir dién tir i dén hat nhan j.
O day he s6 1/2 cin dua vio trong tong kép vi méi twong tdc duge tinh 2
14n i5 va ji.
Ham s6ng clia phan tit mo ta trang thdi chuyén dong clia cé hé, phdi phu
thudc vao toa do cha tdt ca cdc hat nhan. Trong gn ding v6i mic do nhit
dinh ta ¢6 thé viét him séng toan phdn ¥ du6i dang tich clia 3 ham séng

=¥, Ty ¥,
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Hinh 3.10: Dang ciia ph& ning luonyg trong phdn ti.

¥, - Ham séng m6 ta trang thdi chia dién tir trong phan te,

T, - Ham séng mo ta trang thdi dao dong cha phén tir.

¥, - Ham séng mo ta trang thdi chuyén dong quay ctia phan ti.

Nang lugng toan phéin ctia phan tir bang t6ng cdc nang luong ndi trén:
nang lugng dién tlr, nang luogng dao dong, nang iwgng quay
E=E +E;+ Eq

Két qua ddnh gid tuong quan gitta cdc gid tri khdang cdch gita hai mitc gin
nhau cua ba loai nang luong néi trén cho biét:
m
i
Thong thuong £, = 1073 -10-* (vi du d6i véi phan tir hydro ta cé # = 1840).

AF i AE;:AE, =1: {%)1{2 -

Phé ning lugng cla phan tir chic chian phic tap hon nhiéu phd ning lugng’
ciia nguyén ti, DGi v6i phan tir chiing ta ¢6 thé hinh dung ra ring: trong phé
nang lugng cla phan tir gilta cdc trang thdi dién tit 6 mot loat cdc trang thai
nang lugng dao dong va gilta céc trang thdi dao dong lai ¢c6 mét loat trang
thdi ning luong quay, nhu mé ta bing s¢ d6 hinh (3.10). Nhw vay ddi véi
phén tir thay cho viéc gidi phuong trinh Schrodinger d€ xdc dinh trang thdi
lugng tir clia phén tir, chiing ta ¢6 thé xét niéng biét timg dang chuyén dong
v6i cdc phuong trinh Schrodinger tuong tng. Chéng han ta s& xét dudi day
dé tim hiéu cdc trang thdi nang lugng dao dong va cdc trang thii nang Juong
quay ciia phan tir,
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3.4.1 Trang thai nang luong dao dong. Pé x4c dinh trang thdi nang lugng
dao dong cha phan tir gém hai nguyén ti, ta c6 thé sir dung cic két qua cha
dao dong tir diéu hoa. Ta biét ring trong trang thai ning lugng cyc ti€u cia
phan tit cdc nguyén tir dugc phan b& trén khodng cich R.. Khi léch khdi can
bing nay cic nguyén tit thyc hién dao dong. Néu bién do dao dong tuong doi
nho ham thé ning dac trung s€ c¢6 dang parabon

UR) = JK(R - R’

Giai phuong trinh Schrédinger véi ham thé nang nay ta dugc biéu thitc xdc
dinh nang lugng dao dong clia phan t

Eyq= h\/g{n + —%) = hw(n + %) (3.55)

vOin=0,1,2..

Tuy nhién khi bién d6 tang lén tinh diéu hoa sé mét di. That vay, trong
miu dao dong tir didu hda khi R tang lén thi lyc dan héi va thé ning tang l1én
theo quy luat parabon. Nhung néu cic nguyén tlt ndm cdch nhau mot khoang
céch 16n thi luc hit gitta ching dén téi khong va thé nang s& khong déi. Nhu
vay khi céc nguyén tir thuc hign dao dong vGi bién d6 16n ta phai thay ham the
ning parabon bing mot ham the khdc. Tinh dén nhitng phan tich trén nguoi
ta thay ham thé parabon bing ham th€ c6 dang:

U(R-R.)=D. {1 — e—.ﬁ(R—R-)’}

véi 8 va D, 1a cdc hang s6: Khi R — R. tacbU — 0, khi R — s tacd
U— D,.

Nhir vy D, chinh 1a thé nang phan ly cia phén tir. Nang lugng dao dong
tir ¥mg vGi the nang trén ddy c6 dang: '

E; = hw(n+1/2) — ahw(n + 1/2)°

trong d6 o < 1 12 thong s6 phi diéu hoa. Phé nang hugng dao dong clia phan
tit bay gid khic phd nang luong clia dao dong ot diéu hoa, né c6 dang nhu &
hinh (3.11). Phia dudi thwa phia trén day, khin — oo ta ¢6 miic nang lugng
phén ly.
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— De

0 Re R
Hinh 3.11: Phd ning lugng dao dong cia phan .

3.4.2 Trang thii nang lwong quay. D61 véi chuyén dong quay cla phén tir
hai nguyén tir ta c6 thé sir dung két qua clia bai todn vé quay t& rén. Nang
ltong quay cua phéan tit trong trudng hop dé duge xéic dinh béng biéu thitc

2
E, = %I(E £ 1) = Bol(i 4+ 1) (3.56)

v6il=0,1,2,.., By - hiing s6 quay.

Tuy nhién méu quay 6 rén dp dung & day khong duge chinh xdc bai vi
khi phan tir thyc hién chuyén dong quay, né luén luén chiu mot lue 1i tam,
va do véty, khodng cdch giita hai hat nhan nguyén tit sé thay déi (mau quay
tlr khong rén).

Néu giai bai todn vé quay tit khéng ran nay ta thu dugc biéu thitc sau day
xdc dinh phd nang lugng quay clia phan tit hai nguyén tir

E, = Bol(l+1) - D1 + 1)? (3.57)
voi D % By.

3.43 Quang phé ciia phan tir. Tir nhimg phén tich trén day ching ta cé
thé bidu dién nang luong toan phan cia hé phan tir:

2
L WU+ 1)

E=E, +ho(n+3) 57

Vi AE, << AB; << AE, nhy di ndi & trén nén phd nang lwong ciia phan tir
¢ dang nhu so d6 ¢ hinh (3.10). Chinh vi vy quang phé ciia phan ti, rat
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khéc quang phé clia cic nguyén tir ¢6 18p. Quang phé clia nguyén tir ¢o lap Ia
quang phé vach, con quang phé ctia phan tir dugc goi 1a quang pho dai, nghia
I3 g8m mot he cdc dai phd cfu thanh. Vi nhitng mdy phén tich phé nang
sudt phan gidi cao c¢6 thé thdy ring méi déi phd lai gém nhitng vach nam rét
sit nhau. Quang phé dai cia phan tir chinh 1a do phé nang lugng phic tap
nhu di néi trén. Phan tich k¥ ngudi ta thiy ring : quang phd chia phan tit bao
gom cdc dai sau day: Dai chuyén dong quay, Dai dao dong va quay, Dai dién
tr va dao dong.

- Dai chuyén dong quay: tng vdi chuyén muic gilta cdc mic ning hrong
quay v&i quy tic chon loc A7 = +1. Tén s6 ting vdi cdc chuyén muc nay 1a

AE R?

w:—ﬁ‘f—u [+ 20D I+ 1)1_ i.’+1)—w1 I+ 1)

Phé chuyén dong quay gém cédc vach cdch déu nhau véi Aw = wy,w Va0 c&
108 . s~1(x = 100um). T d6 ta thdy moémen qudn tinh cha phén ti vao ¢d
10~gem?. Vi du d6i v6i phan tie HC! ta ¢ J = 2,71 10-*Ygem?® va tir d6 suy
ra, khoang cdch giita hai nguyén tr B = 1,294

- Dai dao dong va quay nhan duge do nhitng chuyén mitc xdy ra gilta hai
mitc nang luong dao dong véi cing mét cdu hinh dién tlr. Mo mot mite ning
lwong dao dong bi phan thanh mat loat cdc phan mitc chuyén dong quay dac
trung bdi cdc s6 Juong tir I va . Trong trudng hop ndy tdn s6 ing v&i chuyén
mirc duge tinh bai cong thie:

1, B h?

1
hw =AE; + AEq = hwd(n’ + 5) - fmd(n” + = ) + —L' U: : ) - 2’);{”(3” + 1)

V6i quy tic chon loc clia dao dong 13 An = =1, cla chuyén dong quay Ia
Al=tl,tacédw=wgtw k véi K =1,2,3,

Tap hgp cédc vach phd Gng véi mot chuyen mic dao dong tao thanh mot
dai dao dong va quay. Dai dao dong va quay 1a tap hop cdc vach phan bo doi
xting hai bén vach w, vi cdch déu nhau mot khoang Aw = w; chi ¢6 vach wy,
vach trung tam la khong xudt hién. ‘

Dai dién tir - dao dgng nhan duge do nhitng chuyén muc xdy ra giita hai
mitc nang lugng tng vé&i hai c¢fu hinh dién tr khdc nhau cua phan tir kem
theo su thay d6i chia ca ba thanh phan nang lugng E,, E., E,. Tdn s6 tng véi
chuyén mitc dugc tinh boi cong thic.

_AE +AE +AE, _AE +AE  AE, AE,
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Tap hop cdc vach phé véi tin s6 khdc nhau theo cic gid tri AE, khic nhau
dugc goi 14 dai phd dién tit - dao dong. Tin s6 we xdc dinh vi trf ciia dai phd.
M&i dai phé dién 1 - dao dong c6 mot ciu triic phitc tap do chuyén mife ning
lugng quay. Biéu thic w ¢d dang: w = wo + U + 1) - J2=17(” + 1). D6i
véi trudng hop dai dién t - dao dong quy luat chon loc ¢6 phédn rong hon
Al =0, 1. Ta c6 thé néi phd nay gém c¢6 ba nhdnh {tng v&i Al =0,Al=1, v
Al = -1,

3.5 Phé nang luong ciia dién tif trong tinh thé chit ran

Chat rén 12 trang thdi vat chdt dong dac. Trong mot em® chét rén ¢6 khoéng
trén 10?2 nguyén tir. Trong chét ran khoang cédch gilta cic nguyén tr, ion, dién
tir di nho dé cho luc tuong tic gitta chiing trd nén r4t ddng ké. Bai todn co
ban clia vat 1y chdt rdn thyc chét 14 bai todn clia hé nhiéu hat ¢é tuong tic,
ma trong thuc t& chi hy vong tim dugc nghiém gén ding. Tuy nhién bai toin
s& c6 phdn don gian di néu cdc nguyén tit sap xép theo mot trat ty tudn hoan
nhdt dinh. Vat rin nhu thé goi 1a tinh thé,

Dé mé ta tinh tudn hoan ca tinh thé, ngudi ta dira ra mot khai niém thudn
tuy todn hoc: mang 1y tudng. Mang 1y tudng 1a tap hop nhimg diém goi 13 nut
mang ma vi tri duge dic trung biing cdc vecty 4 goi 14 vecto mang. 7 duge
dinh nghia tit 3 vecto khong cling trén mot mit phing @, 4., ds bing biéu thirc

A = nd + nedy + nads (358)

ny,na, ng 1a nhitng s6 nguyen, a,, d,, d, 1a cdc vecto co sd khong cing trén mot
mat phang, chiing tao thanh mét hinh hop goi 14 6 nguyén thuy, né chi chia
cdc ndt mang & dinh. Néu tai moi niit mang ta gan vao mot hodc mot nhom
nguyén tlt, goi la gée clia mang (basis) thi ta duge mang tinh thé 1y tudng.
Mang tinh thé 1y tudng ciing nhu mang 1y tudng cé tinh tudn hoan va v6 han,
Tinh thé thuc 12 hitu han va thudng cé nhitng sai 1éch khoi tinh tudn hoan, goi
la céc sai hong,

Bai todn guan trong bac nhat cha vat 1y chét rin 13 tim phé nang lugng cha
dién tlr, 1a 1y thuyét viing nang lugng. Mot chét ran duge coi nhu cfu tao bdi
mot tap hop cdc nguyén tr ¢6 1ap. M1 nguyén tir ¢6 1ap ¢4 mot s6 16n cdc
mitc ning lugng gidan doan cho phép, trong dé ¢6 mdt s6 bi chiém bdi cdc
dién tlr. Thong thudng & trang thdi co ban dién tir chi chiém nhitng mic nang
izong thép nht, Tuy nhién khi bi kich thich ching ¢6 thé chiém cdc mitc
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S trang thai S0 trang thai
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a) Mot nguyan tr bl guy ¢} Hai nguyén tur d) N&m nguyén tr o) N nguyén tir

A i khdng tuong tac ; 3
ed iap 9 tuong cotuangtac o tuongtac  ©6 tuong tac

Hinh 3.12: Minh hoa sy hinh thanh ving ndng hugng.

cao hon, cdc mifc ning lugng kich thich. N&u hai nguyén tir khong tuong tac
véi nhau thi gid tri m&i mifc ning lugng vAn gidng nhu truong hop nguyén
tlr c6 1ap nhung s6 mifc s& gdp doi, xem hinh (3.12a,b). Néu hai nguyén tir
¢6 tuong tdc voi nhau thi mbi mitc nang lugng trude ddy tich thanh hai mitc
(xem hinh 3-12¢). Nam nguyén ti thi méi mifc ning lugng tdch thanh 5 mitc
nhu & hinh (3.12d).

Trong mot miu tinh thé c6 N nguyén tir thi m&i mic nang lugng trong
nguyén tir ¢o 1ap s& tach thanh N muc. Trong lem?® chat rin ¢ khoang 5102
nguyén ti (vi du Si) thi mdi miic ning lugng ciing tich thanh 5-10** mire. Cic
midc ndy di nhién ndm rét sit nhau, nén trong viing ning Jugng bao gom cdc
miic bi tich ra, ning lugng cta dién tlr gin nhu lién tuc, hinh (3.12e).

Vi mbi mirc nang lugng trong nguyén tit ¢6 1ap tich thanh mot viing néng
luong cho phép véi bé rong nhit dinh nén trong phd nang lugng cia dién i
s& ¢6 nhiéu viing nang lugng cho phép xen ké nhiing viing khong cho phép,
viing cdm. Céc dién tlt ¢6 trong chét rin s& dién ddy cic mifc ning lugng
trong cac vung cho phép tir thip dén cao. Tly theo timg trudng hgp cu thé, ¢
thé ¢6 nhitng loai viing nhu sau: viing dién ddy hoan toan (thong thudng cic
viing ¢ nang lugng thap), viing tréng hoan toan (thong thudng 1a cdc viing
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6 nang lugng cao), viing dién ddy mot phén hay 13 tréng mot phén.

Nhitng chit ran c6 céc ving nang lugng cho phép & nhiét do thdp ma chi
dién ddy mot phin thi d6 12 nhilg kim loai va viing dién ddy moét phdn d6
£0i Ja viing din. Nhitng chit rin chi ¢6 cdc viing dién ddy hoan toan va céic
ving tréng hoan toan thi goi 1a chét dién moi hodc bdn din. Ving dién ddy
hoan toan trén cing goi 1a viing hod tri. Viing trong hoan toan dudi cing goi
la ving dén. Viing khong cho phép ndm gifta viing ho4 tri va viing din goi 12
ving cim. Khoang cich ning lugng giita nang lugng cyc dai trong viing hod
tri va nang lugng cye tiéu trong viing din duge goi 12 bé rong viing céim.

Phu thugc vao d¢ 16n clia bé rong viing c&m ma ngudi ta phin bigt mot
cdch quy wGc chat dién moi va chét ban dan. Thong thudng chat ban din c6
bé rong viing c4m nhd hon 3ev, cdc chit ¢6 bé rong ving cim 16n hon 3¢V
duge x&p 1a chit cdch dién, dién méi.

Nhiing diéu xem xét ¢6 tinh ch4t dinh tinh trén day d3 gidi thich duge
nhi¢u tfnh chét, vi du do din dién cla cdc chat kim loai, ban din, dién moi
va dua ra nhitng tiéu chudn dé phan biét cdc loai vat lieu trén day mot cdch
chinh xac hon.

Bay gi¢ ching ta s€ diing cdc khdi niém cla co hoc lugng tir dé xét van dé
mot cch chiit ché hon, dinh hrgng hon.

3.5.1 Ham séng dién tir trong trudmg tudn hoan. Trong chuong trude, khi
x€t ham s6ng dién ti¥ trong nguyén tlr chiing ta thiy ring néu khong dé ¢ dén
spin clia di¢n tir thi ham s6ng hay 13 trang thdi lugng tir duge xdc dinh boi
tap hop ba s& lugng it n, I, m, dic trung cho ba dai lugng vat 1y: ning lugng
toan phdn, mémen dong lugng quy dao va hinh chiéu ciia mémen ddng iugng
quy dao 1én mét truc. DSi véi dién tir te do ma ham séng chia né 13 him song
phingDe Broglie

T — Ae—tK‘r‘ AE“{KHJ—FKHIH-K z) (3.59)

thi tdp hop cic dai lugng dic trung cho trang thii chia dién tir chinh 13 ba
thanh phén ctia vecto séng (K., Ky, k) hay ba thanh phdn cla vecto déng
]uo‘ng (P:, Py, P.), vi gilta vecto séng K va vecto dong lugng c¢6 méi lien hé

= hK. Trong trudng hop nay ta 6 sy phu thugc giita E va vecto séng K,
hay con goi 1a phd niing lugng, c6 dang parabon

KK
2m

E(K) = (3.60)
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Chiing ta thdy réng trong tinh thé, do su sap x&p clia cic nguyén tit c¢6 tinh
chét tuan hoan duge dac trung bdi céc vectd mang: A = nidy + nadz + nedy, the
nang cla dién tif cling phai 12 mét ham tudn hoan, nghia ia ta lu6n ¢6

UR) = U+ 7) (3.61)

Diéu nay cé nghia la thé nang ta1 hai diém ¢6 toa do khdc nhau mot vecto
mang phai bing nhau. Block bing 1y thuyét da chiirg minh dinh 1y sau day:

Trong truomg thé tudn hodn U(7) = U(F + ) ham song ciia dién i thod
mdn phuong trink Schrodinger ¢6 dang ham Block

() = (Per” (3.62)
trong d6 ¢z 12 mot ham tudn hoan, nghia 1a
() = pp(F+1) (3.63)

Nhu vay ham séng Block 13 mot ham séng phéing ¢6 bién do ¢, (7) bién thien
theo chu k¥ tudn hoan clia mang tinh thé. Chiing ta thém vao ham Block chi
s6 K chi trang thdi Vi d6i v&i K khdc nhau ¢z (7 ¢6 thé khic nhau.

3.5.2 Phuong trinh Schrédinger cia tinh thé. Tinh thé [a mot h¢ gom co
céc hat nhe (dién tif } va céc hat nang (hat nhan). Ham séng cla tinh thé phu
thuoc vao toa do cla tdt ca cdc hat.

T = U(F, oy s By, Byy o) = B(F, Ry (3.64)

& day 7 bidu dién toa do cdc dién w1, R, - toa do cdc hat nhan. Phuong trinh
Schrodinger cha tinh thé c6 dang

HY = E¥ (3.65)
V6i H =T, + T, + 5’3; 0,40, + 7.
3 - R .
Te: Tj: __A,?-dA = 7 - ,.
; Z‘_( 5., 2i)- dong nang cua dién tir

. N h2 i ) .
T, = g Ty = g(— MAQ)- dong nang clia hat nhan.
. 1 2 1 . i .
fo=>35 ———— =5 U thé nang twong tic dién tlt v6i nha
2 Z d7req| T —le QZ t £ gt on fu U
i i7e i#Ef
" 1 : 2 2 1 N . ) .
{0, = - Z Sl A Z 745 th€ ning twong tdc hat nhan véi nhau
2 oy dreg|Ey — Rl 2 =
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v Z,€° _ - o . e Ny

0., = g Py S g {7;x thé niing twong tac dién tlr véi hat nhan

V =V (7, B;) thé ning trong trudng ngohi.

Phuong trinh Schrédinger chita 3(z + 1) bién s6, v6i N 12 s8 nguyén tit trong
tinh thé, khong thé gidi duge. Vi vay cdn tim cich dé don gidn va giai gdn ding
nd. Muén giai phuong trinh nay cdn chuyén hé cdc hat tuong tic v6i nhau
thanh mét hé khong tuong tdc véi nhau. That vay, néu mot hé c6 Hamiltonian

biéu dién dwgc dudi dang mot tdng

A=Y i

k
trong d6 I, chi phu thudc vao toa do hat thi &, nghia I3

- R .~
Hy = _%Ak + U (7%)

thi ham séng ¢6 thé tim dudi dang mot tich cdc ham séng cha cdc hat

U, 7, ) = B () - Ua () - = [ Balf)

E= Z E;.
Loi dung tinh chét nay ngudi ta da sir dung cdc phép gan ding,.

1. Phép gdn dung doan nhi¢t (Bom-Oppenheimer) can ¢t vio sut khdc nhau
vé khéi lugng va do d6 tinh linh dong cla hai loai hat dién tir va hat nhan, gia
thiét rang khong c¢6 sy trao d6i ning lugng (doan nhiét) gifta hé dién tir va hé
hat nhan. Hon thé nia do hat nhan c¢6 quin tinh r4t 1ém so véi dién tir ngudi
ta gia thiét hat nhan ding yén B, = R%. Béng phép gin ding nay ngudi ta da
tach duoc phuong trinh Schrédinger cho hé dién ti

AT, =FE7T, (3.66)

Tuy nhién day vin la mot phuong trinh hé nhiéu hat, him séng cita hé phu
thudc 3z bién sd, cin phai duge don gidn di.
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2. Phép gdn ding mot dién nr gia thuyét rang cé thé tim duge mot trudng
thé goi 1a trudng tw hop Q;(7) sao cho:

- Q;(7) ¢6 thé thay thé tic dung cha tit ca cdc dién it con lai lén dién t
thit i ma ta xét.

- 0,(7:) chi phu thudc va toa d¢ 7 clia dién tlt thit 4.
Nh& d6 ta c6 thé viét
. . .o B2
H, = Z Hy; volr H;= —Z_n;A" + (7)) + V(%)

va ham séng chia hé dién tir c6 dang:
T, (7,7, .) = [[ 26

v&i E, = 3, E; va ,(7) 1a 181 giai cha phuong trinh Schrodinger doi véi 1
dién t
H, = E;¥;

ma ta c6'thé viét lai, bd cdc chi s6, dubi dang
hz
[—%A + U(f‘)] $(7) = EY (7 (3.67)

trong d6 U(7) = U(F, B2, RS, ...) + O(7) 1a mot ham tuén hoan chi phu thudc vao
toa d6 clia mot dién tlr, nghia 1a U(7) = U(F + 7).

Dé gii phuong trinh nay chiing ta cén biét U(7), nghia 12 c4n biét trudmg
ty hop Q7). Nguoe lai mudn biét trudng tu hop ta cin phai bi€t ham séng.
Nhu vay Q) phéi ¢6 tinh tu hop, nghia la ban than nd phu thude vao ¥;(7)
cling chinh vi vay ma ta goi 0(7) 1a trudng tu hop. Trong tnedng hop coi ()
nho, ta ¢6 thé giai bai todn theo phuong phap gin ding. Ddu tién ta chon mot
ham séng bac 0 16i tir ham séng bac 0 ta c¢6 thé tim dugc nang lugng béc 1
va trudng tu hop 1di sau d6 thay vao phatng trinh Schrodinger tim ham séng
gin diing bac 1 theo phuong phép 1ap... Can cit vao cdch chon ham sdng bac
0, nghia 12 trang thdi xuft phdt ban ddu, ngudi ta chia lam hai phuong phap
gdn diing: phuong phap gin diing lién két yéu va gin diing lién ket manh.
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Hinh 3.13: Ph6 ndng luong cia dién tit trong tink thé theo gdn ding lién két yéu.

3.5.3 Phuong phip gin ding lién két yéu. Phuong phép nay 14y ham
song bic khéng, trang thai xu4t phét ban ddu, 1a ham séng ca dién tir tu do.
D6 1a méu dién tir gln tr do. Ham séng bac khong 14 ham séng phing. Bing
phuong phdp nhiéu loan ngudi ta tinh duge nang lugng gin ding bac nhit cia
dién tlr va c6 thé t6m tit két qua d6 nhur sau:

1. Nang lugng clia dién tir trong truong tuéin hodn trén dai thé gin gidng
ning lugng cla dién tlt tr do, nghia 12 E = 2% biéu dién bing dudong dit nét
trén hinh (3.13).

2. Do anh hudng cla trudng tuén hoan, phé nang lugng cha dién ti bi gidn
doan, tai cdc gid tri vecto séng K, thoa méin diéu kién phan xa Vulf-Bragg

Kb =nb? (3.68)

trong d6 |K| = 2r/X; |6} = [n/al; b goi 12 vecto mang déo, o 12 khoang cdch gitta
hai mat phing mang song song gin nhau, n 11 s6 nguyén, vecto 5 c6 d6 1én
bang |n/a| va c6 phuong vuong géc véi mit phing mang. Thay céc gid tri vao
(3.68) ta c6 dicu kién nhifu xa Vulf-Bragg thudng thdy (2.9), 2acosd = n); 0
1a géc giita vecto K v6i mat phéng mang.

3. Ning lugng 1a ham tuin hoan trong khéng gian vecto séng K nghia la
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E(K +27b) = E(K).

4. Phd nang lwgng cha dién tir trong tinh thé bao gém céc ving cho phép
xen k& cdc viing cdm.
3.5.4 Phuong phap gin ding lién két manh. Ngugc v6i phuong phép gén
diing lién két yéu, phuong phdp nay lai chon trang thdi bac khong, trang thai
xudt phét, 12 hiim séng ctia dién tif trong nguyén tir c6 1ap, ky hiéu la ¥, tng
v6i mic nang lugng E,. Khi d6 ham séng bac khong cua di¢n tr trong tinh
thé 12 18 hop ctia cdc ham ¥, & cdc mit mang khdc nhau, nghia 13

u{f"} Z Cm (7' - {369)
voi 14 vecto mang M = mady + mads + mads. Ung dung diéu kién him Block
ta x4c dinh dugc ¢, va ham ¥, (7) co dang

Vo(M) = 3 R, (7 - ) (3.70)
Trudmg thé U(#) trong tinh thé dugc xem 12 téng cia treong the cla tdt ca cdc
nguyén tir c6 14p cong lai (3 V. (F— 7)) va trudng thé do sy tuong tdc cha cic
nguyén tit v4i nhau duge xem nhu thanh phdn nhiéu loan, ky hidu la W (7).

Nghia 14 ta cé
UR) =D Vo~ 7) + W) (3.71)
"

Két qua ta ¢6 phuong trinh Schrédinger:
5 .
—%-A+Z:Va(r -R) + W@ | (7 = E¥() < (3.72)

Bay gid ta tinh nang lugng gin ding bac 1 dudi dang
IRAGELTQLIY

R TG TG G739
Két qua tinh todn cu thé cho ta biéu thitc d6i v&i nang luong:
_eiki g
BeBr—t 4 D @3.74)

253”?559 ’ Zﬁ.eiﬁf"Sp
vai
5= [ w0 - PV (3.75)
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Hinh 3.14: Vi trf cdc nguyén tik trong tink thé Idp phuong don gidn.

biéu dién do che phil cita hai ham séng thudc hai nguyén tit nam céch nhau
mot khoang cich 7.

A= [

S o ValF-7) + W(f-’)] @, (7 — HdV (3.76)
A—f

.12 nang luong trao d6i do hai ham séng ¥,(7) vd ¥, (¥ — §) cla hai nguyén tir
nam cich nhau mot khodng bing 5 che phil nhau.

e= [wrU@nmwy @3.77)
la th€ nang trung binh cla dién tir 14y trong pham vi m§t nguyén tir.
Dé don gidn chiing ta gia thiét ring: cdc ham séng dién tit hoan toan khéng
che phli ngay ca khi ndm canh nhau. Piéu d6 ¢6 nghia 1a 5, = 0 khi 7 # 0.
Conkhig=0tacd S, = [T r)T,(r)dV =1va

E=E,+c+y ¢XPA() (3.78)
v

Ung dung két qua nay cho mang 1ap phuong don gian véi gia thuyét:
mdi nit mang ¢6 1 nguyén tr .
ning lugng trao déi A(p) déng hudng = A(p).

chi tinh nang Iugng trao d6i v6i nguyén tit gdn nhdt, s6 nguyén tir dd
bang ¢ va ¢6 toa d6 nhu & hinh (3.14).
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(1:0:{]) (_11010)
ﬁ:a‘ (07110) (0?_1!{])
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Thay 7 vao biéu thitc (3.78) va chii ¥ vecto séng K = (K., K,,K,) ta c6

-

P, — Ea +e+ A [eiK;a +e—iK.,n. +eiK,,a +e-—ik'yu _+_e|'K,a +e—iK,a]
= E,+c+2A(cosKa+ cosKya+ cosK,a)
= E(K) (3.79)

Trén co s& nhimg k&t qua nay ta rit ra mot s6 két luan:

1. Mifc nang lugng gidn doan E, trong nguyén tit ¢ 14p khi tao thanh tinh
thé s& dich di mot khoang béng ¢ 12 thé nang trung binh cia dién tir 14y trong
pham vi mdt nguyén ti.

2. Trong tinh thé mitc niing lugng E, tich thanh mot viing néng tugng cho
phép c6 bé rong bing

AE = Eyax — Emin (3.80)

Vi du véi mang 1ap phuong don gian, AE = 124,

Bé rong viing ning lugng cho phép phu thudc vao tich phén trao déi A(5),
cang 16n khi do che phil ham séng cang cao.

3. Trong nguyén tir ¢6 1ap ¢ nhiéu mitc ning lugng cho phép, khi vao
trong tinh thé mdi mifc tich ra thanh mot viing cho phép ndm xen k& céc
ving khong cho phép goi 1a viing cim.

1 4, Trong gidi han viing ning lugng cho phép, nang lugng 13 ham sudn hoan,
chin cta K, nghia 12 ta luén ¢6 E(K) = E(-K). '

3.5.5 Diéu kién bién tudn hoan cia ham séng. Ung dung diéu kién bien
tudn hoan, ta sé& thu dugc mot két qua quan trong quy dinh tinh gidn doan ctia
vecto séng K va t4t nhién tir d6 12 sy gidn doan clia cdc mic nang lugng trong
viing cho phép. Két qua tinh todn cho thdy ring, trong méu tinh thé hinh hop,
¢6 cic canh theo truc z,y,2 1a L, Ly, L., néu ding diéu kién bién tudn hoan
d6i v4i ham séng:

U(z,y,z) = T(z+ Lg,y,2)

¥z, y,2) Yz, y+ Ly, 2)

¥(z,y,2) = ¥iz,y,z+L;)
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vecto song chi nhan nhitng gid tri gidn doan sau day (trong vi du mang lap
phuong tinh thé don gidn)

2mny K 2ng K _ 27y
=

K, = L_-:‘ v — L”: I,

(3.81)

ne = 0,41, 42, ., NT (3.82)

Trong d6 N,N,N, = N la s6 nguyén ti trong miu tinh thé vi ta c6 N, =
LeiNy =25 N, = Loy N = X v6i V 12 thé tich clia mAu tinh thé.

Két qua tinh todn cﬁng chiing minh ring trong trudmg hop vi du véi mang
lap phuong don gidn, mdi niit mang ¢6 mét nguyén tit, thi chi c6 N gia tri
K gidn doan dac tnmg cho N trang thdi doc lap. Nghia la néu ta 14y mot gid
tri ngoai céc gid tri quy dinh & (3.82) thi ta lai duge mét ham séng trung vai
ham séng da c6 véi n; lﬁy theo (3.82).

Chiing ta cling thdy ring gia s6 ciia K, nghia 12 khoang céch giifa hai gid
tri gin nhau s€ [a

AK, = AK,=>" Ak, =3I (3.83)

Goi AV 1a thé tich clia mot phan tit trong khong gian vecto séng K, nghia
la AV = AK,AK,AK, = 27, ta thdy mdi thé tich AVy trong khong gian R
img vét mot trang thdi cia dlen tr.

Nhu viy trong méi viing nang luong cho phép c¢6 N (N bing so nguyén
t) mifc nang lugng gidn doan cho phép. Tuy nhién vi N r4t 16n, bé rong ving
nang lugng cho phép ¢d mot vai eV, nén khodng cich ning luong giita cic
mifc rt nho. Vi the trong nhiéu trrdng hop ta vAn c6 thé coi phd niang luong
trong viing néng Iuwgng cho phép 1 lién tuc.

Vi mbi viing nang lugng chi cé6 ¥ mic nang lugng cho phép, trén moi mic
chi c6 thé ¢6 hai dién tlt c6 spin nguge nhau, nén né chita duge 2N dién tu,
Dai véi kim loai kiém, cling nhu kim loai quy méi nguyén tir chi c6 mét dién
tir ndm & trang thdi s, khi vio trong tinh thé trang thai s trd thanh mot viing
nang lugng cho phép chita duge 2N dién tir, nhung trong tinh thé chi c6 &
dién tl, nghia la chi dién ddy ! va cdc nguyeén t§ nay 13 kim loai.

Cdc nguyén 6 nhém II nhu Mg, theo phan tich trén day phéi 1a dién moi
hay bdn din, nhung chiing vin 13 kim loai vi viing néng luong s lai chéng
chéo lén viing p tao thanh mot ving dién ddy mot phén.
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Céc nguyén t6 nhém 111 nhur Al 1a kim loai 13 hop 1y v&i cédch giai thich
trén day.

Céc nguyén t6 nhém IV nhu C, Si, Ge ¢6 4 dign tir héa tri nhung trang
thdi s va trang théi p két hgp v6i nhau tao thanh trang théi lai vao trong tinh
thé chiing tao thanh hai ving nang lugng cho phép viing phia dudi chita duge
4N dién tir va ddy hoan toan viing phia trén chifa dugc 4N dién tir tréng hoan
toan, gitta hai vilng nay ton tai mot ving cdm. Chinh vi vay céc tinh thé Ge,
Si 12 nhilng bdn din, carbon tinh thé - kim cuong la dign moi.

3.5.6 Phé nang lugng dién tir khi c6 tir tridng ngoai tic dung. Cac hién
tugng cong huomg tir. Cim ting tir B ¢ thé duoc biéu dién qua vecto the
A(7) bing cong thitc: B = ot A.

Néu dong lugng cha dién tir 1a P = mr, thi dong lugng téng quét hod duoc
dinh nghia la

—

P=p+ed (3.84)
Tix day ta cé

(P - ed)?

2m
vA todn tir Hamiltonian cla hé dién tf trong tinh thé trong trudng hop nay sé
ia

H=T+U= +U{F) (3.85)

- (P — ed)?
H = ——
— + U(7)
(—ihV — ed)?

A T
= -+ U,

Phuong trinh Schrédinger cho trudng hop c6 tir trudng s€ la:

N i LY
g = {(—‘—hzm—em— LU T =ET (3.86)
Tinh todn bing cic phuong phip gén ding cho thdy rang nang luong cla
dién it trong méi viing cho phép déu lugng tir hod theo quy ludt sau:
2702

E= Eo+2

+ hw.(n + ) (3.87)
= E(K,n,w) (3.88)

trong d6 w, = £8:n=10,1,2,...; m* dugc goi 12 khéi lugng higu dung cla dién
tir.
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Hinh 3.15: M6 td su hinh thanh cdc mitc Landau.

Trén hinh (3.15) biéu dién qud trinh lugng tir hod tir ning lugng gdn nhu
lién tuc ctia dién tit trong viing cho phép thanh mot phd nang lugng gidn doan
gbém cdc mitc Landau.

Tir (3.87) ching ta c6 thé viét phé nang lugng clia dién tir trong ving din

252
E:Ec+%+hwc(n+%) (3.89)
Chiing ta nh4n thdy mic nang lugng E. nay khong con 1a mitc cho phép. Mitc
nang luong th4p nhdt trong viing dén, khi c6 tit trudng, ndm cao hon.E, mot
lugng 1 fw.. Nhu vay tic dung cia tir trudng di 1am cho phd nang lugng ciia
dién tir trong viing ning lugng thay déi.

D6i véi cdc dién tir trong tinh thé khong két doi do spin clia n6 twong tic
v6i tir trudng phd niang lugng ciing thay déi, néi cach khéc 1a cic mie nang
lwong bi tich thanh cdc phan mitc. T4t ca nhitng su thay d6i phd ning lugng
nay trong tir trudng déu gay nén céc hién tugng cong hudng tir. Hién twong
cong huong tir 1a hién tugng tang cudng qud trinh hdp thu séng dién tir & mot
tdn s6 nao dé khi dat tinh thé vao trong tir trudng. Chiing ta xét mot s& hién
tugng sau.

1. Hién tuong cong hudng cyclotron. Néu ching ta roi vao tinh thé dat
trong tir trudng mot bitc xa (séng dién tir) ¢6 nang lugng photon bang khoang
céch gilta cic mitc Landau thi bitc xa s& bi hép thu va gy ra chuyén miic
gifta cdc mitc Landau. Ta c6 thé giai thich hién tugng cong hudng cyclotron
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bang vat 1§ ¢4 dién: qua trinh h4p thy séng dién tir lién quan dén chuyén dong
quay trdn cha dién 6 trong tir trudng. Khi tdn 56 chia dao dong dién bang tin
56 cyclotron thi ¢6 hién tugng cong hudng, dién tr dugc tang toc va ban kinh
qu§ dao tang lén. Su lugng tir hod nang lugng photon bi hip thu néi ién rang
qu¥ dao chuyén dong tron clia dién tir khong phai c6 thé thay d6i iién tuc bat
ky ma né nhan nhitng gid tri gidn doan.

Vi tdn s6 cong hudng cyclotron phu thudc vao kh6i lugng hiéu dung cla
dién tr

we =2 (3.90)

m
trong trudng hop t8ng quét m* 12 mot dai lugng tenxo, khong déng hudng cho
nén w, phu thude vao dinh hudng twong hé giita tir trudng va hudng do6i xing
tinh thé. Cong hudng cyclotron vi thé€ ma trd thanh mot phwong phdp nghién
ctfu khéi lugng hiéu dung va tir d6 nghién ciu cdu triic nang lugng cla tinh
thé, ta s& néi dén cdc khdi niém nay sau.

2. Hién tuong cong hudny wr dién t, hay la cong huong tir spin. Chiing ta
dd biét thng cdc hat nguyén ti¥ tuan theo cdc nguyén Iy clia co hoc lugng tlr
theo d6 su thay d8i dinh huéng cia momen .J' khong thé xdy ra lién tuc ma
chi nhan nhimg gid tri gidn doan. Momen dong lugng J lai lién quan chat
ché& v&i momen tiY 75, Vi vay bat ¢t mot mifc nang lugng nao clia mét hat khi
¢6 tdc dung cua tir trudng ciing bi tdch thanh mét s6 phan muc (sublevel), s6
phéan mitc duge xdc dinh bing quy tic:

X:28+1

trong d6 $ ia spin cla hat, vi du khi § = 1/2, x = 2 vA khoang cach giia hai
mifc con s la:
AE — el

= EB =2upB 3.9
véi ps = £& 14 magneton Bohr.

Magneton Bohr ctia dién tir bang -0,9273 - 10-2]/T.

Hién tugng hép thu cong hudng duge xem la sy tiéu t6n nang lugng cla
trudng dién tit dé chuyén hat tir phan mifc nay sang phan mic khéc khi tin
s0 cla trudng dién tir thod mén diéu kién

Q“BB

hv, = AE =2upB — v, =
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——

E, < hV=AE = 2/45.B

B=0 B0

Hinh 3.16: M6 1d qud trink tdch mitc trong ti¥ trieomg.

Tinh todn Iy thuyét chinh xdc dua dén cong thice:
ve=0.20 _ (3.92)

trong d6 . = ge5%; goi 12 h¢ s6 tit-co, g. goi 1a g—factor cla dién tir, hay 1a
factor tich miic Landé. D3&i véi dién tlt g—factor = g, = 2.

Khi chiing ta dat tinh thé vao tir trudng spin dién tir 6 xu hudng dinh
hudng song song v6i tir trudng (cé lgi vé& ning lugng hon) va tinh thé bi tix
hod nhu mot vat ligu thuan tir. Do tuong tic v6i séng dién tir co tdn s thich
hop dién 6t nhan dugc mot nang luong thich hgp di dé chuyén sang trang thai
¢6 spin nguge lai. D6 chinh 14 hién trong cong hudng tix dién tir hay 1i cong
hudng tit spin. Hién tugng nay cling con goi 12 hién tugng cong hudng thun
tir dién tir d€ phan biét v6i cong hudng cyclotron goi 1a cong hudng nghich
tir. Cong hudng tir dién tir chi c6 thé xdy ra d6i véi cdc dién tir khong ket doi,
né cling 1a mot phuong phip hitu hiéu dé nghién ciu c4u tnic vat lidu.

3. Hién tyng cong hudng tit hat nhdn va ing dung. Vi cic hat nhan nguyén
tlr cing o6 momen 6 spin, cho nén trong tir tntmg ngodi B cdc mic nang
lugng cha hat nhan ciing bi tich mic thanh cdc phan mic va c6 thé x4y ra
chuyén mic gitfa cdc phan mifc khi h4p thu séng dién tir. D6 chinh 1a hién
tuong cong hudng tir hat nhan. Tan s6 cOng hudng cling duge xac dinh tuong
tu

Vo= YaB = gaz B (3.93)

Yo = Jaz57 12 hé 8O tit-co ciia hat nhan, g, - g—factor cita hat nhan, factor tich
mfc Landé, M- khdi lugng proton,

Chiing ta xét trudng hop don gian nht 13 cdc hat nhan hydro ! H chi gém
¢6 | hat proton don thufn. Mémen dong lugng spin (cling nhu mémen tir
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spin) clia né gidng hét nhu d6i vé1 dién tir chi c6 thé c6 hai gid tri trong tir
trudng: spin huéng lén (song song v6i ti trudng) va spin huéng xudng (doi
song song véi tir trudng). Khi ¢6 tir trudng, mife nang lugng bi tich thanh hai
phan mitc véi spin huéng lén ¢ ning lugng thip hon va spin huéng xudng
¢6 nang lugng cao hon (hinh (3.16)). Trang thdi spin hudng xudng cd them
mot ning lugng up B va trang thii spin hudng 1én —upB. Khoang cich nang
luong giita hai trang thdi 1d AE = 2u4B, trong d6 py Ja mangeton Bohr cla
proton, momen tif clia proton, g = 0,505038 - 10-*°J/T.

Trong thi nghiém cong hudng tir mau nghién citu duge dat trong tir trudng
{inh clia mot nam cham dién. Nhimg xung dién tir siéu cao tin (biic xa dién
tir) duge doi vio miu. Néu nhur tdn s§ v clha bikc xa thich hgp véi khoang cdch
ning lugng gilta hai mirc

hvy = AE = 2upB (3.94)

thi photon ciia bitc xa dién tir s& bi hdp thu va gy ra chuyén mitc tit trang
thdi thap lén trang thdi cao. Hién tugng nay goi 14 hién tuong hép thu cong
hudng vi qud trinh hip thu ting vot.

D6i véi hydro 'H tin s6 cong huding v = 42,58MH, khi 8 = 1T. N&éu nguyén
tir H & trong phan ti thi tlr trudng B 1a tdng ca tir trudng ngoai Be, cong véi
tit tredng dia phuong B, gay ra do dién tir va hat nhén cdc nguyén tir bén
canh, nghia 1a

he = 2upB = 2up{Bex + Bioe) (3.95)

Su thay ddi nay c¢6 thé xdc dinh duge va goi 1a do "chuyén dich hod hoc".

Hién tuong cong hudng tir 13 mot cong cu lgi hai dé nghién ctu cdu tric,
m&i lién k&t cua phan ti.

Hién tuong cong hudng tir cdn duge ding trong k¥ thudt ghi hinh y t&, dé
chinh 1 k¥ thuat ghi hinh cét 14t cong hudng tit hat nhan (MRI- magnetic
resonance imaging), dé ngin gon ta s& ding thuat ngit viet tait MRI. So do
thiét bi MRI dugc biéu dién & hinh (3.17).

Nguyeén t6 duge chon dé xéc dinh thong thudmg 1a hydro vi hydro cé nhiéu
*tong cdc bd phan clia co thé va cho tin hi¢gu MRI manh nhit.

Trong thiét bi nhitng cudn day 1én ding dé tao tif trudng tinh, con cudn
day cao tdn diing dé phét bic xa siéu cao tdn d€ gay chuyén mifc cdc hat
nhin tir trang thdi thap 1én trang thdi cao. Ciing cudn day nay (hodc mot cudn
khéc) duge ding dé x4c dinh ning lugng siéu cao tin bi hdp thu, hodc bic xa
khi hat nhan tré vé trang thai thap.
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Hinh 3.17: So dé thiét bi MRI.

Qua trinh xir 1y hinh anh hai chiéu hoac ba chiéu dugc thuc hién nhd su
gitp d& cua k§ thudt mdy tinh. Viéc do cudng do birc xa bi hdp thu, hoic
bic xa trdy lai dé xdc dinh mat do hydro trong ting phén co thé 1a mot viéc
lam khong kh6. Cai khé 1a lam sao biét duoc cic bitc xa do dugc 1a tir phdn
nao cla co thé phét ra, viéc nay phitc tap hon nhiéu. M6t tha thuat dé thuc
hién dugc viéc nay 1a ding tir trudng tinh thay ddi theo toa do, nghia la c¢6
mot gradient tir trudng doc theo miu (co thé ngudi). Bdi vi tin s6 bitc xa v bi
hdp thu ty 1& v6i B, nén chl ¢6 mot "14t méng" co thé trong d6 gid tri B ing
v6i tin s6 photon cong hudng sé hdp thu nhitng photon c¢6 tdn s6 d6. Bing
céch thay déi v ta s& do dugc su hép thu trong c4c "14t" khdc nhau. Ding cic
hudng grad cta tir trudng khac nhau ta c6 thé thuc hién cic 14t cit vuong géc
v6i cdc truc khdc nhau va nhitng tin hiéu thu dugc sé dugc mdy tinh xir Iy dé

ycho hinh anh ba chiéu, hay hai chiéu trong nhitng mit cat nhat dinh.

Phuong phdp MRI thudng sit dung tin hiéu la téc do suy giam héi phuc,
nghia la t6c do cdc hat nhan bi kich thich (chuyén l1én mifc cao) trd vé mitc

- thdp, hon la sit dung tin hiéu vé& cudng do bitc xa bi hdp thu hay cudng do biic
xa trd lai. Nang sufit phan giai ciia phuong phép ¢d 1mm. Uu diém ctia phuong
phdp MRI la it gay hai vi nang lugng ctia photon & day rét nho (10~ 7eV) khong
da dé 1am sai 1éch cdc méi lién két trong nguyeén tit, phan tir. Nang luong ciia
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Hinh 3.18: So dé chuyén mitc: a- hdp thu, b- bitc xa tir phat, c- bic xa cuéng bitc.

photon Ronghen ¢& 10°eV. Phuong phap MRI con duge goi la phuong phap
"tiéng vong spin” (spin echo}.

3.6 Nguyén ly hoat dong cua laser

Két qua nghién cttu chia nhitng phdn trén day cha chuong ndy ching to ring
phé nang lugng clia cdc hé vi hat khong phai lién tuc ma 1a gidn doan.

Trong diéu kién cin bang, khong c6 kich thich bén ngodi, hé vi hat thudng
chiém nhitg mic nang lugng thip nhit, duge goi 1a nhitng miic nang lugng
co ban.

Khi ¢é tic dung clia cdc yéu té bén ngoai nhu tic dung cia bifc xa, tuong
tdc clia cdc hat dién tit, ion, nguyén tit khéc, tdc dung ctia dién trudng, nhiét
do..., hé vi mo ¢6 thé bi kich thich chuyén 1én céc trang thai v6i ning luong
cao hon. Cic trang thdi v&i nang lugng cao hon trang thdi co ban duge goi 1a
cdc trang thai kich thich.

D€ tim hiéu nguyén 1y hoat dong clia cdc dung cu luong ti chuing ta s& xét
su tuong tac gitta hé var chit véi bitc xa.

3.6.1 Mo hinh hai mifc nang luong. Gia sir ching ta ¢6 mot hé gém cic
nguyén tir cing loai va khéng tuong tic v6i nhau. Gia sit hé ¢6 hai trang thai
nang lugng: trang thdi nang lugng thdp la £, va trang thdi ning Iugng cao
hon E, nhir & hinh (3.18) chiing ta goi néng do cdc hat ¢6 nang luong E, 1a
Ny va néng do cac hat ¢6 nang lugng E, 1a N,. Hé hat nay tuong tdc véi bic
xa dién tir c6 mat do phd ning lugng 12 o(v). Mat do phé niang lugng (mat do
nang phd - spectral energy density)cha bitc xa dién tir dic trung cho cudng
do va su phan b nang lugng theo tin s6 chia bitc xa. Mat d6 phé nang luong
12 niing lugng cha bitc xa chita trong mot don vi thé tich vat liéu ¢6 tdn s6
trong khodng mot don vi tdn s6. D61 vét mot tAn s6 nhit dinh o(v) lién hé véi
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cudng do bic xa boi cong thite : o(v) = L4, v6i v 13 vat téc 4nh séng trong
vt lieu. Trong he vat chét v&i nhiing diéu kién trén day c6 thé xay ra nhimg
chuyén mifc lugng tt sau day:

1. Chuyén nuic hdp thy (hinh (3.18a). D6 1a chuyén mic tit trang thi E; lén
trang thdi E; cao hon khi nguyén tit hdp thu mot photon ¢6 nang lugng bang
hiéu hai mifc nang lugng nghia 13 hv1, = B, — E,. $6 luong céc vu chuyén miic
hdp thu phu thu¢c vao s6 nguyén tir & mic £, va s6 photon ¢ nang lugng
hu1o. S6 photon ¢6 nang lugng kv, hay 13 ¢6 tdn 8 vy, phu thude vao mat do
phé nang lugng clia bifc xa a(v). Céc vu chuyén mifc hdp thy 1am cho s6 hat
& mifc ning luong £, nghia 1a N, giam xuéng. Ta cé thé viét s§ nguyén tir
Ny do cdc vu chuyén mic hdp thu ma giam xuong 1a

dj\."l = “BmN] 'U(Ulg)dt (396)
trong d6 By 13 hé s6 xdc suft chuyén mitc hdp thu.

2. Chuyén mic phdt xg ty phdt (hinh (3.18b)). D6 1a qud trinh x4y ra ngéu
nhién, nguyén tir & trang théi nang lugng cao E, hoan toan ngiu nhién chuyén
xubng trang thdi thap hon E; va phdt xa ra mot photon cé tin s6 bang v4,
nghia 1a nang lugng hui,. Chuyén mitc bitc xa nay i thé goi 1 chuyén mic
biic xa tt phét né t ddng xdy ra mot cch ngiu nhién khong cén cé tic dong
cha trudng birc xa bén ngoai. Cic vu chuyén mitc phét xa tu phdt xdy ra ngiu
nhién va doc 1ap v6i nhau, nén cc photon phit ra tuy c6 cling tin s6 nhung c6
pha khdc nhau, ¢6 huéng khéc nhau, ¢é mat phan cuc khdc nhau. Céc photon
phdt xa tv phét ciing doc [4p vé6i cdc photon clia trudng birc xa bén ngoai, nd
khong dong bo va khong ciing hudng véi bitc xa bén ngoai.

3. Chuyén micc phdt xa cudng bitc, phdt xa kich thich, (xem hinh (3.18¢)).
D6 Ia chuyén muie clia cdc nguyén tir & trang thii £, xuéng trang thdi £, thip
hon dudi tic dung clla photon ciia trudng biic xa bén ngoai ¢6 nang lugng
hur, lam phdt xa ra mot photon thit hai ¢6 tdn 56, ¢6 pha dao dong, c6 mét
phan cyc va huéng chuyén dong gitng hét nhu photon t6i. Didu dé c6 nghia
1a bic xa cudng biic doéng bo véi bifc xa t6i ciing huéng véi bidc xa tdéi,

56 bitc xa cudng bitc phu thudc vao s6 nguyén tir & mic cao B, va s
photon ¢6 nang lugng hvi, trong trudng bitc xa, nghia 1a phu thudc vao mat
d6 phé nang lugng cita biic xa.

Nguoc lai s6 biic xa tir phat thi chi phy thudc vao s6 nguyén tir & mite cao
E, ma khong phu thuge vao méat d6 phé nang lugng bitc xa. C4 hai qué trinh
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chuyén mitc nay déu lam cho s nguyén tit & mic E, giam xudng. Néu cong
¢ hai qué trinh thi s& nguyén tir N, trong thdi gian dt s& thay déi mot luong
1a

dNy = dN?sp + dNyg = —Ngy [Ag] + Bgla(vlg)] dt

trong dé

dNysp - 56 chuyén mic bifc xa tu phdt (spontaneous)

dNa,, - 56 chuyén miic phét xa cudng bic (stimulated)

Az - hé s6 xdc suft chuyén mirc phdt xa tu phat

Ba, - hé s6 xdc sufit chuyén mitc phét xa cudng bic

. () - mat d6 phé ning lugng cha bifc xa.

Vi chiing ta gia thiét 12 hé chi c5 hai mifc nang luong cho nén s nguyeén tir &
trang thdi £, tang 1én bao nhiéu thi s6 nguyén tir & trang thdi E, giam xudng
bdy nhiéu va nguoc lai. Do d6 ching ta ¢d thé viét:

dN; = —N\ Brac(via)dt + No[A2 + B0 (v12)] di
dNy = —Ny [As; + Baro(viz)] dt + Ny Braa(v2)dt.

4. Diéu kien cdn bing. Trong diéu kién can bang nhiét dong v moi trudng
bén ngoai mat 4§ céc trang thai nang lugng 13 khong déi theo thoi gian, nghia
Ia
M AN
adt ~ ° dt
Do do ta cd Nz [Am + Bmﬂ‘(vlg)] = NleG(Vlg)

Ny BIEU(UI'Z)

f\_r{ - A + 3210'(912)' (3'97)

Mt khéc, trong diéu kién can bing nhiét dong, mat d6 hat trong mdi trang
thdi nang lugng duge viét bai phan bd Boltzmann

£

W= i.N. gie™ FF (3.98)

trong &6 = - hing s6 chudn hod, N - tong s6 hat g; 12 luong théng ké hay bac
suy bién clia trang thdi ¢ nang luong E;. Vi vay ty s6

N g2 E1-Fa o2 ._’_‘L':u
RN LI - L L T 3.99
N 91"3 Q’l“3 ( )
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Két hop hai biéu thitc vira nhan duge ta ¢6

B .
120'(”1?.) — Q_Qe_ﬁr,},a
Aoy + Baro(tne})  m

hiyg

Biao(vna) = (Am + Boro{ina)) gﬂe—ﬁ
1

U(”I?) By — By i—fﬂ_ hﬂ" = '%{E_h;'}‘z Asq,
1
Az
cliz) = oz (3.100)
9_15,12*3_“I - By

g:
5. Cdc hé 56 Einstein. Ti cdc biéu thitc mat do phé nang lugng ciia biic xa
ching ta thdy ring khi nhiét d¢ ting dén oo thi o(u1,) ciing phai ting dén oo,
vi vy khi nhiét do tang dén co méu s6 clha biéu thitc trén phai tién dén 0
nghta 13

g—;Bm = B2l hay Iﬁ q Blg = 92321 (3'101)

NE&u g, = g; ta ¢6 Biz = Bo,. Thay céc gid tri B,y méi tim duge vao biéu thitc
U(U] g)

_ _Au ( 1 ) 3.102
0{012) g_;_ 'Bl2 eﬂl%u 1 ( . )

Mat khdc chiing ta thdy rang mat do ciia phé nang lugng cla bitc xa cling ¢
thé xdc dinh duge bing cong thitc Planck

_ 8wn*uih 1

o(v) = T (3.103)
c? eT¥ — 1
n - chi s khiic xa. So sdnh hai cong thitc ta c6
A21 _ 87??‘131/3h _ T 87TTL3U3.B12h
% “Byg 3 — Ay = 9—2—"-63 (3.]04)

Nhu vay chiing ta tim duge méi lién h¢ gitta cdc hé s6 4,,, By, Bay goi 13 céc
hé s& Einstein:

Asr - hé 86 xdc sudt chuyén mic phét xa tr phat

By - h¢ 56 xdc suit hdp thu

By, - hé s6 xdc sudt chuyén miic phit xa cudng bitc.

Nhe nhitng biéu thiic lién he giita ba hé s& chiing ta chi cin bi&t mot hé
s s& tim duge hai hé s6 kia.
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Thong thuong ngudi ta coi hé s§ xdc sudt chuyén mifc phdt xa tu phit Ay
13 hing s6 cla he lugng tlr va cdc tinh todn 1y thuyét déu dugc tién hanh cho
hé s6 nay.

6. Xdc dinh hé s6 xdc xudt chuyén miic phat xa vy phdr. H¢ s6 A4, ciling ¢6
thé x4c dinh bing thuc nghiém. That vay, gia su bing cdch nao dé ¢ thé kich
thich cac hat tit trang théi E, 1én trang thdi ;. Néu chiing ta khong gay mot
tdc dong ndo cla tnrdng bifc xa bén ngoai, nghia la khfmg tao diéu kién dé
x4y ra bic xa cudng bic, thi cic hat & trang thai B, tr& vé trang thdi E; gin
nhu chi qua chuyén miic phét xa tu phat, va ta cd

dN, = —Nodo dt — Ng(ﬂ = NQ(O)E_AMt (3105)

Ta ¢6 thé tinh dugc thoi gian trung binh hat ton tai trong trang thdi E., goi la
thdi gian song cla trang thai do:

1 oo
o = tdN. 3106
) / N, (3 106)
Thay biéu thitc dN, vao ta c6
Ty = —Amn /m te~Antdp = IR e Tdr = L 3.107)
¢=0 Aan foep Amn

Vay thdi gian séng trong trang théi kich thich la dai lugng nghich dao clia
xdc sufit chuyén muitc phét xa tr phat. Vi cudng d¢ cia biic xa tur phdt ty 18
v&i néng do hat trong trang théi kich thich va xdc sudt chuyén muic:

I = A1 Nohung
ta ¢6 thé xdc dinh duge ; ti cong thikc
I(t) = I(D)e 72 (3.108)

nhu & hinh (3.19). Tit =, ta x4c dinh duge x4c suft chuyén mic A;;. Thong
thl.rfmg T =10"%;s vi Agy ~ 108 %.

7. Dinh ludt hdp thu Buger Lamber. Ta nghién citu sy hép thu bitc xa dién
tir (dnh sdng) khi biic xa d6 lan truyén trong mot moéi truong vét chat. Chiing
ta xét bai todn mot chiéu, cho mot chim séng don sic, vi du cd tén s0 1a vz,
trong mot méi trudng cdu tao tir cic nguyén tit ¢b hai trang thii nang luong
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Hinh 3.20: Gidi thich dinh lugt hdp thu.

E, va B, sao cho hyy; = E; — E,. Khi chim séng di qua mot 16p vat chét cé
bé day dz cudng d6 clia né gidm di mot hrong (xem hinh (3.20))

—dI = Iadz (3.109)
trong d6 « goi 1a hé s& hap thu. Gidi phuong trinh nay ta ¢é
I(z) = I(0)e— (3.110)
Biéu thic nay duge goi 1a dinh luat hdp thu Buger-Lamber.

Nhu chiing ta dd xét trén day, dudi tic dung clia bic xa dién tir c6 thé
xay ra hai qud trinh chuyén mitc ma xéc sufit phu thuéc vio mat 46 phé nang
lrgng. Vi the chiing ta ¢6 thé tim dwgc m6i lién hé gifta hé s6 Einstein va hé
s6 hdp thu a. Ta c6 thé viét sy thay d6i cudng 46 chim séng khi di qua 1ép

vat chdt c6 bé day dr do hai quéd trinh chuyén mic hép thu va phdt xa cudng
bi¢ gy nén:

—dl = [BiaMo(via)hiny — Bay Nyo(h2)hins) de 3.11D

Thay By = i—lBlz;J(Ulg) = % = ITH v&i n - chiét suft clla moi truong, v 12
2
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van t6c lan truyén clia bifc xa trong moi trudng, ta c6
—dr = LBk, [NI - i‘—lNg] dz (3.112)
c 2

So sénh v&i cong thirc trong dinh Juat Buger-Lamber ta ¢6

hb"lg i)

a = By {Nl - g—lNa]
g2

(3.113)

C
Néu Q=2 thi
hb"lg’n

Q:B12(N1 —Ng) c

(3.114)

8. Qud trinh hdp thy duong va hdp thy dm. Theo cong thitc clia o vira méi
fim dugc thi trong diéu kién can bing nhi¢t dong, N, bao gitt cling nhd hon
&, Vi E, cao hon Ey, hé s6 o bao gid cling 1a dai lugng duong. Trong trudmg
hop d6 bitc xa s& suy giam ddn khi lan truyén trong moi trudng vat chdt, dé
13 sw hdp thu duong. Ngugc lai néu bang mot cdch no do ta 1am cho ndng do
c4c hat & trang thdi £, 16n hon & trang thdi Ey, nghiala Ny > M, hé nam trong
trang thai khong can bang, thi ta thdy h¢ s6 hip thu nhan gid tri am, a < 0.
Diéu nay c6 nghia 1 trudng bic xa s& duge khuéch dai khi lan truyén trong
moi trudng vét chift c6 N; > Ni. Moi trudng ma trong d6 nong do hat & trang
thai tmg v6i nang lugng cao hon lai 16n hon néng do hat & trang thdi ting v&i
nang lugng thp hon duge goi 12 moi trudng nghich dao mat do, moi trudng
hoat chét hay moi trudng nhigt d6 am. D6 1a vi theo dinh Juat Boltzmann

Ns Ri—E

=t
E, > E;, N> mu6n 16n hon N, thi T phai am, t4t nhién diéu nay khong thé ¢
vi hé hat ném trong diéu kién khong can bang, khong thé mo ta bang thdng
ké Boltzmann, Trong trudng hgp o < 0 ngudi ta c6 thé goi Jaf = g 1a he 58
khuéch dai, nhur vay hp thu 4m chinh 1a qud trinh khuéch dai.

3.6.2 Nguyén lj hoat dong cua laser. Thuat ngi laser la khuéch dai anh
sing bing phdt xa bifc xa cudng buc, (Light Amplification by Stimulated
Emission of Radiation}.

Khi anh sédng di qua moi trudng nghich ddo mat d6 cudng do anh sang
ting theo ham mil vi o < 0

Iz) = I{0)e " = I(0)e!el®
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11(1‘)

Hinh 3.21: Sir tdng cuomg dé bitc xa theo chiéu di aser.

Qua trinh khuéch dai nay con duge goi 3. qud trinh hﬁp thu am. a < 0 duge
minh hoa & hinh (3.21). Ciing tir day chung ta thdy rang tién dé cho qud trinh
khuéch dai la:

- Tao ra va duy tri mé1 trudng dao mat d6, qua trinh nay duge goi 1a qua
trinh bom.

- Tao ra diéu kién dé phat xa cudng biic 4p dao phét xa ty nhién. Chiing ta
biét rang: Khi dat duge phan b dao s6 photon do phdt xa ty nhién cling ting
1én manh. Nhung phét xa tu nhién khéng phu thudc vao mat d6é phd biic xa,
né trd thanh mot thi nhidu khong két hop. Trong khi d6 phat xa cudng biic
ty 1& v6i mat d6 phé bitc xa kich thich. Ta phai 1am thé nao dé dat duge diéu
kién:

Byo(v) » Agy

D€ ting o(v) ta ¢6 thé diing phuong phdp khuéch dai ghép phan héi duong,
dong thai tap trung nang lugng vao mot vai mode séng v6i déi tn hep. Dé
thuc hién dong thdi hai diéu ndy ngudi ta diing bubng cong hudng, mot trong
nhitng budng cdng hudng thudng diing 12 budng cong hudng Fabry - Perot.

1. Qud trinh bom. Di nhién méi trudng nam trong trang thai nghich ddo mat
d6 1a trang thdi khong bén va cdc nguyén tir luén ¢6 xu hudng trd vé trang
thdi cAn bang. Vi vy mudn duy tri trang thdi nghich dao mat do phai thudng
xuyén tiéu tén mot nang lugng dé kich thich hé hat, qud trinh d6 goi 1a qué
trinh bom. Qu4 trinh bom, kich thich, fy thudc vao loai hé, c6 thé thuc hién
bang nhiéu cdch: phuong phdp kich thich biing quang hoc (goi 1 bom quang
hoc), phuong phép kich thich bing dién (goi 12 bo‘m dién).
- Bom quang hoc:
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YWV~ M

E, i
Bom Phat xa

Hinh 3.22: So dé &a mic ndng lisong

Bom quang hoc & day chiing ta hiéu 1a phuong phdp kich thich h¢ bang
bitc xa dién tit néi chung, bao gém: viba, héng ngoai, nh sdng, tia tirngoa....
Day la phuong phép kich thich dugc diing phd bién.

Trong mé hinh hai miic ning luong chiing ta biét rang & trang thdi can
bing néu E; < F, thi Ny > N,. Néu chiing ta kich thich hé béng cédch doi vao
hé dnh sdng c6 t4n s6 ddp Umg diéu kién hv = E; — Ey, thi N; s€ tang 1én, N,
giAm xufng vd Ny + N, = N = const, N 14 56 nguyén tir cita ca h¢. Chiing ta
cling biét ring néu chiing ta ting cong suft bom thi AN = N, - N, s€ giam
dén. Tuy nhién tinh todn cho thdy ring AN chi c6 thé tién t&i khong, nghia
1a N, — N,, chit khong thé dat duge N, > N,. Nghia la trong hé hai mifc nang
lugng, bang phuong phép bom quang hoc ta khong thé dat duge moi trudng
dao mat do. Trudng hgp AN = 0,N; = N, duge goi 1a higu ting bao hda. Hiéu
Ung bao hda cang dé dat dugc khi thdi gian sdng cha trang théi Ung vii £,
cang 16n. Trang thdi cia hé khi Ny = N, goi 1a trang thdi bao hoa, trong trang
thdi nay hé khong hdp thu vi ciing khong phdt xa. Mac di hiéu ung bao hoa
khong cho phép ta tao ra moi trudng ddo mét do nlmg nd déng vai tro quan
trong trong viéc tao ra moi trudng d6 bing mo hinh ba mitc, bon mic. Gia
sit ta ¢6 mot hé nguyeén tit ¢6 ba mic nang lugng nhu & hinh (3.22) véi cac
thong s6 sau Ey, Ni; Ea, Na, 79; B3, N3, 13, trong d6 E; < E; < Es 13 néng luong
twong g clia ba midc; N + Ny + Ny = N, Ny, N2, N3 1A néng d6 nguyén tir 6 3
trang thii E,, E, va Es; N 12 nong do toan phdn. 7, va 73 1a thoi gian song cla
trang thai E; va E; (tuong ng). Néu trong mét hé ba mic véi =y < » ching
ta khong thé dung bom quang hoc ¢6 budc séng hv = E; - E, dé dat duge
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Hinh 3.23: Nguyén Iy budng céng hudng Fabry-Perot.

trang thdi bdo hda N, = N, vi chuyén mic tu phdt B; — E; 16n. Tuy nhién cé
thé bing cdch nay 1am ting néng do N, vi nhd d6 ma thiét 1ap duge su dao
mét do gilta hai mic £, vh E; dé thu duge phat xa cudng bitc hv = E, - E,
chiing ta s€ thdy phuong phip bom nay trong lase hong ngoc.

- Bom dién: Trong trudng hgp laser, khi dé gdy nén mot trang thai kich
thich clia hé nguyén tir ngudi ta diing hién tugng phéng dién. Chinh dién tir
trong plasma phoéng dién sé€ kich thich cdc nguyén tir tir trang thdi co ban 1én
trang thdi kich thich, khi nguyén tir tr& vé trang théi th4p hon sé& phdt xa ra
photon. Bom dién ciing dugc diing trong laser ban dan bing cdch dit dién 4p
vio miu dé phun hat dn vio méu tao ra méi trudng dio mat do.

2. Buéng céng hudng Fabry-Perot. Thong thudng cdc méi trudng hoat chét
c6 hé s6 hip thu &m o nhd (vi du héng ngoc thudng ¢é o = 10-2ecm~*, Vi vay
dé c6 dugce he s6 khuéch dai cao vi du 100 Mn, chiéu dai cia moi trudng hoat
chat phai 1n (vi du 5m).

Dé giai quyét khé khin nay, ngudi ta khong tang chiéu dai clia hoat cht,
ma tang d¢ dai hiéu dung cla né bang cdch dat hoat chét trong mét he goi
13 budng cong hudng quang hoc. Bubng céng hudng quang hoc Fabry-Perot
1a he hai guong phang dat song song nhu & hinh (3.23) trong dé mot guong
phan xa toan phin mét guwong bdn phan xa. Trong budng cong hudng chim
sdng dong bo sau nhiéu I4n phan xa dugc khuéch dai lén va duoc truyén ra
ngoai mét phdn qua gueong bén phan xa. Budng cong hudng déng vai trd mot
thi€t bi c6 phan hoéi duong. Diéu kién cong hudng trong bubng coéng hudng
Fabry-Perot 1a: L = m3. Trong d6 L 14 khodng cich gitta hai guong, A budc
séng anh sing, m- s§ nguyén 1,2, 3, .. Diéu kién cong hudng niy nhan duge
khi h¢ s6 phan xa 1a 100%, kich thich guong 14 vo cuc
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Nhu vay diéu kién cong hudng trong budng cong hu’cmg Fabry-Perot cho
phép tdn tai nhiéu séng dnh sdng c6 budc séng A = 2=, Khoang cdch vé tin
s giita cdc séng nay c6 thé tinh duge tir diéu kién céng huong

L:mi;/\: E—)L:mE
2 v 2v
Tén s6 cong hudng la

C N C C

C (. 11 2L
Ave = 5p; (lmgvm M‘zL(E_mH)_(mH)m)

Trong thuc t&, cdc diéu kién 1y tudng ctia budng cong hudng Fabry-Perot
khé dugc thuc hién, nén hé sé cong hudng khong phai chi véi 4nh sdng don
séc ma 13 4nh séng ¢6 mot do rong phd nhat dinh. Trong thyc t& hai guong
khong ciing ¢6 mot hé s6 phan xa cao (> 90%). Trong laser phét lién tuc cé
mot guong phan xa 16n hon 90% mot guong c6 hé s6 phan xa thdp hon nhiéu.
Trong laser xung thi guong thit hai cdn cd mot he dong md ¢6 thé thay déi
hé s6 phén xa tir 90% xudng 14t thdp mot cach dot ngdt (nhd hieu ing Kerr)
bing cdch dé cé thé tao duge nhitng xung sdng cong sudt 16n va c6 bé rong
phd hep.

Chiing ta ciing cdn luu ¥ ring blc xa cudng buc ciing khong phai hoan
toan don sic ma nd ¢é mot do rong phé khd 16n. Do rong cha vach phé nay la
do nhiéu nguyén nhan, vi du do d§ nhde cha cdc mitc nang lugng kich thich
ma ¢6 thé suy ra dugc tir nguyén 1y bdt dinh AE > 2,7 1a thdi gian song.
Nguyén nhan thit hai 12 do chuyén dong nhiét clia nguyén tir khi phét xa gay
nén hiéu tng Doppler. Bé rong clia vach phd biic xa cudng biic 12 khé lon so
v&i Avp ¥i vay trong phé phét xa clia laser ¢6 thé c6 mot s6 mode séng bén
canh mot mode cuc dai.

Chiing ta biét khi he s6 hp thu o < 0 ta ¢6 thé dat dugc trang thai hip
thu am, nghia 13 4nh sdng dugc khuéch dai khi lan truyén trong moi trudng .
hoat chét. Tuy nhién do t3n hao, do hé s& phén xa ciia guong nho hon 100%;
laser chi lam viéc khi dat duge mét diéu kién ngudng nhdt dinh. Diéu kién &y
c6 thé suy ra tir 14p luan sau day: Gia sl bifc xa xuét phét tir diém gdc ) vdi
cudng do 1(0) lan truyén dén va phan xa trén guong I, v6i lai lan truyén dén
va phén xa trén guong [ d8 trd lai diém O c6 cudng d6 1(2L) > 1{0). Muon dat
duoc diéu kién nay thi o phai di 16n nghia la cong sudt kich thich phai vuot
qud mot gid tri ngudng nhdt dinh.
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74/ Xanh da troi

EJ
Wb/ Xanh Iuc

M\

Bom Phat xa
Hinh 3.24: Phé ndng luong ciia ion Cr** trong héng ngoc.

3. Laser hong ngoc. Trong nhiéu trudng hop, sit dung phuong phdp bom
quang hoc dé tao va duy tri moi trudng ddo nhu trong laser héng ngoc, ngudi
ta c6 thé dung so d6 nang lugng ba mic E,, Es, Es. Trong d6 E; 12 mic co
ban E; 1a mitc nang lugng kich thich cao nhung ¢6 thdi gian song ngén, E, 1a
mifc nang lugng kich thich thdp hon E; nhung c6 thoi gian séng dai hon mitc
Es va xdc suft chuyén muc tu phét tir E; xuéng E, 1a rdt 16n. Hong ngoc 1a
tinh thé Al,03 + 0,065%Cr,03, mau sac ctia héng ngoc 12 do cic ion Cré+ gay
nén.

Cic ion Cr3* trong tinh thé héng ngoc Al, 03 ¢6 so d6 nang lugng ba mic
nhu & hinh (3.24) thich hgp cho phuong phdp bom quang hoc.

Miic E; suy bién bac 4, mic E, thuc chat gém hai mic méi mitc suy bién
bac 2, tuy nhién su tich mitc nay rdt nho Ung véi s6 song K = 14430cm~! va
14400cm~'. Mife E; ciing gédm hai mitc nhung do néng do Cr,0; khé 16n nén
cdc nguyén tir Cr & kha gin nhau va tuong tdc v6i nhau tao thanh hai dai nang
lugng ing véi dnh sdng xanh da tr¢i va xanh 1d cdy. Hai ving nay c6 thoi
gian séng rdt ngan. So d6 laser héng ngoc duoc biéu dién & hinh (3.25).

Bom quang hoc dugc thuc hién nhd dén phong dién xenon. Do hédp thu
cdc photon ctia dnh séng tir dén xenon, cdc ion Cr®* tir mitc E; chuyén lén
mitc nang lugng Ej, vi thdi gian s6ng & E; ngan chiing nhanh chéng chuyén
xudng E, va gay nén trang thdi nghich ddo mat do giita E, va E,, nghia la ta
cO N, > N;.

Buéng cong hudng Fabry-Perot thuc hién nhd hai guong phiang bé tri &
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Hinh 3.25: So dé laser hong ngoc.

He Ne*

1s'2s' 2°s .15eV 2's (2p°4s")

[0.?ev VYIN—
| Z‘DP{2p53p1)

1's.(2p°3s")

! He Ne
Bom dién

(1s9.1's 1'S, (2p°)

Hinh 3.26: Phé ndng luong ciia He va Ne.
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ngoai hay dugc tac nén & hai ddy cita thanh héng ngoc ¢6 chiéu dai khoang
7,6¢m (nhu & hinh (3.25)).

4. Laser He-Ne. Trong céc laser khi néi chung qua trinh bom duoc thue
hign bang phuong phip dién nhe hién trgng phéng dién trong chat kh. Trong
laser He-Ne hién tugng phéng dién thudng dugc duy tri béing trudmg cao tdn
trong méi trudng hon hop khi He-Ne & dp sufft 1Tor He va 0, 1Tor Ne, phé
nang lugng clia cdc nguyén or He va Ne duoc biéue dién & hinh (3.26). Cdu
hinh dién tir cita He 14 He(1s?) vi ca Ne 13 Ne(1s?2s%2p5).

Laser He-Ne 1a bifc xa nhan duge do cic chuyén miic giita 215 suy bién
béc 4 va 2'°P suy bién bac 10 cua nguyén tir neon, mufc 245 1a (2p4s'), mutc
2'°P 1a (2p°3p'). Trang théi nghich déo mat do gilra 2'S va 2'°P cilta neon dugc
thuc hién nhd hai hién tuong:

- Do sy phéng dién trong chit khi, c4c nguyén tir He bi kich thich tir mitc
co ban lén mitc chudn bén 225, , mitc nay cé thii gian séng rét dai (r = 6.10%s).
Khi cic nguyén tir He & trang thdi chudn bén va cham véi céc nguyén tir Ne
thi néng lugng kich thich ctia nguyén tir He duoc chuyén cho nguyén tir Ne
va kich thich nguyeén tir Ne tir trang thdi co ban Ién trang thdi 215 ¢6 ning
lugng gn véi ning lugng chudn bén ciia He. Mgt nang lugng du rdt nho bign
thanh dong niang cla cdc nguyen tir. Nguyén tt He tr& lai trang thdi co ban,
nguyén tr Ne chuyén lén trang thdi kich thich 215, S& di nguyén tir Ne khong
bi kich thich 1én trang th4i 2'°P vi nhy vay nang lugng du qud 16n do su sai
khéc 16n giita hai mic nang lugng: 2°P ctia Ne va mitc chudn bén clia He.
235,

- Hién tuong thit hai gép phdn vao viéc hinh thanh trang thai nghich dio
mat do giita hai mitc 2°S v mirc 219P cia nguyén tir Ne 13 trang thi 2'°p
¢6 thdi gian séng rdt nhd nén s6 nguyén tir & trong trang thdi 2'°P giam rat
nhanh. Nhé hai hién twong trén ma hinh thanh frang thai nghich dao mat do
giita 2S va 219p clia Ne va xdy ra hi¢u ving laser vi bitc xa ing véi chuyén
mifc cudng bic giita 2S5 xudng 21°P chia Ne.

Laser He-Ne c6 thé ¢6 chiéu dai 1m, hai ddu 6ng 13 hai guong: phin xa
toan phén va bdn phan xa déng vai trd budng cong hudng Fabry-Perot, nhu &
hinh (3.27).

5. Tinh chdt ddc trung cia tia laser
a- Tinh don sic: Phé clia bitc xa laser ¢6 thé g6m mot s6 vach r4t thanh,
D6 rong clia cdc vach nay phu thugc dé phdm chat cia buéng cong hudng.
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Guong phan xa toan phar

£l
Q
w

l 100em

Hinh 3.27: M6 hinh laser khi He — Ne

D6i véi laser héng ngoc (bé rong d6 chi ¢d 10°Hz, trong khi d6 khoang cdch
gitra hai vach 1a 10°Hz).

b- Tinh d6ng bo (két hgp). Tinh dong bo duge ddnh gid bai tinh giao thoa.
Hai tia tdch ra tir mét ngudn laser vin c6 thé giao thoa v6i nhau khi quang 10
c6 thé t6i vai km.

¢- Tinh dinh huéng clia chim tia. G6¢c m& ctia chim laser ¢ phat ra tir mét
guong c6 dudng kinh D va budc séng clia chum tia laser 12 A, s€ 12 6 = 1,225
vGi laser hdng ngoc D = 1cm, 6 ~ 3'26".

d- Cong sut phd nang lugng cao. Vi 4nh sdng laser c6 do don sic cao nén
toan bo cong sudt clia birc xa tap trung vao mot dai tan rdt hep. Vi duy, laser
lién tuc phdt mot nang thong 100W /cm?, trong dai tdn d6 nang thong mat troi
chi (10 + 2)W/km?, nhd hon 10'* 14n. Nhimng laser ran thuong khong c6 cong
sudt 16n bing laser khi. Laser khi CO, lién tuc c6 thé dat hang tram kW. Laser
khi CO, & ché do xung c6 thé dat 100GW, béng cong sudt dién clia mot nudc
phit trién.
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Bai tap chuong I1I

(3-1) Tinh budc s6ng ngén nhit va bude séng dai nhét (bang &) d&i v6i
ddy Liman cia hydro.

(3-2) Tinh nang lugng ion hod clha nguyén tit hydro biét ting bude séng
ngén nhét clia ddy Balmerr 13 36504.

(3-3) Trong mét ong phéng dién cdc nguyén tir hydro chiu tic dung clia
mot dong dién tir nang lugng 12,2 eV. Tim budce séng clia céc vach do hydro
phét ra.

{3-4) Tinh mdmen tir ciia mot dién tir chuyén dong xung quanh mdt proton
trén mot quy dao tron béan kinh r (theo vat Iy ¢d dién.)

(3-5) Ap dung két qua ctta co hoc lugng tir tinh cdc gid tri ¢6 thé c6 cha
momen tir d61 vt mifc n = 3. Biét cong thitc lién hé gitta moémen déng lugng
va mémen tr:

fir = _%ﬁl
fi - vectd moémen tlir quy dao.

(3-6) Biéu dién cdc cch dinh huéng c6 thé c6 ciia moment dong lugng M,
v&i 1 =0,1,2 va 3; bing hinh v&.

(3-7) Trong vat 1y thién van ngudi ta ding vach phé c6 budc séng 21cm
dé tham do vii tru. Vach ndty dugc tao bdi photon phit ra tir nguyén tr hydro
ciia thién ha khi huéng clia spin ciia dién tir chuyén 1t trang thai song song
sang trang thdi phan song song véi spin cha proton. Tim gi4 tr tir trudng tac
dung Ién dién . Biét rang cong thic lién hé gifta momen dong lugng spin
va momen tir spin 1a

fio = — =M,
m
Nang lugng tuong tdc gilta momen tix 7 va tr trudmg 6 vecto cam vng tir &
1a
Ep = ~iB

(3-8) Chitng minh ring cdc nguyén tit gom cic 16p dién ddy hoan toan sg&
¢ mt trang thai co ban 1 S,.

(3-9) Thiét 1ap c4u hinh (c4u triic) dién tir ctia 5 khi tro ddu tién.

DPiap so

(3-1) Amax = 12154, Apin = 9124

(3-2) E; = 13,6eV;

(3-3) 6 3 loai photon vé&i A, = 6563%, A, = 12154, Ay = 10264;
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(3-4) =4 4/5 véi k= ;1)

(3-5) 2,27 -10-231/T; 1,31---10~23J/T:0
(3-7) B = 0,051T.



157

Chuong 4

MOT SO VAN PE VAT LY BAN DAN

Vat li¢u bén dén 1a vat liéu chinh dé ché tao c4c linh kién dién ti, linh kién
quang dién tir. Vi vAy & day ching ta xem xét mot s tinh chét co ban cta
ching. '

4.1 Dién tir trong tinh thé ban din

Trong chuong truéc ching ta méi xét tinh thé chdt rin néi chung. Trong
chuong nay ta xét nhiing tinh chét cia ban dén, chiing ta bét ddu van dé nay
tlr anh hudng cla dién trudng dén dién tir trong chét ban din.

4.1.1 Su thay déi mitc nang lugng trong dién trudng ngoai. . Chiing ta
thdy rang khi khong c6 dién trudng bén ngoai cic mitc nang lugng trong chét
ban din khong phu thudc vao toa do (trong khong gian thudng) va ta thudng
bi€u dién n6 bing nhing dudng nim ngang nhu & hinh (4.1), trong d6 hai

AE%

=

Ev

Hinh 4.1: Cdc miic ndng lugng khi khong c6 téc dung ciia dién truong.



158 Chutong 4. Mot s6 vdn dé vdt Iy bdn ddn

muc quan trong nhdt dugc dat tén va ky hiéu riéng. D6 1a ddy viing dan E.
va dinh viing hoé t E,. Ning lugng gilta hai mitc d6 1a bi cm. Dai luong
AE, = E. — E, goi 1a bé rong viing cém, thudng tinh bing eV. Céc muc ning
lwong khdc cling ndm ngang khi khong ¢6 trudng ngoai. Trong viing din mifc
E. duge coi 1a thé nang cla dién tir, cling nhu th€, trong ving hod tri E, 12
thé ning cla 16 tréng. Dién tir nim & mic E. duge coi la c6 dOng ning béng
khong, khi & mic cao hon E; thi phin E - E. 14 dong nang ctia dién tir.

Bay gid chiing ta xét sy thay d6i ciia cdc mirc ning lugng khi c6 dién
tnrong ngodi £ tic dung. Bai todn nay ddng 1€ phai duoc giai bang co hoc
lrong tit nhumg & day ta s& xem xét né bing co hoc ¢d dién, theo dé ta co:

dP

=F =-VV:
dt

& day V(7 13 th€ nang cla dién tir trong tnrong ngoai. Nhén hai v€ phuong
trinh nay v&i 7= d_’t” ta ¢6

AP _ BdF_d(F\_dgp s dvd__dv
V& T mdt  dt\zm/) dt °v ' TaFrat dt
- - V
Tudaytacomzo,
dt
Ey(P) + V(7) = H({,) = const 4.1)

Phuong trinh (4.1) néi 1én riing chuyén dong ctia dién tir & trong trudng
ngoai bao gid ciing x4y ra sao cho nang lugng toan phén, gdm nang lugng
cha dién tir trong tinh thé va thé ning cla dién ti trong dién trudng ngoai, la
mot hing s6.

Néu trong miu ban din c6 mot dién trudmg déu, nghia 1a V(x) (xét truong
hop bai toan mot chiéu) 1 tuyén tinh, nhu & hinh (4.2), thi cdc mic nang
lugng cla dién tir trong tinh thé gém E, + V(2) ciing thay d6i ruyén tinh. Vi
du

E,—E + V(I) = Ec(x)
E, — E, +V(z) = E,(x).

Piéu dé c6 nghia 1 cdc mifc nang lugng cla dién tir dudi tic dung cia
trudng ngodi s& thay déi theo dang diéu clia thé ning dién tr trong trudng do.
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Hinh 4.2: Su phu thuéc vao toa dé cia cdc micc ndng lugng

Tuy nhién diéu kién (4.1) doi hdi H = E; + V = const. Nghia 12 mét dién tir
c6 toa do tai diém A chi c6 thé dao dong trong khoang AB néu miu 1a tinh
thé 1y tudng.

Nhung vi miu tinh thé khong bao gi®y 1a miu 1y tudng nén dién tir luén va
cham v6i cdc ion, tap chdt, khuyét tat. Mbi 14n va cham dién tir lai mét nang
luong (dong nang), roi lai 14y nang lugng cua dién trudng, lai va cham ci
th€ dién tir dich chuyén dugc doc theo dién trudng trong tinh thé (xem hinh
(4.2)). Trén so d6 hinh (4.2) ta c6 thé giai thich hiéu iing dudng ngdm thudng
c6 thé xay ra trong ban din khi dién truong trong miu dat ¢ 10°V /cm. Vi
du chiing ta c6 mot dién tir trong viing hod tri tai diém C, vi cdc mifc nang
lugng phia trén 12 cdm, néu muén roi vao ving din dién tir phai nhan mét
nang lugng bang it nhat 1a AE,. Tuy nhién bing co ché hiéu ing dudng ngdm
dién tit c6 thé roi vao diém F. O day ta c6 hang rao thé hinh tam gidc véi
- chiéu cao hang rao la AE,, bé day hang rao 1a CF. Trén thyc t& hiéu ting
duong ngdm c6 thé xdy ra trong chdt ban din, nhung thudng gip trong cic
16p chuyén ti€p P — N, noi néng do hat din nho va c6 thé chiu duge mot dién
trudng cac nhu 109V /cm.
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41.2 Chuyén dong cha dién tif trong tinh thé ban dan. Nhu ta dé néi
trén day, cdc chdt tan chi cé cdc ving nang lugng dién ddy hoan toan hodc
tréng hoan toan, thi khi & nhiét d¢ thdp hdu nhu khong din dien. D6 la céc
chét dién mai hodc bin din. 3 nhiét do thép trén viing dn (viing tréng thép
nht) hoan toan khong c6 dién ti, con trong viing hod tri (vilng dién ddy trén
cling) thi tat ca cdc mic nang lugng cho phép trong viing déu dién diy dién
tir. Néu dat vao mau bin din d6 mot dién 4p thi céc dién tir cling khong thé
14y thém duoc nang lugng nghia |2 thay déi vAn tdc va tham gia dan dién.
Nhung khi nhiét d6 mau tang lén, mot s6 dién tir 14y duge du nang luong dé
tir viing hod tri chuyén mifc 1én viing dén thi s€ sinh ra cdc dién tr tur do trén
viing dan, déng thii dé lai trong vang hod tri nhitng trang théi trong va chit
ban din di co thé din dién duoc. Dong dién bay gidy 12 do cic dién tit gin
nhu ty do & trong viing dan chuyén dong dudi tic dung cua dién trudng, déng
thai do chuyén déng clia cdc dién tir lién két trong viing hod tri sang cdc trang
thdi trong, 1am cho céc trang thdi tréng ndy chuyén dich theo chiéu cua di¢n
truong.

Tir day chiing ta thdy riing d6i véi chét ban dan thi hanh vi clia dién tir 6
1an can cuc tidu viing din va cue dai viing hod tri 12 quan trong hon ca.

1. Suphu thuoc ndng lugng vao vecto séng K tai ddy ving ddn va dinh ving
hod tri. Xét EK) tai 1an cin ddy vung dan. Gia su ning lugng trong ving
din c6 cuc tiéu tai gid tri vecto séng K,. Chiing ta phan tich E(K) vao chubi
Taylor tai diém K, ta ¢6

B} = E(Ko) + 3 2 ik,

ij

—(K; - Kp;)(K; — Ko} + - (4.2)

Chiing ta gidi han chudi nay dén s6 hang béc hai, va gin ding nhu thé duge
goi 14 gdn ding parabol. Chiing ta k¥ hiéu dai lugng

1 8K FPE 1
EfaK;aKj - Op;8p; = m_m (43)
va viét lai (4.2):
= - h? 1
1)

if

Dai lugng m7;' ¢6 thit nguyén la nghich ddo khoi luong va la thanh phan
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clla mot tenxo bac hai

m=1 -1 -1

£.2) 2y zz

-1 _ | .y 3 -1
[ma'j = My Ty My,
—1 -1 -1

mz: mzy mzl

nén duoc goi 1a thanh phén ¢ cha tenxo nghich dao khéi lugng hiéu dung.
Tenxo nay c¢6 déi xiing chéo géc, nghia 1a
a1 K 1 K o

i T RIOK0K; W OK0K;

L]
va ¢6 thé dugc dua vé dang dudmg chéo:

m;l 0 0 m' 0 0 ]
m3'l=1 0 myl 0o [=] 0 myt o0 (4.5)
0 0 mp) 0 0 my'|

Khi dé ta cé

. 2 _ 2 2 _ 2 2 _ 2
E(I?) :E(KD) + h (Kz2 KU:) + h (Ky Kﬂy) + h (Kz an) (46)
my 2mg 2y
N&da@:%%Eam&mEzmmmw&Mw&MQdWM@g
- 2 - 2 _ 2
(Kz QKUx) + (Ky EKUy) + (Kz 2K(]z) =1 (4.7)
221 as Q3

Day 1a phwong trinh chinh tic clia mot mat ellip trong khong gian £, ma tdt
cd céc diém trén mit d6 c6 cling ning lugng E. Vi the mat ellip nay goi 12
mit dang nang.

Khi nang lugng chi phu thuge vao gia tri tuyét d6i ctia K, khong phu thude
vao huéng clia né, ta cé thé viét

_ 1 82E o
E(K) = E(Ko) + 53—K—§(K—Ko)
N—é‘ ~ 182E 2 . , -
u Ky = { thi E(K):EW-K.Khl démy =my=my=m*tacd
_ aes
BR) =+ K 4.8)

2m*
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Mit ding nang c6 dang mot mat cdu, m* khdi Jugng hi¢u dung ta mot dai
lugng v6 hudéng va béng X
m = (4.9)
FRT
Trong trudng hop tng qudt, véi gin ding parabol mit ding ning trong khong
gian K 12 mot mat ellip, kh6i lugng hiéu dung }a mét dai lugng tenxo bac
hai v&i ba thanh phdn dudng chéo 1a m;,m, mg. Khi mat déng nang Ja mat
cAu, khéi lvgng hiéu dung 13 dai lugng v6 huéng. Lan can diém cyc tidu ning
luong ta ¢6 m* > 0, ngugc lai 1an cAn cuc dai nang lugng ta ¢6 m* < 0.

2. Chuyén dong cia dién ti trong tinh thé dudi tde dung ctia truong ngoai.
Khi niém 16 trong. a/ Chiing ta xét hanh vi cBia dién ti 1an can diém cuc ti€u
ning lugng dudi tic dung cla dién trudng £.

Theo dinh luat Newton F = m*g trong dién trudng ta ¢6 F = —ef va gia

téc chia dién tir nguogce chiéu dién trudng, &= - et

"

Két luan: 1an can cuc tiéu ning lugng (trong khong gian K) dién tit xUt su
nhu mot hat ¢6 khéi lugng duong m* va cé dién tich am —e.

b/ Bay gitr xét hanh vi clia dién tir gdn cuc dai nang lugng dudi tic dung
ciia dién trudng £. .

ef

Theo dinh luat Newton, ¥ = m*@ = —e£ va gia téc cia dién tir & = -

Nhung tai l4n c4n cuc dai ndng lugng ta c6

ﬁ?
™ = R <"
ta c6 thé viét lai bidu thitc cha &
N —ef +ef
&= ——— =10
=lm*| " [m*|

K&t luan: 14n cin cuc dai nang lugng (trong khong gian K) dién tir xit sit nhu
mot hat c6 kh6i lugng duong bing —ms (tai cuc dai) va cé dién tich duong.
Vay chuyén dong clia dién tir lién k&t tai 1an c4n diém cuc dai nang lugng
¢6 thé thay thé bang chuyén dong ciia mét hat mang dién tich dwong, +e, ¢6
khéi lugng |m*| hat d6 duge goi 1a 18 tréng.
Cin chd ¥ ring khdi niém 16 tréng ta dua ra & day khong déng nhit véi
khéi niém trang thdi dién tir bd trong. Cdc dai luong dic trung cho 16 tréng
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thudng duge thém chi s6 p vao dudi. Trong khi d6 cde dai lugng dic trung
cho dién tit hay trang théi dién tit thi ¢6 chi s& »n hodc khong ¢6 chi s8. Duéi
day ta ghi thém mot s6 dic tnmg cla 18 tréng:

= 4e =-F Ry=-F w0
my=-m"=-m; Up=¥ Ep(K;) = —-E{-K).

4.2 Cau tric vang ning lugng ciia chit ban dan

Nbu da néi trén day, dac diém chinh cia cfu triic viing nang luong cla chét
bén din 1a chiing chi ¢6 hai loai ving ning lugng, & nhiét d6 thip, 1a tréng
hoan toan va dién diy hoan toan. Chiing ta xét bdn dan silic, vt 1iéu bdn din
théng dung va quan trong nhit, 1am vf du.

CAu tric ving nang lugng chinh 13 sy phu thudc ning lugng E viao vecto
séng K, sy phu thuéc d6 cdn dugc goi 13 phé ning lugng, hay 13 quy luat tdn
sac. Ddy chinh 12 dac trung quan trong nhét, xdc dinh né bing 1y thuyét két
hgp vdi thuc nghiém 1a ndi dung quan trong nhét cia vat 1¢ chét rén.

Nhu chiing ta dd nhan xét E(K) 13 mot haim tudn hoan chin trong khong
gian K. Dac biét 13 ngudi ta ¢6 thé xdc dinh trong khong gian K mot ving c6
dang mot khoi da dién (tuy thuéc vio loai tinh thé), ma trong d6 "chira” tit ca
nhimg gid tri K(K,,K,, K,) dic tning cho t4t ca cdc trang thdi cho phép cla
dién tir. Viing d6 duge goi 12 viing Brillouin thif nhét. Ciing ¢6 thé xac dinh
cdc ving Brillouin bic cao hon ¢6 cling thé tich nhung ¢6 hinh dang khdc
hén bao phia ngoai viing Brillouin thit nh#t. Khéi niém viing Brillouin 13 mot
khdi niém thufn tuy todn hoc nhung rit tién dung trong vat 1y chit ran.

be6i vai silic, ¢é céu tric mang 13 14p phuong thm mit. Ving Brioullin
thit nhit tuong tng 14 mot hinh khdi duge gidi han bdi 14 mat: 6 mat vudng
va 8 mat luc gidc nhu & hinh (4.32). Tam ciha viing Brillouin nim tai diém
K = (0,0,0). Tam nay dugc ky hiéu bing chit I'. TAm clia mit hinh vuong
duge ky hiéu bang chit X va nidm trén huéng [100] hay cdc hudng ddi xing
twong duong. Tam ctia mat luc gide duge ky hiéu biing chit L. va ndm trén
huéng [111] hodc twong duong. Ching ta thdy ring Si cfing nhur Ge ¢6 cfu
tnic dién tir trong d6 16p ngodi cling khong ddy: ns?np?. Vi du d6i véi Si
1522522p83523p>.

Theo cich suy nghi don gian thi hai trang théi 3s va 3p ctia Si khi véo tinh
thé tich thanh hai viing: viing 3s chifa dugc 2 dién tir (dién ddy hoan toan)
viing 3p chita duge 6N dién tit (dién ddy mot phén ba i chi ¢6 2NV dién i),
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Hinh 4.3: Viing Briltouin thit I cia mang ldp phuong tdm mdt, b-Cdu triic viing ndng
luong cua silic.

nén ta c6 thé cho rang silic 1a mot kim loai cé chita mot viing dién ddy mét
phén.

Trén thyc t& Si 1a mot chét ban din dién hinh. D6 1a vi sir lai hod gitta hai
trang thdi 3s va 3p tao nén hai viing, ving thdp chia duge 4N dién tir dién
ddy hoan toan trd thanh ving hod tri, viing cao hon cling chita duge 4N dién
ti nhung tréng hoan toan trd thanh ving din. Chinh vi vay ca ving din lan
viing hoa tri déu c6 su suy bi€n, trong mbi ving déu cé sy chong chéo cia
mot s6 phan viing.

So d6 viing nang lugng trén hai phuwong [111] va [100] duge biéu dién trén
hinh (4.3b). Tit so d6 viing nang lugng ngudi ta it ra mdt s6 nhén xét sau:

- Ving din cé 1 cyc tiéu trén hudng (100] va do d6i xing trén 6 hudng
turong duong véi [100).

- Mat déng nang 14n cn cyc tiéu c6 dang mit ellip. Khai luong hiéu dung
c6 ba thanh phin m; = my = m; v0i m; = 0,19mg; ms = my = 0,98my. Nghia la
mat ding nang c6 dang ellip trdn Xoay vdi a1 = ag # as

- Viing hod tri ¢6 cyc dai & tAm viing Brillouin, tai K = 0.

- Trong viing hod tri ¢6 ba phan ving Ung véi ba khoi lugng hiéu dung
chia 15 trong khdc nhau: Nhénh 15 tréng nang, nhénh 16 tréng nhe va nhdnh
16 tréng trung binh. Cuc dai cia nhénh 16 tréng nang va nhdnh 15 tréng nhe
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tring nhau & tdm viing Brillouin. Cuc dai ctia nhédnh 16 tréng trung binh ndm
thap hon mdt khodng AE, = 0,035V

- 0 1an ¢an cuc dai ving hod tri mat déng nang c6 dang gin nhu mat cdu,
khéi lugng hi¢u dung durge xem 1a déng hudng. L8 tréng nang mb, = 0, 52mq.
L& tréng nhe m}, = 0, 16mq 16 tréng trung binh ms,,, = 0, 24m,.

- Bé rong ving cdm AE,(300K) = 1,12eV, thay déi theo nhiét do

AE; = (1,17-2,84.107'T) eV

- Cue tidu viing dfn va cyc dai ving hod tri khong ciing nim trén mot diém
clia viing Brillouin. Nén silic duge xem 14 ban din ¢6 vimg cfm xién. Bin
dén c6 cyc tidu viing din va cuc dai ving héa tri tai mot gid tri £ nhu nhau
(vi du GaAs tai tam viing Brillouin) goi 12 bén dén viing c&m théng.

4.3 Nong d¢ dién ti va 16 tréng trong diéu kién can bing
Néng d¢ dién 6 trong viing din dugc tinh theo cong thiic

L max
ng:/ 2. fo  g(E) - dE @.11)

Ee

trong d6 f; la ham phan bé Fermi-Dirac:
fo=frp = (4.12)

Ham phan b Fermi Dirac 1a xdc sufit dién ddy trang thdi c6 mitc nang lugng
E, trong d6 E; la mitc nang lwgng Fermi. Ham phan b6 Fermi Dirac ¢6 tinh
chit sau: )
a néu £ > Ef
KhiT—*}Ung 1/2 néu EZEf
1 néu E<E;

Khi T > 0, fo chi c6 thé thay déi manh & ving nang luong lan can By,
né bang 1/2 tai £ = E;, gn bing 0 tai cdc diém £ > E; v gn bang 1 tai
F <« Ef.

Khi £ » E; ham fyc6 thé xem gdn ding v6i phan b4 Boltzmann f, =~
e~(#=En/FT ya khi d6 bin din dugc xem 1a khong suy bién.

g(E) 1a mat d6 trang thdi trong ving din,

E. va Enay 12 nang lugng cue tidu va cuc dai clia viing dan.
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Hinh 4.4: Dung cdc mat ddng ndng dé tinh mdt d¢ trang thdi

Dé don gian ta gia thigt mat déng nang 1an can cyc tiéu & tam ving Brillouin
12 mot mat cdu, nghia la:
A K?

B =
Im*

+ E. (4.13)

nhu biéu dién & hinh (4.4).
Thé tich clia hinh cdu bdn kinh K 1a Vx = 2K
Thé tich 16p céu glua ha1 mat dang nang E v E + dE 1a dVk = 4nK?dK.

Tir (4.13) ta c6 KdK— dE

va K = /2t b Thay vio biéu thitc dVk ta cé

£ 3/2
dVi = 4“‘/21(}2—&)1: dE = 2n (2;: ) (E — B,)\/*dE

Chiing ta nhé lai rang mdi phan tir thé tich khéng giank, AVk = Qﬂ dic
trumg mot trang théi. Vi vy sO trang thdi ma nang lugng nam trong khoang
E-sE+dEla

dvi  dVk
AV (20

dSg = (4.14)

LAy V =1taco dSg = 2 (25— m w\f ~ E.dE
Vi d5y = g(E)dE nén ta ¢b

o(E) = (X JEE, 4.15)
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Thay cdc gid tri cua fo va g(E) vao (4.5) va gia thiét hé dién tir trong bdn din
14 khong suy bién (vi » nhd) ta ¢é két qua.

J¥/2e T = Noem—wrt 4.16)

2nem*kT
mo= A"

Trong d6 No = 2(22EL)3/2 goi 1a mat 4o trang thdi hiéu dung ctia viing
din.
Ciing tinh tuong tr d6i v&i ndng do 16 tréng trong viing hod tri ta ¢é:

2 *kT u fe Ey—Fy By — B,
po = 2( T B P e T = Nyem T @.17)

(Trong do6
Ne — 2(21rm;kT) 372
0= h2
goi 12 mot do trang thai hidu dung ciia viing héa tri) Nhan xét:
- Trong (4.16) va (4.17) chiing ta chua biét E;
- D61 v6i ban dan khong suy bién ta luén cé

no-Po = N+ N, - e~ "5 = N, Nye~ ¥ (4.18)

Bay git nh& vao nhitmg diéu kién cu thé ta sé tinh dugc ndng dé dién tir va
néng do6 16 tréng cling nhu mic Fermi

4.3.1 Ban dan riéng (ban dan tinh khiét). Dé dang nhan thdy ring trong
bén dn tinh khiét ta ludn c6 ng = po nghia 13 Ne= %15 = Nye~~or—
Néu N, = N, {nghia 1a m* = m}), thi ta c6

E; = E;E (4.19)
mic Fermi ludn ndm giifa viing c&m khong phu thugc vao nhiét do.
Néu N, # N, ta ¢6:
_ E.+E, kT, N,

Trong ca hat trudng hop ta cé

Ak

no = po = ni = VN N,e~ 7 4.21)
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Hinh 4.5; So d6 ndng lugng trong bdn ddn pha tap dono.

Nhu vay ndng d6 dién tit va 16 tréng bang nhau vi phu thugc manh vao nhiét
d6. Trong trudng hgp ndy n; duge goi 1a néng d6 hat dan rieng. bDéi vai silic
0 300K ta cé :

N,=28-10%cm~% N, = 1,04 10%cm ™3

ng =po=mni=1,45- 10%cm—*

Mitc Fermi d&i v6i bdn dan riéng thudng ky hiéu E;

4.3.2 Ban din chita mot loai tap chit dono. Néu trong silic ¢6 mot nong
d6 N, nguyén tir mot nguyeén td nhém V, vi du asen (As) chéng han, thi trong
tinh thé s& xudt hién N, trang thdi dinh xi ¢6 nang lugng bing E; nam trong
viing cfm géin ddy ving din. Chiing ta biét ring trong mang tinh thé Si mbi
nguyén tir Si c6 bon dién tir hod tri dé lién két vi 4 nguyén t¥ xung quanh.
Khi nguyén tit As thay thé€ nguyén tl Si trong mang thi 4 dién tiy cia As s€
tham gia vao 4 m&i lién két con thira mot dién tir. Dién tir thit 5 nay lién két
16ng 1€0 vdi hat nhan cla né giong nhut lién két gilta dién tr va hat nhan hydro
nhung yéu di rdt nhiéu vi nim trong moi trudng Si c6 hang s6 dién moi cao.
Tinh todn cho th4y mic ning lygng co ban E, nam cich E, vé phia dudi (hinh
(4.5)) mot khoang AE, 2 0,01eV. Ning lugng AE, goi 1a nang lugng ion hod
tap chilt. Vi 8E; < AE, nén cdc nguyén tlr As rdt dé bi ion héa va cung cp
vio ving din mét dién tir. Chinh vi vay cdc nguyén tir twong ty nhu As duoc
goi 1a cic dono, cdc nguyén tif cung cp dién tr (dono 1a ngudi cho). Vi sO
luong cdc nguyén tit As it (c& mot phdn triéu nguyén tit Si) nén khoang cich
gitta cdc nguyén tir As rét 16n, gidng nhu cdc nguyen tir co 1ap nén trang thai
véi mitc E, chi dinh xi trong mét viing rit hep cia tinh thé.

Trong viing nhiét do tir 150K dén 450K, cdc nguyén tr As thudng nhén
duoc nang luong nhigt va bi ion hod hét ma nang lugng nhiét nay chua du
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lam cho dién tit tit viing hod tri chuyén 1én viing d4n déng ké. Ving nhiét do
nay duge goi 1a viing ion hod tap chit.
a- Khi ban din ndm trong viing nhiét do nay ta cé thé viét

ng = Ny = Nye (Fe-Eg)/ET (4.22)
va néu bdn dén 12 khong suy bién, ta cé:

2 2 ;
BNy ask (4.23)

P TN T

Tir (4.22) ta cé thé tinh duge mitc Fermi

Ey= B, + kI8 (4.24)

b- Khi bdn din nam trong viing nhiét d9 thdp, thip hon viing nhiét do ion

hod thi xdc sudt cdc nguyén tir d6 nh4n dugc ning lugng dé ion hod cung cip

dién tir cho viing din nhd hon 1 va tiang tir 0 dén 1 theo chiéu ting cha nhiét
do. Két qua tinh todn cho thdy: trong trudng hgp viing nhiét dé thap ta co

ng = N52Nd e~ T (4.25)

trong d6 AE; = E. — E;.

Ee + By + Eln N
2 2 2N,

H

E; (4.26)
con ndng dé 16 tréng rit nho.

c- Khi ban din nam trong viing nhiét do cac hon nhiét do ion hod tap chit,
thi tdt ca nguyén tir dono di bi ion hod khong thé cung cdp thém dién tir.
Tuy nhién do nhiét d¢ cao xdc sudt cic dién tir chuyén mic tit viing hod tri
lén viing dén 1a rdt cao va tang ddn theo nhiét d9, néng d6 16 tréng tang 1én
nhanh, x4p xi bang néng d6 dién tir. Anh hudng clia cic tap chdt bi lu md
khong ddng k€ va bdn din x{t s nhu mot bén dén riéng, nghia 1a

ng = pg = hy = /NN, e 85s/2%T
E.+E, kT N,

- bl MAL

Er 7 T MW

Vi céc linh kién ban dén dua trén tinh chat cha cdc ban din pha tap, vi du diot
Ia mot chuyén tiép P-N, mot phén pha tap dono, mot phéin pha tap axepto,
nén trong vung nhiét d6 cao nay cdc linh kién bdn din ngimg hoat dong.
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Hinh 4.6: Su phu thugc ndng do dién ut, 15 tréng vao nhiét d trong bén ddn dono

Le,

Ea__.Nlél.____,__ — -
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Hinh 4.7: So d6 ndng hegng trong bdn ddn pha tap axepic
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Hinh 4.8: So d6 nang luong trong bdn ddn bu tro.

Nhu vay bidn din pha tap dono trong viing nhiét do ion hod méi thé hién
day du tinh chét bdn din tap chét, ban din ngoai lai (extrinsic), trong d6n > p
va dién tr duogc goi la hat déin co ban(da s6), 16 tréng 1a hat d4n khong co ban
(thi€u 56), bdn dén dugc goi 1a ban déin dién tir hay ban din loai n. Su thay
doi noéng do dien tlt va 16 trong trong ban din pha tap dono dugc biéu dién
mot cdch dinh tinh trén hinh (4.6).

4.3.3 Bin dan chita mot loai tap chat axepto. Néu trong silic c6 mot néng
dé N, nguyén tir ciia mot nguyén t6 nhém 111, vi du nhém (Al ching han thi
trong tinh thé s& xudt hién N, trang thdi dinh x1t c6 nang luong bing £, nim
trong viing cdm gin dinh ving hod tri. Khi nguyén tir nhém thay thé nguyén
tir Si thi né thi€u mot dién tir dé tham gia lién két v6i 4 nguyén tit xung quanh,
lam xudt hién mét méi lién két khong bao hoa, mot trang thdi trong. Cic dién
tit trong viing hod tri dé dang chiém cdc trang thdi tréng nay, hay néi cich
khic cic trang thdi trong nhan 14y dién tir tir viing hod tri trd thanh ion Am va
lam xufit hién mot 16 tréng trong viing hod tri.

Bai todn dugc gidi trong ba viing nhiét d¢ nhur d6i véi ban dan loai », ting
v cic ky hiéu trén hinh (4.7},

a- Trong ving nhiét do ion hda

Py = No = Ny 7 HFrm o) /6T T 427
¢ N.N, S IRT
no = b= —htem ANk (4.28)
Nﬂ

b- Trong viing nhiét d6 thap

= \f —’Y——-QT e (AE/T) (4.30)
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E,+E, kT N,
= ——1In

2 2 2N, @30

c- Ving nhiét do cao bin din axepto trd thanh ban dan riéng.

4.3.4 Ban dan bu triy, chira hai loai tap chat. Khi trong chdt bin din chita
cé tap chit dono vdi ndng dO N, vh tap chit axepto véi néng d6 N, thi dién
T ti cdc trang thdiE, s& chuyén xudng chi€m cdc trang thdi tréng £, vi thé
ta n6i d6 1a ban ddn bl trir nhu & hinh (4.8).

a- Trudng hop bt trit toan phin Ny = N,, t4t ca cdc trang thdi axepto déu
bi chigm bdi dién t tir trang thdi dono chuyén mifc xudng. Trong trudng hop
nay tdt ca tap chdt trd thanh ion N} va N7 . Ban dan x{ su nhir ban dén riéng.
Chinh day 12 m6t cdeh dé tao ra nhitng bdn din cao 6m, Ban din c6 dién tro
suft 16n. Ngudi ta thdy ring trong silic ¢é mot s6 tap chit rat khé loai bo
hoan toan vi du B. Cho nén ta ludn ¢6 bdn din loai p chita B ¢6 dién trd sudt
khong cao 1dm. Khi cdn ¢6 nhimg bén din cao ém, nhu dé lam detector hat
nhén, ta ¢6 thé pha thém tap chit loai dono, nhu Li dé b trir tap axepto B.

Tuy gidng ban din riéng n = p = n; v& mit ndng do hat din bdn din bu
trir toan phdn vén ¢6 nhimg tinh chét khac v&i ban dan tinh khiét vi trong d6
¢6 mot ndng do ion Am va ion duong N = NJ, vi du d¢ linh dong hat din
nhd hon, do tang cudng su tin xa trén cdc ion.

b- Trudng hop bl trir mét phén, vi du Ny > N,.

Khi dé hiéu sd ndng do Ny ~ N, = N'; dong vai trd nha bdn din chita mot
loai tap chét, trong thi du nay bdn dan la loai n, tit két qua tinh todn trong
viing nhiét d6 ion héa tap chét ta ¢6 thé viét:

T !
iy = Ng— N, = N}

f

Ey=FE . +kTIn ﬁd

Trong viing nhiét d¢ thip ta cé:

Na— N,

L (4.32)

g =

Ni— N,
2N,

Ey = Ey + kTIn

Trong viing nhiét d6 cao bdn din tr& thanh ban din riéng
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4.3.5 Ban dan suy bién. Nhy chiing ta da biét, mot hé suy bién khi néng
do hat twong d6i cao va mat do trang thdi nho, phé nang lugng gidn doan.
Trong bin din nong do hat din trong cdc ving cho phép ting cao chli yéu
12 do nong do pha tap va nhiét do. Ching ta ciing thdy tir cdc cong thitc tinh
mitc Fermi rang khi néng do6 tap chit tang 1én thi mic Fermi tién ddn vé phia
b& viing E. hoidc E,.

Tinh todn cho thdy ring ¢6 thé quy wdc ban din s& suy bién bat ddu tir khi
mitc Fermi nim trong viing cho phép. Trong truémg hop dé dé tinh néng 46
hat din ngudi ta phai ding nhitng céng thitc khéc thich hop véi mot hé suy
bién. Nhitng cong thifc nay gidng nhir nhitng cong thitc déi véi dién tit trong
kim loai. Vi du d&i v&i bdn dan loai » ta cé:

no=5 (2?_2) - B W (4.34)

By = E.+ (%) o’ LB (4.35)
doéi véi ban dan loai P:

po=1 (2;;5)3/2 (B, - Ee)**  va (4.36)

Er—F, - (%)2/3 2::; g, (4.37)

Mot diéu 1y thi 12 ta c¢6 thé d& dang chimg minh céng thitc (4.34) tir nguyén
1¥ bt dinh Heisenberg Az - Ap = h.

4.4 Nong dé hat dan khong caAn bang

Trén day chdng ta xét néng do hat d&n trong diéu kién can bang, khi khéng
c6 tdc dung cha cdc y€u t6 bén ngoai. Trong muc nay ta xét néng do dién
va 16 trong khi cé tdc dung clia cdc yéu t6 bén ngoai nhur dién trudng, bic xa.
Trong chét ban din lu6n luén x4y ra hai qué trinh nguoc nhau:

- Qud sinh phdt sinh hat din 12 qué trinh trong d6 dién tir tir ving héa
tri nhan dugc ning lugng chuyén 1én ving din lam phét sinh mot dién tir
tu do va mdt 16 tréng tr do. Néu qud trinh nay x4y ra do cdc yéu (6 kich
thich bén ngodai nhu chiu sdng, dién trudng, thi goi [4 qua trinh phun hat din
(Injection).
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- Qud trinh t4i hop 12 qud trinh dién 6 trén viing din chuyén xudng mot
trang thdi tréng & trong ving héa tr, néi cdch khiac mot 18 trong tr do két
hop vdi mot dign o te do va ca hai bién mét.

Nht vay, khi ¢6 hién tugng phun hat dén thi ban din ndm trong trang thdi
khong can bing, nong d6 dién ti tu do va 16 trong tu do 16n hon néng do dién
tl tu do cén béng n, va ndng do 16 trong tu do can bang po.

Ngudsi ta goi n = ng + én 12 néng do dién tir khong can bing, dn 1a néng do
dién tir du. Twong tu nhu thé p = po + 6p 12 nbng d9 16 tréng khong can bing,
ép 12 néng do 16 trong du. Néng do dién tir va 16 trong can bing trong bin
dén khong suy bién duge biéu dién bang céc cong thic.

ng = N, e (Ee~Ep)/ET
po = Ny-e (Br—E)/AT

Néng d6 dién tir va 15 trong khéng can bing ciing dugce bidu dién bang céc
cong thite tuong tir nhung cdc mitc Fermi duge thay bing chudn mitc Fermi.

n = ng+dén = N,.- e~ (F—E7 }/RT
p = po+dp = N, cg (B —BE-v)/AT

trong d6 E3, # E;p~ 12 cdc chudn mifc Fermi clia dién tit va 16 trong. Ta cling
thdy réang

np = nopo- e~ FiaTi/AT 2 o= (B}.=5},)
Khi B}, = E;p* = E thi ban d4n 12 can bang.

Qua trinh phit sinh duge dic trung bdi mot dai ugng goi 1a tdc do phat
sinh, bang s6 cap dién tlr vi 16 tréng sinh ra trong mot don vi thati gian, mot
don vi thé tich.

Qud trinh tdi hop dwgc dac trung boi t6c 4o tdi hop, bing s6 cap dién tir
va 16 tréng t4i hop trong mot don vi thii gian mét don vi thé tich. Qud tfinh
tai hop x4y ra theo nhiéu co ché€ khéc nhau:

- Tai hop tryc ti€p: dién tlr trén viing din "gap" truc tiép 16 trong dudi vitng
héa tri.

- T4i hop qua tam: Tdi hgp gidn tiép qua su "moi giGi"” cha mot tam bat (
mot mitc nang lugng trong viing cdm).

Trong trudng hop néng d6 hat ddn du khong cao 1am. én = 6p < nq,po ta
c6 thé gia thiét t6c do tdi hop R ty 1€ v6i én hodc dp:
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trong d6 7,7, duge goi 1a thai gian song cla dién tr va 16 tréng tuong
ing. D6 14 khodng thoi gian trung binh ma mot hat din ton tai tir khi duge
phat sinh cho dén khi chiing bi tdi hgp.

Tuong tu nhu d6i v6i mat do dién tich ching ta ciing ¢6 thé viét phuong
trinh lién tuc doi véi néng d6 hat din, tir phrong trinh niy chiing ta c6 thé
tim dugc ndng do hat din khong can bang theo théi gian cling nhur theo toa
do.

Phuong trinh lién tyc trong trudng hop mot chiéu déi v&i dién tir ¢é dang:
on _ 13J,
8t ¢ Oz

trong dé6 G, t6¢ do phit sinh dién ti
R, t8c do tdi hop dien tir
Jn  mat do dong dién

Trong truomg hop tong qudt mat do dong dién tlt gom hai thanh phan.

- Thanh phan dong do chuyén dong cla dién tir dudi tic dung cta dién
trudng, goi 1a dong cudn (frift current)

+G‘n _'Rn

Jen = en T].,U-ug

- Thanh phén thit hai do chuyén dong khuéch tén gay nén tit viing ¢6 néng
d6 16n dén viing ¢6 nong do nho va ty 18 vdi grad néng do, do 1a dong khuéch
tan (diffusion curent).

dn

dz
Tuong tu nhu trén chiing ta cé thé viét phuong trinh lién tuc va cdc biéu thitc
mat d6 dong dién cho 15 trong.

0 day D,, 1a hé s6 khuéch tan cla dién tir, n6 lién he v6i d6 linh dong clia
dién tir bang mot hé thitc goi 14 hé thifc Einstein:

D, = g Hn
D, = e Hp

Ep

JD'N. = _eﬂDn

Nhu vy dong cudn phu thudc vao néng do hat dam va dién trudng, con dong
khuéch tén lai phu thudc vio grad néng do hat din.

Dé dac trimg cho qud trinh téi hgp va khuéch tdn hat din ngudi ta con dua
ra mot dai lugng got la do dai khuéch tin. D¢ dai khuéch tdn 13 quing dudmg
ma hat din khuéch tdn di duge trong thdi gian séng clia né, duge k¥ hiéu Ia
Lpy. va an, ta co Lnn = \/_Dn—‘rn; LDp = \/m.
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4.5 D6 dan dién cia chit ban dan

Ta ¢6 thé sir dung thuyét dién ti kim loai d€ tinh d¢ din dién cta chét bdn
din. Tuy nhién trong trudng hop nay ta phai huwu ¥ réng: trong chit bdn dan
¢6 su tham gia din dién cla hai loai hat dén khic d4u, dién tir va 16 tréng.
Chiing ta ciing hiéu ring sy din dién cha 13 tréng cling chinh 1a do si chuyén
déng cha dién tir lién két. Lb trong chi 1a mot loai hat gid dinh ¢6 céc tinh
chét dong c6 thé thay thé tinh chét dong cla cic dién tir lién két. Tuy nhién
tir nay vé sau trong nhimg tinh todn chiing ta xem 18 trong nhu mét hat dén
thuc thu.

Theo thuyét dién tit kim loai ta ¢6 thé tinh d6 din clia chdt bin dén:

Gi4 sit trong chét bén din néng do dién tit bing n, ndng do 16 tréng bing
p. Khi ¢6 dién trudng tic dung cdc hat din tham gia dong thdi hai chuyén
dong, chuyén dong nhiét hén loan va chuyén dong cudn theo phwong dién
trudng v6i van téc trung binh vy, Ta cé thé tinh mot cdch gin ding van toc
cla dién tlf vgy,.

Vign = @nTy. Trong dé 7, 1a thii gian chuyén dong ty do trung binh cla dién
tit, a,, la gia téc a, = i;f

Khi dé ta cd

enT;
;:E T

Udn =

Chuyén dong cé huéng cia dién tlr gay nén dong dién v&i mit 4o dong
dién 1a
Jp =  epitgn
Jo = epppn€

Tuong tu nhu vay J, 1a dong dién do 16 tréng gy nén

Jp = epPUdp = eptippl i

Dong dién tong cong s& 1a J = J, + Jp. = ¢£. Cubi cling ta c6 biéu thitc d6
dAn dién ctia ban dan:

T = epfinh + epltyp

elr, e’

n -
* -
m mp

p (4.38)

O=0p+ 0y =

O day céc dai luong g, = 2 vi g, = 2= goi 1a d6 linh dong cla dién tir va do
linh dong cla 16 tréng dugc do bang don vi m?/Vs. Con , va 7, dugc goi Ia
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Hinh 4.9: So d6 ndng lugng viing ddn ciia GaAs.

thdi gian héi phuc clia dién tir va 16 tr6ng, trong mitc do gin diing nh4t dinh
c6 thé xem chiing béng thdi gian chuyén dong tu do trung binh clia dién tir
va 16 tréng. 7, va 7, dic trung cho x4c suft va cham (t4n xa) 1én cdc tim tén
xa cta dién tir 16 trong. Tam tin xa c6 thé la cdc nguyeén tir trung hoa & niit
mang dao dong khdi vi tri can bang, c6 thé 1a cdc nguyeén ti, ion tap chat, cic
khuyét tat 1am sai léch truong thé tudn hoan. Mot dién tir duéi tic dung cla
dién trudng nhan duge thém ning lugng (dong nang) khi va cham véi tim tdn
xa mét b6t nang lugng. Chinh nhd cdc va cham ma dién tir ¢6 nang luong
cao (bi kich thich) tré vé dugc trang thdi can bing. Thai gian dé mot heé trd
vé trang thdi can bing tir trang th4i kich thich goi 12 thdi gian héi phuc. Vay
nén cac dai lugng 7,, 7, dac trung cho xédc sudt va cham, do d6 dic tnmg cho
qué trinh héi phuc, dugc goi 1a thdi gian héi phuc.

D¢ linh dong phu thudc truc tiép vao thdi gian héi phuc 12 1& dwong nhién,
mat khdc d¢ linh dong con phu thudc vao kh6i lugng hiéu dung clia hat din.

Biéu thitc (4.38) viét cho trudng hop viing ning lugng chi €6 mot cuc tri &
tam vang Brillouin. Trong trudng hop cuc tri khéng nim & tAm viing Brillouin
ma nam trén mot huéng nhu [100] d6i véi silic, chiing ta c6 ca thay 6 cuc
tiéu trén 6 huéng twong duong véi mit ding nang 1a 6 mat ellip dinh huéng
theo 3 phuong khac nhau véi ba thanh phdn m,, m,,ms khéc nhau, ta thdy m*
1a mot dai lugng tenxo bac hai. Vi vy o ciing phai 12 mét dai luong tenxo
béc hai. o s& 1a mot dai luong v6 huéng trong mot s6 trudng hop riéng ma
thoi. Ching ta ciing biét ring m* phu thudc vao quy luat tin sic, nghia 1a
phu thudc vao E(K) vi n6 ty 1é nghich v6i dao ham bac hai theo K cho nén
m* cling phu thugc vao do 16n va huéng ctia K, vao dong nang cia hat din.
Trong trudng hop quy luat tén sic E(K) c6 hai cyc tiéu gdn nhau ching han
nhu & hinh (4.9), khi dién tir c6 dong ning thdp n6 & cuc tidu I ¢6 m3 nhd,
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khi dong nang clia n6 tang 1én nd chuyén lén cyc tiéu I c¢6 khoi lugng mj,
16n hon. Nghia la dién tt "béng dung thdy minh ning lén". Hién tuong nay
da duge nghién cftu va tng dung trong thuc t€ va duge goi 14 hiéu ing Gunn,
14 co sO cha diot phat séng siéu cao tin, diét Gunn.

Biéu thitc (4.38) ciing cho thdy do din phu thudc tuyén tinh vao nong do
hat din n vi p. Nhu ta da biét n va p phu thude vao nhiéu yéu t6 nhu nong do
tap chdt, nhiét do, dp suét...

Dé&i voi ban din dono, n > p, cong thite (4.38) con lai:

s (4.39)
m
P6i véi ban dén axepto n < p
o= T (4.40)
m‘

Trong bén din c¢6 nhidu cyc tiéu twong duong nhu viing dan cha i, Ge,...
néng 4o dién tir & cic cyc tiéu nang lugng theo céc phuong khdc nhau ¢6 thé
khéc nhau khi nén tinh thé theo mot phuong nhédt dinh. Chinh hiéu \ing nay
c6 thé 1am cho dién trd thay déi theo 4p suft, hay d6 chinh 13 higu ting 4p trd,
1am co s& cho nhiéu loai cim bién do dp sudt, do luu lugng...

Néu chiing ta chiéu vao tinh thé bin din mot chiim sing c6 budc séng
thich hop c6 thé lam cho dién tir tt viing héa tri chuyén mic lén ving dan.
Néng 46 dién tir 16 tréng, do d6 tang 1én, 1am cho d6 dan tang lén. D6 chinh
13 hiéu tng quang dén.

Néng do hat din c6 thé phu thuc vao dién trudng (khi dién trudng cao)
- do nhiéu co ché& vat 1y vi du co ch€ dudng ngm nhu ta dd xét, co ché ion
ho4 do va cham giita dién t& ¢c6 déng nang l&n véi céc nguyén tif & it mang.
C4c hién tuong trén day c6 thé 1am tang dot ngot ndng do hat din trong bén
dan, 14 nguyén nhan clia c4c hién tugng dénh thing trong linh kién ban dén,
nhung ciing 12 co s hoat dong cha cac loai linh kién khdc nhu diot én ap
Zener, IMPATT diot (impact ioniziation avalanche transit time) tam dich la
diot thdsi gian van chuyén ion hod va cham hay goi tat 1a diot thdc 1il.

D6 déin clia ch4t ban din 12 mot ven dé rdt 16n, rét quan trong, rédt tiéc
chiing ta khong ¢6 thi gi¥ ding lai lau hon.
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rn
1]
=3

E

Hinh 4.10: Su d6 thé ndng dién tik trong kim loai.

y=10

Hinh 4.11: So d6 thé ndng dién tir khi cé trucmg ngodi tdc dung.

4.6 Cac hién tuong phit xa dién tir

Ta xét mot miu chat ran, néu khong ¢6 trudng ngoai thi thé ning cha dién tit
& ngodi miu khong ddi v bing khOng theo quy udc cha ta. O trong méu the
nang clia dién tit ty do béng E,, ddy clia ving din. Néu ning luong toan phan
cua dién tit I3 E thi (E — E,) =7 14 dong nang cla dién tif 7' = = " = E;nL

Vi ning lugng toan phén cla dién tir thdp hon thé nang clia dlen tr & ngoai
miu nén dién tir & trong miu ch4t rin khong thé ra ngoii miu, xem hinh
4.10).

Muén dién tir ra khoi mau chét rin phéi bing cdch nio d6 kich thich dién
tlr 1én mifc ning lugng cao hon mitc ning lugng ngoai miu, nghia 1a E > o.

Hién tuong dién tir bift ra khoi miu duge goi 13 hién tuong phat xa dién
tit. Tuy thudc vao cdch ma dién tir nhan dge ning luong d€ bitt ra, dé duoc
phat xa ra, hién twgng phét xa dién tir duge chia I3m nhiéu loai:

- Nhiét phit xa dién ti.
- Quang phat xa dién n.
- Phét xa dién tir thi cép.

- Phét xa dién tir do bin phd bing ion.
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Tne)
Q(E/),/’/
" n(E)
Q)ién tf nhiét phat xa
1 —»
E E,E=0 :

Hinh 4.12: So d6 bidu dién cdch tinh dong nhiét phdt xa dién ut.

- Phit xa dién tit néng. -

Néu ngoai méu c6 dién trudng 1am cho th€ nang clia dién tir phfa ngoai miu
gidm xudng nhu & hinh (4.11), thi trén bé mat mAu chat ran hinh thanh mot
hang rao thé. Néu dién trudng di 16n hang rao thé di méng de xay ra higu
tng dudng ngim, thi ¢6 thé x&y ra hién tugng phét xa dién o ngay d6i véi
cdc dién tir c6 nang Iugng toan phén £ < 0. Do hiéu ting dudng ngdm ma ta
c6 thé gap mot s6 dang phat xa dién ti:

- Ty phét xa dién tlt, (hay 1a phdt xa dién it lanh).
- Nhiét - tiy phét xa dién tir.
- Quang - tu phit xa dién t.

Pay 13 cdc hién twgng phét xa dién tlit do hiéu ting duong ngim (tu phdt xa)
hoac do két hgp vi qud trinh kich thich bang nhiét, quang vdi hiéu ing dudng
ngim.

Bay gid chung ta xét hién tugng phét xa dién tit quan trong nhét: hién
tugng nhiét phdt xa dién tir.

Chiing ta xét mot méu kim loai hinh 14p phuong canh bing lem va xét bai
todn mot chiéu theo phwong z, nhu & hinh (4.12).

Nhu ta d3 biét, s6 dién tir trong kim loai ¢ trang thdi nam trong phin tir
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Hinh 4.13: So d6 ndng lugng cia dién tr, cong thodt trong bdn dén

thé tich khong gian dK. - dK,, - dK, = dV; la:

= foormr G )3  dK,dK ,dK,
Jfo 12 ham phan b§ Fermi-Dirac, (27)? 12 thé tich phin tir trong khéng gian £
dac trung cho 1 trang thdi d6i v6i méu c6 thé tich bing don vi v =1.

O nhiét do khong tuyét d6i dién tir s& sdp xép vo cdc mitc nang lwong tir
E. dén Ep. Tat ca cic dién tir déu c6 nang lugng toan phdn am, khong thé
thodt ra ngoai miu.

Khi nhiét d9 tang l1én cao ¢6 thé c6 nhitng dién tit ¢6 nang luong E > 0 va
¢6 thé thodt ra ngoai.

Bay gi& chiing ta hdy tim dong dién tir thodt ra khdi miu tir mat phéng
(bé mat méu) vudng gée vdi truc . DE dang thdy rang dé dién tir thodt ra
khoi bé mat dong ning cha dién tif theo huéng = phai I6n hon khoang cich
nang lugng tr mitc E, dén mitc nang lugng ngodi miu ma ta 14y bing khong,
khoang ning lugng d6 duge goi 1a cong thodt thuc su ky hiéu 1a W, = —E..,
Ta ¢6 thé viét diéu kién nay dudi dang:

RPK?2 RIKE
> u,r —— TELIT
2m* E. = 2m*

Ta c6 thé viét mat do dong nhiét phat xa dién tir duti dang

J;_2e[”l/ / vszdK(‘;“{)fK (4.41)
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Dé don gian bal todn va vi cdc dign tircd thé tham gia viio hién tugng phat xa
thydng c6 nang lugng cao nén ta thay ham phan bé Fermi-Dirac béng ham
phan b6 Maxwell-Boltzmann fup = el Pr—E)/KT

’IhayE—E F K g L (K24 K2+ KD, v = =2 tach

2m* m* e !

ge-E, 52(K2+K2 K2y
Jw—de/dK/ e K,

471' m*

Tinh toin cu thé cho ta
Iy = 4”}":” € 12T2e B — AT?e i (4.42)

4rm*ek?

h3
goi 14 cong thodt nhiét dong, n6 bing nang lugng cén thiét dé dua mot dién
tit ¢6 nang lugng bang mitc Fermi thodt ra ngoai.

Nhu vay cong thoat nhiét dong cha kim loai, ma ta thuong goi tit 1a cong
thodt cha kim loai, bing khodng nang lugng tit miic chén khong dén mitc
Fermi

. m* A e LA Ty
trong d6 A = = 120 ( JKE) goi 13 hé s6 Richardson, ¢ = —Ey

& = -E; (4.43)

Cong thodt clia cdc chdt ban dén ciing dugce tinh trong ty mic du trén thuc
t€ tai nmitc nang lugng Fermi thong thudng (trong ban din khong suy bién)
khong hé ¢6 dién . D6 12 vi dai lugng & = - E; dac trung sy phan bo thong
ké dién tir. Cong thodt clia bin din dugc biéu dién dudi dang tdng cla hai s6
hang nhu & hinh (4.13):
=X +79
trong d6 X dugc xdc dinh bdi tinh chét clia mang tinh thé, né 12 cong thodt
thuc sv, 4i luc hod hoc, 12 khoang cdch nang lugng wr mifc chan khong dén
ddy vang din, E,, Con 5 1a phén phu thugc vao nong do tap chat va nhiét do.
D6i véi bdan dan riéng, ta cd

., OE, KT N,
d=X+— -+ ¥ (4.44)
Dé&i véi ban din loai n trong viing nhigt do ion hod tap chat
Ny
&p =X - kTl 7 (4.45)
va ban dén loai p:
&, = X+ AE, + KT 2 (4.46)

Ny
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M, Myl eUy

$.

d Ery
E . h

F2 EF1 EF1
g EC‘I

. E::z__eU- -

ot T EC1
a} b)

Hinh 4.14: So d6 gidi thich su xudt hién hiéu thé tiép xiic ngoai.

4.7 Cac hiéu img tiép xic
B&i vi trén bién gidi chia cht ran ¢6 ton tai mot hang rao thé, cho nén khi hai

chit rin khic nhau tiép xic v6i nhau s€ hinh thanh hiéu dién thé ti€p xic do
su khdc nhau cta cic rao th€ d6 gy nén.

4.7.1 Hiéu thé tiép xiic ngoai. Hiéu th€ ti€p xic ngoai xudt hién gitta hai
kim loai ti€p xic v6i nhau hodc trao d6i dién tir v6i nhau bang hiéu ing nhiét
phét xa dién tir. Gia sir cong thodt &, ctia kim loai M; nho hon &, clia kim
loai M,, thi dong nhiét phat xa dién ti tir M, sang M, s€ 16n hon dong nhiét
phat xa tit M, sang M;. Két qua 1a M, tich dién duong, M, tich dién am va
gilta M; va M, xudt hién mot hiéu dién thé ti€p xic, ky hiéu Ux. Qua trinh
trao ddi dién tir s& cAn bang khi dong dién tit tit M, sang M, la J;, bing dong
dién tir tir M, sang M, 1a Jy. TW cong thitc dong nhiét phat xa dién tir ta c6

AT'Ze—‘IH /kT = ATEE—(¢'2+CUK )/ kT

ta rit ra dugc: |
1

Vi vay hiéu thé tiép xiic Ux dugc xdc dinh boi hiéu hai cong thodt. Vi dién
thé trén bé mat kim loai 1a déng déu, nén giita hai diém b4t ky trén hai kim
loai déu ton tai moOt hiéu dién th€ Uk va Uk Vi th€ duge goi 1a hiéu thé tiép
xtc ngoai. Hinh (4.14) giai thich su xudt hién hiéu th€ ti€p xiic ngoai.
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4.7.2 Hiéu thé tiép xic trong giira hai kim loai. Khi kim loai M, va A%,
nim trong trang thdi can bing mitc Fermi trong hai kim loai bing nhau. Tir
hinh (4.14), ta thdy miic ning lugng E¥ va E}, cua hai kim loai khidc nhau,
diéu do6 ¢6 nghia 1a thé nang cla dién tir trong hai kim loai khdc nhau. Tir d6
ma xufdt hién mot hiéu dién thé va mot dién trudng ti€ép xic gilta hat kim loai
trong viing ranh gidi. Hiéu the ti€p xiic nay goi 1a hiéu thé ti€p xtic trong dam
bao cho su c4n bing dong dién va dong nang luong qua lai ti€p xtc. Tir hinh
(4.14b) ta thdy dé chuyén moét dién tir c6 dong nang bing khong tir A1, sang
M, ma khong 1am thay déi dong ning cua né ta phéi cAn mét nang lugng
bing E;, — E2,. T d6 chiing ta co thé tinh hiéu thé ti€p xic trong

Ui = - [(Eer = Bp) = (et - Fyi] (4.48)

Tit cong thic (4.48), E; — B, = £ (22)*/* ta ¢6 thé viét:

2m B

2 2/3 /_3/3 273
L@ (EE) e
w m3 m]

R& rang su tdn tai U; 1a dé triét tiéu dong khuéch tén dién tir qua bién gidi do
su chénh léch néng do gitta hai kim loal, néu m} = mj va n; = n, thita c6
U; = 0. Chinh do sy ton tai hiéu th& tiép xic trong U; ma xudt hién cic hién
ing nhiét dién nhu hiéu img Seebeck, Peltier.

4.7.3 Hiéu img trudmg. Su uén cong vung nang lugng cia bin dan trong
dién truomg. Xét m6t miu bdn din, vi du, loai n, dit trong dién trudng déu
cia mot tu dién phang nhu & hinh (4.15).

Duéi tdc dung clia dién trudng, néng do hat din s€ phan bé lai, lam xuAit
hién mat d8 dién tich p(7). Mat d¢ dién tich p(} phu thudc vao cudng d6 dién
truong theo phygng trinh Poisson

diveeyé = p{F)

hay 1a V2p(7) = _g. Trong d6 , la dién thé, € = —Vy. The nang dién tr
¢}

duogc tinh bdi cong thic V(7) = —ep(). T phén trudc ching ta d3 thdy ring
trudng thé bén ngoai s& lam thay ddi cdc miic ning lwgng E(F) = E + V (7).
Tét ca cdc muite nang luong déu chiu sy thay déi nhu nhau:

E.(f) = B + V()
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Hinh 4.15: Sic uoh cong ving nang lugng cia bdn ddn trong dién truimg € > 0.
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Hinh 4.16: Si uén cong vitng ndng lugng ciia bdn dén trong dién truong £ < 0.
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Eo(7) = Ey + V(7)
Eq(f) = Eq4 + V(F)
Eo(f} = Eqo + V(F)
Néu chét ban din nim trong trang théi can bing thi mifc Fermi déng déu
trong toan mau. Tir d6 suy ra
Ec—Ef —}Ec-i-V(?—'.)—Ef
Ey — B, — Es — (E, + V(7).
Khoéang cich gifra E, va E; ting mét lugng V() thi khoang céch gilta £ va
E, giam mot luong V(7). Su thay déi nay chi ra ring ndng do dién tlr n va
néng do 16 tréng p da thay ddi, din dén su thay d6i do din. D6 chinh 12 higu
Ung trudng. Ta xét mot cdch dinh lugng hi¢u img nay dudi day (xem hinh
(4.15) va(4.16)).
n(z) = Ne~ (Bl =ER)/AT _ o =Vie)/kT
p(z) = efng — nge™ VI = eng(1 — e VI/ETY,
Thay vao phuong trinh Poisson, ta ¢
o _plz) _ _eno —V{2)/RT
@——a——&uﬂ—e )
Chuyén sang phurong trinh d61 véi the ning, V(z) = —ep(z)
d?Viz) E‘B_ﬂ,g

dx? a €Eq (1
Vi V(z) nhd hon kT nén ta c6 thé phan tich v&€ phai cha (4.50) vao chuéi
Taylor va 14y gin ding dén s6 hang thit hai, ta c6

dViz)  engViz) p(x)e

_ V(=)/ATy (4.50)

dz? ey kT = ¢y @.51)
L4y diéu kién bién V(0) = V,; V(o) =0, ta cé
Viz) =V, et vé L= E.EE‘.’?; (4.52)
ol

Tir day ta thdy dudi tic dung cta dién trudng mic nang lugng bi uén cong,
d6 udn cong trén bé mit 12 16n nhdt bang V, va gidm theo ham md khi di vao
trong long chit bdn dén. Dién trudng chi th&m vao trong chét ban dan dén
mot dé sau dic fnmg bang Ly phu thude vao néng d6 hat dén co ban, L, 12
khoang chin Debye.
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4.7.4 Tiép xic kim loai-ban dén loai n. Ciing gidng nhu tiép xiic gitta kim
loai va kim loai, do két qua cta sy trao d6i dién tir giita kim loai va bdn din
xuft hién mot hiéu dién thé tiép xdc ngoai

Uk = (@ ~ &) (4.53)

Tuy nhién vi dién trudng ti€p xiic s& tham nhap vao chit ban din dén mot do
sdu nhit dinh va lam cho viing nang lugng ctia bdn dén & I6p gidp ranh cé sy
udn cong nén ti€p xtic kim loai-ban din c6 nhing dic diém riéng.

1. Tiép xic kim logi-bdn ddn logi n véi &5 < ®,,. Cong thodt clia bdn din
nho hon cong thodt kim loai. Vi cong thodt ban din nhé hon nén khi tiép xic
dong dién tir tlt ban din di sang kim loai nhiéu hon dong nguoc lai va khi can
bing, ban dén tich dién duong, kim loai tich dién am, xuft hién trén tiép xic
mot di¢n truong ti€p xiic huong tir bdn din sang kim loai, va thé nang ctla bdn
dan ha thdp dén tir mat phan cich di sau vao, hay néi céch khac mic nang
lugng cia dign tir trén bé mat cong 1én nhu trong hiéu tng trudng, néng do
di¢n t trong 16p gidp ranh phia ban din gidm xuéng. Vi dién tit & day 1a hat
dén co ban nén d¢ din clia 16p nay gidm xuSng. Ta néi trong 16p gidp ranh
tao thanh 16p nghéo hat din co ban,

Tiép xidc trong trudng hop nay goi 1a ti€p xic déng. Cin hwu ¥ ring méc
dau mat dg dién tich bé mat phia kim loai trén bién gii bing mat do dien
tich bé mat phia bdn dan (nhung trdi d4u) bé day 1ép dién tich dia phuong
bén bdn dan (ky hiéu W) 16n hon rit nhiéu bé day I6p dien tich bén kim loai
(ky hiéu W), nhu & hinh (4.17). D6 [a vi néng d6 dién tit trong kim loai 6n
hon r4t nhiéu ndng do hat dén trong bin din.

Mat do dién tich duong trong 16p gidp ranh phia ban din v6i "gn diing
16p ngho” cé thé vigt.

p=eNJ =eN;=eng

Phuong trinh Poisson trong 16p nay c6 thé viét

d’¢  eng
& e “.54)
Ta c6 thé thiét 1ap diéu kién bién nhu sau:
-Taie =W, : p(W,) =0 f(W’E):— dip =0,
dz |y

-Tala::[)rp[(l) ZUK = %(‘I'S—QM).
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Ec k. E
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EFM
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Hinh 4.17: Tiép xic kim logi-bdn ddn logi n véi &5 < @ .



190 Chuong 4. Mot s6 vdn dé vdt Iy bdn ddn

Tich phéan phuong trinh (4.54) ta c6:

d

ﬁ = [eng/eeg)(Ws — x)
—_E0 w2

@ = Seeq (W, — z)".

ffng dung diéu kién bién (0) = Uk, ta ¢6

{ &, -3
W, = ZeepUk — 2ee0 (P, . M) (455)
£Ng npe

2. Truong hop tiép xic kim logi-bdn ddn logi n véi 8, > @5 . Tiép xtic duge
biéu dién & hinh (4.18). Ciing 1y luan tuong tu, trong trudng hop nay ban dén
tich dién am, kim loai tich dién duong. Trudgng ti€p xtic hudng tir kim loai
sang ban dan. The ning dién it trong ban din tang Jén. Cac mic nang luong
cong xuéng. Néng do dién tit (hat co ban) trén 16p ranh gidi ting 1én. D6 din
16p ndy ting 1én va tigp xic goi 12 ti€p xtic m&. Ldp ranh gidi phia ban dan
goi 1a 16p giau hat din co ban bé day W, thudng khong I6n.

4.7.5 Tiép xic kim loai-bin dan loai p. Chiing ta xét trong ty nhu trén hai
trudng hop &, < &g v trudng hgp &, > @, bang cic so do trén hinh (4.19).

1. Trucmg hop tiép xuc kim logi-bdn ddn loai p, voi ¥y < ®s. 3 day kim
loai tich dién duong, ban dén tich dién am, dién truomg ti€p xtic hudng trkim
loai sang ban din, thé ning dién tir trong bén din tang 1én, mic nang lugng
cong xuéng, trén 16p ranh gidi phia ban din hinh thanh 16p nghéo hat dan co
ban 13 18 tréng. Tiép xuc 1a tiép xuc dong.

2. Truong hop tiép wic kim logi-bdn ddn logi p vi &1 > &s. O day kim
loai tich dién am, ban dén tich dién duong, dién trudng ti€p xiic hudng 0 ban
dan sang kim loai, th€ nang dién & trong ban dén gidm xudng, mic nang
lugng cong lén, trén 16p ban déin gdn bién gii hinh thanh 16p giau hat dén co
ban, 18 trong. Tiép xuic la tiép xlc mé.

Cic tiép xic m& cb ddc tuyén V — A loai 6mic, nghia 1a dong dién phu
thuoc gin nhu tuyén tinh vao dién 4p, cdc tiép xic déng cd dac tinh chinh
hru, dac tuyén V — A khong tuyén tinh,
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E
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[

Hinh 4.18: Tiép xiic kim loai-bdn ddn logi n vii $s > 3.
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¢ Ec
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Eey F
E
F v
£ _fet e £
CK. e — —
p— S NG =T
N 3
Erm = == —Es

Hinh 4.19: Tiép xiic kim logi-bdn ddn logi p: a- 35 < &, b- &5 > By,

el fely "'eU) Ly
Lf v LK E - yeyy
ECK;‘%—% Cr Noo yl&Ux+eu)
Fj(ej(_,r,:ﬁi‘.ﬁ) T
R e o elreu)
R B
!t:-_—_ EU \\_ =

Hinh 4.20: So d6 tiép xuc kim logi-bdn ddn: a- v&i thién dp thudn, b- v&i thién dp
nguye.
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4.7.6 Dac tuyén V-A cila cic tiép xic dong kim loai-bin din. Ching ta
xét tinh chinh luu, dac tuyén V-A cla tiép xic déng, nghia 1 tiép xtic kim
loai-bdn dén loai n vGi &) > &5, hoic ti€p xtc kim loai-bdn din loai p vdi
(I’M < ‘I’g.

C6 hai 1y thuyét chinh vé dic trung V-A cla ti€p xic kim loai-bdn dan.
Thuyét thit nhat 13 thuyét diot iing dung cho trudng hop bé day 16p ngheo Ws
méng. Trong trudng hop nguoc lai Ws day, ngudi ta ding thuyét khuéch tdn,
Tuy nhién & day dé don gian chiing ta chi xét thuyét diot.

Thuyét diot dua trén gia thuyét bé day 16p ngheéo nhd hon quing dudng
chuyén dong tu do trung binh clia dién tlr (hay 16 tréng) va cho ring dong
dién qua lai ranh gidi ti€p xiic 12 dong nhiét phdt xa dién tir.

Trong diéu kién cAn bing khi thién dp (dién dp bén ngoai dit vio tiép xic)
bang khong, dong nhiét phat xa dién ti Jo, tit kim loai sang bén din bing
dong nhiét phat xa J;,, tit bdn dan sang kim loai, nghia [a

Jmso = Jsmo

Khi ¢6 thién 4p ngoai dat vao dong nhiét phét xa dién tif tir ban din sang kim
loai s€ ]a
Jorn = AT2e—(eUx+eU}
Dong J., nay phu thuéc vio chiéu cao hang rio tinh tr diy viing dan E,
(trong ban dén loai n), chiéu cao hang rio lai thay déi theo dién 4p ngoai dit
vao U7 nhu & hinh (4.20).
Dong dién téng céng theo chiéu tir kim loai sang bin din 13
J= Jms — Jsm = Jms - AT?E_(ilﬁre_U)
Tu hinh (4.20) ching ta nhan thay ring dong J.s 14 dong nhiét phit xa dién
tir tir kim loai sang bédn dan, chi phu thuéc vio rio th€ &g, ma rao thé nay
khong phu thudc vao thién ap bén ngoai, nén ta c6:
AT?e~5F

Jms = mso = Jsmo =

Vay ta co
J = AT?e~ % — AT~

J = AT~ 5 (1 — =) = J5(1 - e~ %) (4.56)
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Hinh 4.21: Ddc tuyén V-A cua tiép xiic kim logi bdn dén.

Neéu chiing ta chd ¥ dén chiéu elia thién 4p va chiéu clta dong dién thi c6 thé
viét lai cong thuc
J = Js(etir - 1), 4.57)

véi U > 0 khi kim loai duong, bdn dan am. Js > 0 chay tir kim loai sang bdn
dan la dong dién tich duong. Dudng lién nét (1) hinh (4.21) mo ta dic tuyén
V-A 1y tudng theo (4.57). Dudng (2) mo ta dac tuyén V-A thuc té thuong gap.
Su sai léch nay c6 nhiéu nguyén nhan ta khong ¢6 diéu kién di sau. Ly thuyét
nay cling khong giai thich duge mot s6 két qua thue nghiém quan trong:

- Theo 1¥ thuyét hé s6 chinh hwu cao hon 10 14n két qua thuc nghiém.

- Theo 1y thuyét mat dé dong dién qua tiép xiic phu thudc vao kim loai
trong tiép xuc, thye nghiém cho thdy mat d6 dong it phu thude vao vat liéu
kim loai.

4.8 Ban dan khong dong nhat, chuyén tiép p-n

Tir trede dén nay ching ta chi méi xét cdc ban din dong nhdt, nghia la cédc
bdn dan trong d6 thanh phin, ndng do6 tap chét cdc loai ddng déu trong toin
mau. Trong muc niy ching ta xét cic miu bdn dan trong dé ndng do tap chat
Nu(7) hodc N, (7) phu thudc vao toa do.

Vi néng d6 dién tit v néng &6 16 tréng phy thudc vao néng do tap chat
N4(7) hodc N,(7) cho nén ban than ndng do hat din cling phu thude vao toa do
n{F) va p(¥). Su phu thudc ndng do hat dan vao toa do din dén sy khuéch tin
hat din. Su khuéch tan hat din dua dén su hinh thinh céc dién trudng £ trong
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méu, dién tnrdng nay gay nén cic dong dién cuén 1am triét tiéu cic dong
khuéch tin hat din. Trong diéu kién cin bang khi mic Fermi déng déu trong
toan miu thi sy tn tai cdc dién trudng trong mau s& gy nén su udn cong
viing nang lugng ma dang chi ¥ nhit 1a cidc mic ndng lugng E., E,, By, B,

Trong diéu kién can bing, ddng dién téng cong trong miu bing khong va
ta c6 thé viét

-

.)?.: Jg+ j}) =10 (458)

Nhu véy trong trudng hop néng d¢ tap chét khong déng déu trong miu s&
xudt hién mot dién trudmg trong &,

Bay gid chiing ta xét mot trudng hop dic biét cia ban din khong déng
nhdt, do 1a chuyén ti€p p — n.

4.8.1 Lép chuyén tiép p-n. L&y mdt miu tinh thé ban dén mot nira pha tap
loai n, mot nira pha tap loai p ta dugc mot chuyén tiép p - n. Trong thuc t&€
ché tao cdc linh kién ban din, vi du di6t ban dén, 16p chuyén tiép duogc ché
tao theo cong nghé sau day. Ly mot miu ban din pha tap loai p, ching han,
vdi ndng dé cdc nguyén tlr axepto bing N,, sau d6 cho khuéch tin vao méu
bidn din tap chat dono v&i ndng dd dono Ny > N, tir mot phia bé mat mau.
Nhu vy trén bé mit méu véi do sau phu thude vao qud trinh khuéch tdn ta
c6 mot 18p bin dan loai n, ¢6 néng d6 pha tap N, = (N; - N,) dong vai tro
nhtt ndng d6 tap chét loai ». Con 16p ban din phia dudi 14 ban din loai p cé
néng do pha tap 1a N/ = (N, — N;). RS rang su phén b6 tap chit trong chuyén
ti€p p — n thyc t& rdt phitc tap. Tuy nhién dé don gian bai todn chiing ta s& xét
mot chuyén tiép 1§ tudng véi sy phan bd tap chdt Ny va N, ¢6 tinh chédt dot
bién:
Ns khi z<0 0 khi z<0
Nalz) = { 0 khi z>0 @)= { N, Khi z>0 @.59)

nhu biéu dién trén hinh (4.22a). Chuyén ti€p p — » nhu thé goi 13 chuyén tiép
dot bién, 13 mot mé hinh 1y tudng chi t6n tai trong thuc t&€ mot cich gin dung.
Bay gid chiing ta ldn lugt nghién citu cdc dai lwgng déc tring cho chuyén tiép.

4.8.2 Su phan bé dién tich trong chuyén tiép p-n dot bién. V&i su phan
b tap chdt nhu (4.22a) ta thdy ring trong phin n clia chuyén tiép néng do
dién tir 16m, trong phan p nong d6 16 tréng 16n. Vi thé qua ranh gidi ¢6 mot
dong khuéch tdn dién tiy tit phin » sang phin p v cé mot dong khuéch tin 16
trGng tlir phdn p sang phin n. Phin n m4t bét dién tr nhan thém 15 tréng cho
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nén tich dién duong, phin p mit bét 16 trong nhan thém dién it nén tich dién
am. Trong viing gidp ranh vi the xust hién mot dién trudng &; va giita hai phén
hinh thanh mét hiéu dién thé ti€p xiic Uy . Dién trudng &; gy nén dong cudn
dién tir ti phédn p sang phén n va dong cudn 16 tréng tir phin n sang phén p,
nghia 13 nguge chiéu cdc dong khuéch tin va lam triét tiéu cic dong khuéch
tan. Trong viing gidp ranh sé ton tai mot vang dién tich dia phuong, viing nay
cé ndng do hat din rdt nho, ¢6 dién trd sudt gdn bing ban ¢in riéng, nén goi
14 viing kém din hay ]a ving nghéo. Ta c6 thé tinh dugec mat do dién tich
trong viing kém din mdt cich gin ding nhu sau:

Khi z<0 p*(z)=e[Ns+ ;—iezl-(fﬂ] véi Viz)>0

-Viz)

. 2 .. (4.60}

Khi z>0 p7(z)=—e[No+ Fe | VO V(z) <0
Trong dé V(z) 13 d6 uén cong viing nang lugng do dién trudng &; gy nén,
twong tu nhu trong ti€p xiic kim loai-bdn din & muc 4-5. Trong trudng hop
ndng do tap chat Ny va N, 16n ta c6 thé viét

pHi{z) =eNg VA p ()= —eN, 4.61)

Két qua cho thdy rang ta c¢6 thé xem mat do dién tich trong viing dién tich
dia phuong 12 ddng déu va phu thudc vio néng do pha tap trong timg phdn,
nhu biéu dién & hinh (4.22b).

4.8.3 Dién truimg trong 16p chuyén tiép p-n. Tir viéc nghién clu ti€p xtic
kim loai-bdn dén chiing ta cling dé hiéu ring dién trudng & ciing chi tham
nhép vao hai phin p va n trong ving gidp ranh ma thoi. Gia sit bé day 16p
dién tich dia phuong trong phdn » 13 W,, vé trong phén p 14 W, thi chiing ta ¢6
thé xem nhu dién trudng & tai cic diém z = —W, vd z = W, 1a bang khong,
nghia la
aV(x) dV{zx}
dz -

=0 (4.62)

r=—W. dr z=W,
D€ tim dién trudng £; ta c6 thé dua vao phuong trinh Poisson dudi dang:

d?V + 2 "
dng) = e"ee(z) = Nay V6 -Wo<z<0
0 ]
#Vi(z) _ ep~(z) _ -iN VOl o<z < W, (469
dz? eeqg  eeg 2
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*

Hinh 4.22: Chuyén tiép p - n.
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Giai céc phuong trinh (4.63) két hop véi (4.62) ta ¢

) _ - ldViz) _eNg .,
khi -Wy<zx<D, £&=- T —660[14,.+:r)>0 (4.64)

g
khi 0<z<W, &=14E__t@G_pu)so.

e dzx £Ey

Chiing ta nhin thay ring dién truong trong timg phén clia chuyén ti€p thay
déi tuyén tinh theo z va cuc dai & ranh gigi. Tir diéu kién lien tuc cha dien
trudng ta cod

Ny W — elN,

€€ €€

W, hay NW,=NW, (4.65)

Trén hinh (4.22¢) biéu dién sy phu thudc cia cudng do dign trudng &; vao toa
do z. Tir day chiing ta thiy ring bé day ciia I6p dién tich dia phuong trong
titng phén clia 16p chuyén tiép p—n ty 1¢ nghich véi nong do pha tap phan dé.

4.8.4 So dé ving nang luong trong chuyén ti€p p-n. Khi chuyén ti€p p—n
nim trong trang thai can bing mitc Fermi cia hai phén p va n phai bang nhau,
nhung cic viing nang lugng bi uén cong.

Pé x4c dinh duoc nhiing thay ddi cha viing nang lugng ta cdn xdc dinh thé
nang V(z). Chiing ta chon géc toa d cla thé nang V (x) Ja the nang tai cdc
diém » < -W,,. Nghia la:

Vie)=0 khi z<-W, hay V(-W,) =0 (4.66)

Vi cdch chon goc toa do nhu vay ta cé thé xdc dinh thé ning tai cic diém
x> W,, Viz) = elUx hay V(W,) = el'x; el chinh la chiéu cao hang rao thé
nang d6i v6i dién tir tit phdn n sang phin p do dién trudng £; gdy nén.

Giai phuong trinh (4.64) ta c6:

Viz) = - Wp+2)2+4+e, khi -W,<z<0

2N

N, . .
V(z) = —82“0 (x—W,)2+c; khi 0<z<W,.

Ung dung diéu kién bign V(-W,)) = 0 vd V(W,) = elUx ta ¢ thé xdc dinh duge
hai hing s6 itfch phan ¢, ¢, va 101 gidi bai todn la

2ar
V(z)ze’“f‘

p / 2 =V — W. "
2ty (Wn + 2)° = Vii(2) W, <z <0 {4.67)

Vizg) = —la(z - W,)2 +elUx = Vo(z) O<z<W,

Zren
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Trén hinh (4.22d) biéu dién su phu thudc clia the ning V(z) trong chuyén tiép
p—n.

Tu didu kién lién tuc clia V(z) tai z — 0 ta c6 thé xdc dinh Uy, hiéu thé
tiép xic ngoai clia chuyén tiép p — n:

esz 2 82}\;& - h l\
See0 “n— 2etq W, + el/khay la
Uk = —— (NW2 + NW2). (4.68)
2660
Ung dung (4.65; ta co
. 1 1
Ui = 5o NalWall¥o + W) = 5 N3W (A—, ; ) (4.69)

Chiing ta cling c6 thé biéu dién Uk qua cong thodt cia cdc phdn » va phén p.
That vy, chiing ta c6 thé viét:

el = EC‘(I‘VP) - EC(_I'VH) = (np - T?n)

Viay do cao cla hang rao thé ning eUx bing hiéu cong thodt dién tir tir phin
p va tit phén n, Uk chinh Ja hiéu thé tiép xic ngoai gitta hai phin p va n. Trén
hinh (4.22¢) biéu dién viing nang lugng cia chuyén tiép p - n.
4.8.5 Phan bd ndng d6 hat dan trong l6p chuyén tiép p-n. Thay cic gid
tri &,. &, tir (4.46) va (4.45) vao (4.70) ta cé:

AY

Uk =, - b, = AE, 4.71)
hay 13
eUx = AE, — kT'ln “,‘A',"‘ (4.72)
A‘af\'d
Thay n? = N.N,e~ 37 AE, = kTin N
NN,
elUx = kTn NRN —kTIn =Y — kTIn An‘f“ (4.73)
H u d i

Chiing ta gia thiét miu trong viing nhiét d6 ion hod tap chit cho nén N, =
Po = Pu; Ng = ng = ny, thay vao (4.73) ta cd

eUx = kT'In 22 (4.74)
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Thay n? = n,p, = pyn, vao (4.74) ta cé

el = kTIn 22 —kTIn 22 (4.75)
Np P
Tir day ta thily hai phdn ban din cang pha tap nhiéu thi Ux cang [6n.
Bay gids chiing ¢6 thé biéu dién néng do hat din khong co ban qua nong
d6 hat din co ban:

v o
Pn=DPp exp(—-:—TK); Ap = Tig exp(_e’k—TK) (476)

Trén hinh (4.22f) bidu dién su phan bd néng do hat din trong chuyén ti€p
p—n. Nong do hat din chi thay d6i trong viing gidp ranh tir W, dén W,. Vi
vy ta ¢6 thé viét hai diéu kién bién:

pa(~ W) = pp exp(~ ) @7
p(Wy) = i exp(— ), (4.78)

4.8.6 Tinh chinh luu ciia chuyén tiép p-n. By gid ching ta tim dédc trung
V-A cha chuyén ti€p p — n. D€ don gidn bai todn ching ta dwa ra phimg gia
thiét sau:

- Lép chuyén tiép mong Ly, > W = (W, + W,), ¢6 nghia 1a hat din di qua
viing dién tich dia phuong khong bi tdi hop, Lp 13 d6 dai khuéch tan cta hat
dan.

- Hai phén p v n clia chuyén ti€p pha tap manh, nghia la

Pp=DPo »> Ni; Np=7Ng Py

- Khong c6 hién tugng tdi hgp bé mit.

- Dién 4p dit vao chuyén tiép chi gay sut the trén 18p kém din clia chuyén
tiép, cdc tiép xiic kim loai véi hai phdn p,n clia chuyén ti€p ¢6 tinh 6mic va
khong anh hudng dén tinh chét cia chuyén tiép.

Trén hinh (4.23a) biéu dién so dd viing nang lugng trong trudng hgp cin
bing, khi chua dat dién 4p ngoai vao.

Bay gid chiing ta dat vao chuyén tiép p — n mot dién dp U, cuc am cla
ngudn ndi v&i phén n, cuc duong ndi vdi phin p. Dién trudng ngoai trong
trudng hop nay nguoge chiéu véi dién trudng trong &; vi thé hang rao thé nang
trén chuyén tiép giam xuéng mot lugng bang U, Vi hang rao thé ning thap
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‘Wr; OWP X

Hinh 4.23: Chuyé’n tiéb p—n.
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xuéng nén dong khuéch tdn cla dién tir va 16 trong ting 1én. Dong dién gua
chuyén tiép trong trudng hgp nay 1a ddng khuéch tin cna hat din co ban (dién
tir bén phin n, 16 réng bén phdn p) nén mat do dong ldn.

Néu dat dién 4p ngoai theo chiéu nguge lai (cuc duong néi v6i phin n,
cire Am ndi véi phén p) thi hang rao thé nang sé duge nang cao 1én, nong do
hat din co ban s& bi ddy ra xa ving ranh giGi. Khi dé hdu nhu chi c6 hat
din khong cd ban chuyén dong cudn qua bién gigi va gy nén dong ngugc.
Nhung vi ndng do hat dn khong co ban rat nhd nén dong nguge it nho so
v6i dong thuan. Chinh vi vay chuyén tiép p - » ¢6 tinh chinh lwu. Trén hinh
(4.23b,c) biéu dién trudng hop cd thién 4p. DE tim dic trung V-A chiing ta
dung phuong trinh lién tuc trong ché dg dirmg va trudng hop bai todn mot

chiéu: ’
1ad, b

5r o 0
Y (4.79)
2% g
e, Or o

Vi 7,7, 12 thdi gian s6ng cha dién tir va 16 trdng, dn,dp Ja ndng do du cla
dién tir va 10 trong vdi diéu kién bién 12:

Jplz:ﬁ"p = "rp‘u::—W“; Jnlz:—wﬂ = Jn|I=W,, (480)

Bay gidf ta xét riéng thanh phan dong dién do 16 tréng giy nén J,, trong dang
tong qudt J, bing:

d
I, = e,piu,€ + e,D, ;ig (4.81)

Trong phidn p clia chuyén tiép dong 18 trong chl yéu 13 dong cudn vi 16 trong
¢ day la hat ddn co ban py = p, » §,, nghia la khi = > W,

Jy — eppp,f (4.82)
Nguge lai trong phan n, ndng d6 16 trong biang
p(x) = pu +3p (4.83)

trong d6 p,, 1a ndng dé 16 tréng, hat din khong co ban trong trnrdmg hop can
bang (khong c6 dién dp ngoai), 6p 1a néng do 16 tréng du phun tit phan p sang
phan n do dat dién dp ngoai. Vi p, rdt nho nén trong phia n dong 16 trong
chll yéu la dong khuéch tin va bang

dp

Jy=-e,D, - khi z<-W, (4.84)
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vOi D, 1a hé s6 khuéch tén cua 18 tréng trong phén n. Trorg phin n ta c6
phuong trinh lién tuc

Ldl, b

g =0 vl z<-W, (4.85)
Thay (4.84) vao (4.85) ta co

d’p  dp “

i D = 0 vé z<-W, {4.86)

Lot gidi tong quat chia phuong trinh niy ¢6 dang:

xT

f«p) (4.87)

C(ple) —pn) =dp=A4 exp(—%) + Bexp(
2]

trong dé A, B 1a hing s6 tich phan, L, = \/D,7, 1a d¢ dai khuéch tin. Ta thdy
ring khi z = —oo thi §p — oo vi thé phai chon 4 = 0. Khi ¢é dién dp ngoii
hang rao thé ning eUyx trd thinh (el — eU) va vi thé ndng do 16 tréng tai
z = -W, theo (4.77) bing;:

ellg —el’) el/

) = Prexp(3z) (4.88)

p(—Wu} = ppexp(—

I:fhg dung diéu kién (4.88) vao (4.87) ta tinh duge B:

W,
L

B =np, [exp(g} - 1] exp (4.39)

P
Thay gid tr1 B vao (4.87) ta co

7 1
plx) =p, + dp = p, + p,exp % —1]exp Lﬂ" vl x < —W, (4.90)

P

Tix (4.90) ta dé dang tinh duoc dong 16 tréng trong phin w, d6 chinh i thinh
phian khuéch tén.

e, D ¥ el/ T+ W‘u ;
Jp = _pLipp Iiexp(k?) — 1] exp — (4.91)
P P

Taizx = -W,tacd

D.p, 15
Typamm, =~ 2o {exp(s--) - 1} 4.92)
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Ciing ti€én hanh tuong tr ta cling tinh dugc mat do dong dién tir tai = = W,

_enDnnp

y
Tnjemi, =~ [exp(z—T) 1 (4.93)

Tir didu kién (4.80) ta ¢6 thé vidt duge cong thitc mét do dong dién chay qua
chuyén tiép.

J = Jp(=Wo) + Ju(=W) = T (= W) + Ju(W,) (4.94)

Thay cac gia tri da ¢6 (4.92) va (4.93) vao (4.94) ta co:

‘ Dy, Dppn
T = ey |2ple 1 2o

[EXP(Z%) - 1} (4.95)

Néu 14y chiéu duong clia dong dién 14 chiéu tir p sang » va truc = hudng tir »
sang p ta co

_ Dpng  Dppn ﬁ _
J=ep [—L,, + I, } [exp(kT) 1] (4.96)
hay la
J=J [exp(-:—:%} - 1} 4.97
trong do

D D D, D
Jsstn+Jyp:€p[ ﬂnp_i_ﬂ}:c?[ L P}

Ln Lp Lppo LPHU‘

I e {"’i . pﬂ—Lp} (4.93)

Tn To

Biéu thitc (4.97) chinh 12 dic trung V-A cua chuyén ti€p p — n. Trén hinh
(4.24) biéu dién dic tuyén V-A 1y tudng clia chuyén tiép p — n.

4.8.7 Bé day I6p chuyén tiép p-n. Nhu trén day di néi viing gidp ranh gifia
phén n va phén p clia chuyén tiép p - n 6 mot 16p dién tich dia phuong, trong
16p nay nong d6 hat din co ban rdt thdp nén 16p do con goi 1a 16p ngheo hay
16p kém din. Bé day 16p kém din trong phén n 1a W, trong phén p 1a W,. Bé
day tdng cong W = W, + W,. Trong diéu kién can bang tir (4.69) ta co thé
tinh duge W

W = W, + W, = \/ ZeeollMe + Mol (4.99)
atvd
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Hinh 4.24: Ddc ruyén V-A ciia chuyén tiép p — n.

Trong trudng hop cd dién 4p ngoai dit vao hang rao thé nang el tré thanh
e(Ux + U, ta ¢6 thé tinh dugce bé day 16p dién tich dia phuong

W) = \/%(w +U) (4.100)
Chiing ta thdy rang bé day 16p kém din phu thudc vao dién dp ngoai dat vao,
nd giam xudng khi dat thién dp thuan va tang l1én khi dat thién dp nguge. Vi
phéin n va phéin p déu pha tap manh ¢6 d6 dan dién cao, nén 18p chuyén tiép
p —n ¢6 thé xem nhy mot tu dién ma 16p kém din déng vai trd 16p dién méi.
Bé day 16p kém din ¢6 thé thay di dugc bang cich thay ddi dién 4p dat vao
nén 1ép chuyén tiép p - n 12 tu dién c¢6 dién dung bign ddi dugc. Tinh chat
nay dai duoc ing dung dé ché tao cdc varicap, nhitng diot théng s6 tng dung
trong cdc mach khuéch dai thong s6. Nhir dd n6i & trén khi dién dp nguogc
tang lén, dong dién din t&i mét gid tri bdo hod Js va hiu nhu khong ddi khi
dién dp ngugce tiép tuc ting. Khi dién 4p ngugce ting 1én, bé rong 16p kém
dan tang 1én, nhung dién trudng trong 16p d6 cling ting Ién, dién trudng dé
c6 thé dénh gid bing & = ¥. Khi dién dp nguge ting dén mot gid tri nhit
dinh Ug thi dong dién tang 1én rdt manh d6 chinh 1a hién tugng ddnh thing
16p chuyén ti€p p — n. Ddnh thiing 16p chuyén ti€p p — n ¢6 thé do céc nguyén
nhin sau:

- Hién tuong ion hod do va cham: hat din khong co ban chuyén dong cudn
trong viing dién tich dia phuong dudi tic dung chia dién trudng cao cé thé thu
duge mot nang lugng cao ¢6 kha nding gy ra hién tugng ion hod do va cham,
phét sinh cdc hat din m&i. Hién tugng ion hod ¢6 thé lam phét sinh mot néng
d¢ hat dan tuy do 16n theo co ché "phin ing day chuyén” va duge goi 12 hién
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|
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Hinh 4.25: S dd ndng lepng hai tinh thé tride khi tiép xic.

tong thac 13 (Avalanche Multiplication).

- Hiéu ing dudng ngdm ciing 1am tang vot nong do hat dan ty do khi dién
trudmg trong 16p chuyén tiép p—n dat gid tri cyc dai £s. 11iéu tng dudng ngdm
da duoce nghién ciu & chuong 11 va chuong 111

- Hién twong ddnh thiing do nhiét, dé 13 hién twong pha hiy 16p chuyén
ti€p p - n khi nhiét lugng toa ra & chuyén tiép qud 16n khong gidi thodt dugc.
Dong nguoc qua chuyén tiép tuy nhd nhung néu dién dp ngudc cao thi cong
sudt dong dién sinh ra 12 (J;,, x U} ¢6 thé [6n, néu qué trinh phan tdn nhiét
khong kip s& 1am néng va din dén phd huy chuyén tiép p - n.

4.8.8 Chuyén tiép di chat. Cho dén nay ta chi m&i xét loai chuyén tiép
p — n dong chat, nghia 1a chuyén ti€p ma trong dé phdn » va phin p déu tir
mot don tinh thé, T nam 1951 ngudi ta bit d4u nghién ciu mot loai chuyén
tiép p — n mGi, d6 12 chuyén tiép p — » di chit. Chuyén tiép » — » di chat la
chuyén tiép p — n dugc cdu tao tir hai loai tinh thé bin din khdc nhau, vi du
germani loai n véi gali-asenua loai p, chuyén ti€p di chat ¢6 nhiéu tinh chat
quan trong duoc ing dung dic biét trong cdc linh kién guang dién tir. Chuyén
ti€p di chét thudng duge ché tao bing phuong phép epitaxy. Trong muc nay
ching ta chi khdo sdt nhitng nét co ban nhit cla chuyén tiép p — n di chat.
Trén hinh (4.25} biéu dién so d6 nang lugng ciia hai miu ban din riéng biét
loai n va loai p (rudc khi chiing tiép xiic véi nhau). Hai phin bian dén loai n
va loai p ¢6 bé rong ving cdm khéc nhau AE, v AE,,, ¢6 hing s6 dién moi
tuong d6i ¢ khac nhau, ¢o 4i lyc hod hoc ¥ khdc nhau, ¢é cong thodt dién tir
khac nhau.
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o g T
e A — !xz
| _'_LEC
=T ek 9,

Hinh 4.26: So d6 ndng litong chuyén tiép di chdt.

Do chénh léch hai ddy viing din ky hiéu éE, = E, - Ec, va hai dinh viing
hod tri 14 6E, = E,, - E,,. Tit hinh {4.26) ta thdy

6EC_(Y1 _XQ (4.101)

Hinh (4.26) biéu dién so dé ning lugng cua chuyén tiép p - n di chdt dot
bién 1¥ tudng giita hai bdn dn trén. Trong khi dung so d6 nay di chd ¢ hai
diéu: mic Fermi dong déu trong toan bd hai phin clia chuyén tiép, mirc chan
khong lién tuc va song song vdi cdc miic trong ving nang lugng E,, v E,,.
Do nhimg diéu ddi hoi trén day cdc midc bd viing ning luong E, va E, bi gidn
doan bdi mét budc nhdy, AE, hay AF,. Hiéu thé tiép xiic Uy duge xdc dinh
nhur sau:

ellik =V, + V4, (4.102)

trong dé V;, va v, 1a dd cong viing nang lugng cla hai phan bin dén trong
diéu kién cén bing & trén miit tiép gidp gifta hai phédn

V&i diéu kién bién dua trén tinh lién tuc cita véc ta cam ing dién trudng
e1€ = &€ tai viing bién gidi z = 0, gidl phuong trinh Poisson c6 thé tim dugc
biéu thitc ctia bé day 16p dién tich dia phuong trong ting phin

[ 2Nmee(elx - el) } 12 _
W, = - 4.105
l [ENa'l (€1 Ny +ea Nyy) ( )
21“4"-{11€] €4 (c{]}; - E’.br) } 12
W, — | =t 4,104
: LNaz(ElNdl + eaNgo) ( )
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Trong d6 U 1a dién dp dat vao 16p chuyén tiép. Dién dp roi trén hai phén clia
chuyén tiép U; va Us lién quan bdi hé thitc

Vin —ely _ Naaeg

- 4.1
Vig —elln Napigy (4.103)

trong d6 U, + U, =U.

Hién nay vat liéu tao chuyén tiép di chét 1a cdc hop chit AjuBy nhu Ga As
va dung dich rén ba thanh phin nhur Al Ga,_xAs, trong d6 = ¢6 thé thay d6i
tir 0 dén 1. Khi z = 0, GaAs cé AE, = 1,42eV, hdng s6 mang 5,65334 & 300K,
khi z = 1, AlAs ¢6 AE, = 2,17,¢V hing s6 mang bang 5,66053.

Bai tap chuong 1V

(4-1) N6éng 'do hat déin trong ban dén riéng thay déi nhu thé nao khi nhiét
do chat ban din thay d6i fir 200K dén 300K va bé rong viing cfm gia thiét
thay d6i theo quy ludt AE,(T) = (0,785 — oT)eV.

(4-2) Bing thuc nghiém ngudi ta xdce dinh duge nong do dién tir & 400K
1 1,3-10"%cm— va & 350K 13 6,2-10'%cm~—2. Bdn din 12 tinh khiét, hiy tinh bé
tong viing cim & nhiét d¢ khong tuyét d6i néu biét ring AE, phu thuge vao
nhiét do theo cong thitic AE,(T) = AE,{0) — oT.

(4-3) Tinh néng do dién tir, 16 trong, vi tri mitc Fermi (so véi dinh ving
héa tri) cia silic chifa 1,1-10'® nguyén tit B trén 1cm® & nhiét d¢ 300K. Cic
dai lugng trén s& thay déi nhu thé ndo khi pha thém vao mau cdc nguyén tir
photpho véi néng do 9 -10'® nguyén tir P trén lem?.

Cho biét néng d6 hat din riéng trong silic & 300K 1a n; = 1,45 - 10'%cm 3,
AE, =1,12¢V, N, = 2,8 - 10"%cm~3; N, =1-10"%em 3.

(4-4) Hay chitng minh cong thitc ndng d¢ dién tif trong ban din suy bién
loai n. )

372
Xugt phdt tir nguyén 1y bit dinh Heisenberg

Ar-Ap, = h
Ay-Apy, = h
Az-Ap, = h

(4-5) Gia sl ban din Si loai nt v Nz = 10"em 2 ti€p xuic véi Si Joal n
v&i Nz = 10"em—3, Hay tinh mitc Fermi (so v6i ddy viing dén) trong timg vat
iéu néu gia thiét bin din khong suy bién.
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Khi can bang nhiét dong rmtc Fermi trong hai vt liéu 13 bing nhau, hiy
v€ dinh tinh so d6 ving ning lugng.

Giai bai todn khi méu thi hai 13 loai p v6i N, = 10'%cm=3. Cho biét N, =
2,8-10"cm~%; N, = 1-10"%cm™—3,

{4-6) Tinh d¢ din cia silic tinh khiét & 300K. Biét n; = 1,45 . 10'%m—*
D¢ linh déng cla dién nr 4, = 1450cm?®/Vs; d6 linh dong clia 186 tréng 4, =
450cm? Vs,

Giai bai todn khi silic dugc pha thém mét néng d6 asen véi néng do 1.1014
nguyén tif trén lem—3.

Giai bai todn sau khi silic duge pha thém tiép tuc mot néng d6 nhom 13
1-10'7 nguyén tir trén lem-3, |

(4-7) Tinh hiéu cong thodt dién tir gilta hai méu silic, miu thd nhat pha tap
logi n véi Ny = 1:10'5cm =%, mAu thit 2 pha tap loai p v6i ¥, = 1-10'*cm=3. Cho
biet AE, bang 1,12¢V, nhiét d6 300K V6i kT = 0,026eV, N, = 2,8 - 10"%cm ™3,
Ny =1.10"%m™3

Néu hai miu nay ti€p xtc véi nhau, trong diéu kién can bing tinh hang
130 thé nang déi véi dién tir gifta hai miu.-

(4-8) Tinh bé day va dién dung 18p chuyén tiép p — n, biét:

- Thién dp nguge U,, = 20V, _

- Hang s6 dién méi twong d6i e = 16.

- Néng do pha tap bén phidn p la N, = 4. 10*'m 3

- Nong do pha tap bén phdn n 12 &; = 2 - 102'm-3

- Dién tich 16p chuyén ti€p § = 10-m?. -

- Hang rao thé€ nang khi thién 4p bang khong la eUk = 0,5eV.

(4-9) Cho mét chuyén ti€p p—n trén tinh thé Ge vt '= 16, N, =i5:10%2m~3,
Ng=1-10"m~3. Hoi véi thién 4p nguoce bing bao nhigu thi xay ra hidu ing
dudng ngim qua 16p chuyén tiép. Biét ring dién trudng t6i han dé xay ra hiéit
ng dudng ngdm 1a £, = 10"V /cm. Bd qua gid tri hidu the tiép xdc Uy -+

(4-10) Gia str grad dién the trong miu silic tinh thé tinkh khigt 13 400V fém,
do linh dong cua dién tir va 16 tréng tuong tng 12 0,12m?/Vis vA9, 02502 Vs,
Hay xéc dinh:

a- Téc d9 cudn cha dién tlr va 16 tréng,.

b- Dién trd sudt cia silic, gia sit ndng dé hat din riéng 14 2.5 - 10153

c- Dong cudn toan phén, néu tiét dién ngang clia méu 13 0,03 - 10~ 4m2.
Dap so:

(4-1) BE3RK) 5 6 13

n{Z00K) — ¥
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(4-2) AE,(0) = 0,26eV

(4-3)a/ Py =1,1-10%cm3,

ng = 1,91-10%cm %, Ef = E, + 0,177eV

b/ Nong d¢ 16 tréng, dién tir va mitc Fermi [a:

B, = 2-10%cm™3
ng = 1-10°cm™3
E; = E,+o0,2T7eV

(4-5) Mitc Fermi trong timg vat liéu la:

Epn = E,-0,146eV
Efg e Ec - 0,3268V
Efyy = E,+0,299eV = E, —0,821eV

(4-6) D6 din dién trong ba trudng hop la

a/ o = 4,4-107%:: p; =22,6-10"%cm
b/ o, = 2,32-107%5; pa =43,1-0cm
ef op = T.2-5=;pp=0,13-Qcm

(4-7) Mitc Fermi cha hai vat liéu va higéu cong thodt ja

En = E. - 0,266eV
Ep = E, +0,119eV
Ad = EU;; = ‘I’g - ‘I’] - 0, 735eV

(4-8) Dién dung 16p chuyén ti€p C = 88, 5pF.

(4-9) Thién 4p nguoc cin thist dé xay ra hiéu ung dudng ngim la U,, =
91,24V,

(4-10) a- v,q = 48m/s; vpg = 10m/s.

b- p=1,724-10°Qm.

c- I =6,96-10"7A.
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Chuong 5

NHUNG CO SO VAT LY CUA QUA TRINH TRUYEN VA
XU LY TIN HIEU QUANG

Truyén va x{t Iy tin hiéu khong phai bang dong dién hay séng dién tir vo tuyén
ma béng tia sdng 1A nhitng vén dé quan trong duge dat ra tit nhimg nam 60
clia the ky 20, khi mdi bét ddu nhan duogc nhitmg nguén sdng déng bo 6n dinh
bing laser.

Ngay nay sgi quang di duge diing rong rdi thay cho day kim loai trong
vién thong v mot s6 nha sdn xudt ciing da bat diu ché tao cdc mach quang
tich hop thay cho cdc mach tich hop diing dong dién thong thudng (dé phan
biét ta s& goi 14 cdc mach dién tich hgp). Hé théng soi quang - mach quang
tich hop ¢6 nhiéu wu diém v trién vong dang duge nghién ctu ing dung rit
manh. Vi viy trong chuong nay chiing t6i dé c4p nhimg co s& vat 1y cdn thiét
dé di sau nghién citu qud trinh truyén va xir 1y tin hiéu quang.

5.1 Song dién tiy

Nhu ching ta da biét 4nh sdng 13 séng dién tir vi vay trude khi xét dén sy
lan truyén 4nh sdng trong cdc hé dic biét nhu linh kién dan séng, soi quang,
chiing ta s& nhic lai mot s6 khédi niém co ban cia séng dién tir.

5.1.1 Hé phuong trinh Maxwell, Maxwell 13 ngudfi ¢ cong 16n nhit trong
viée xay dung mot 1y thuyét thong nhét vé cdc hién tugng dién tir. Ly thuyét
nay da giai thich dugc tédt ca cdc hién tugng dién tir trong thoi d6 va tién dodn
nhitng hién tugng dién tir mdi ma sau nay da duge chitng minh .

Hé qua vi dai nhdt tir 1y thuyét cha Maxwell 1a chi ra sy ton tai séng dién
tit lan truyén bang vAn téc dnh sdng. Nghién cifu tinh chat séng dién tir da
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din Maxwell dén viéc x4y dung nén 1§ thuyét dién tit cha 4nh sing. Chinh
cdc phuong trinh Maxwell 1a co sO cia ly thuyét d6, va né dong vai trd nhu
cdc dinh luét ciia Newton trong co hoc.

- Cap phuong trinh Maxwell thit I, nhu ta biét, da chi ra dinh lut cam iing
dién tir v s khong ton tai cta mot nguén tir trudng nhu tit tich, giéng nhu
dién tich d6i vi dién tredng:

roté = [f;"xs"] :,%Ef_ 5.

divE = (v*r : B’) —0 (5.2)

- Cap phuong trinh Maxwell thit II chi ra m&i lién quan gita tir trudng va
dong dién dich, dong dién din, va ngudn géc cla vecto cAm \ing dién D 1a
dién tich

- e g1 ¢ 0D
rotfl = |V x #| = T+ 5 (5.3)
divD = (¥-D) = (5.4)

Hé 4 phuong trinh (5.1) dén (5.4) 1a cic phuong trinh Maxwell dudi dang
vi phan, cdc phuong trinh niy dugc trinh bay theo kiéu phuong trinh vecto.
Ching ta ciing c6 thé viét ching theo kiéu v6 huéng, theo thanh phan cua
vecto

3. _ 8, _ 8B,
dy 8z Ot
9, 86, 8B,
5 . - T a 53
o, _ 8 _ 9B,
dz By gt
oB, 8B, 0B,
Oz + Ay 32 (5.6)
oH. _ oy _ .  6Ds
By 3z J2 T 5
TH, oM, _ . . 6D, |
5z~ oo It 57
% - I, = 4 +§.._D_z_
Bz dy 2T "5
. 9D; 8D, 9D, (5.8)
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Nhu vy & diy chiing ta ¢6 8 phuong trinh trong d6 ¢6 12 4n s6 (1a 12 thanh
phédn cta 4 vecto £, 0,1, B ).

Vi s6 dn s6 nhidu hon s¢ phuong trinh cho nén dé tinh dwoc cic 4n s6
d6 cin phai théem vao phuong trinh Maxwell cdc phuong trinh lien hé gilra
D, J,€, cling nhu cac phuong trinh lién hé giita 4 va B:

-

ﬁ:EuES (59)
B = popH (5.10)
J=of (5.11)

Heé phuong trinh Maxwell ciing c6 thé viét dusi dang tich phan.

5.1.2 Phuong trinh séng d6i v6i trudng dién tir. Chiing ta biét rang dién
trudng thay déi s& sinh ra tir trudng va tir trudng ndy ciing 13 trudng thay déi.
Tir trudmg thay déi nay lai 1am ndy sinh ra dién tnromg. Vi vay néu ching ta
bing sy dao dong ciia cdc dien tich 1am phat sinh ra duoc mot dién-tir tnromg
thay ddi la s& 1am lan truyén ra khong gian xung quanh mét song dién tir,
trong do6 dién trudng va tit trudng lién tuc chuyén déi cho nhau.

Chiing ta c6 thé chimg minh sy t6n tai cha séng dién tir tit cic phuong
trinh Maxwell. Trong moi trudng déng nh4t, trung hoa (p = 0) va khong din
dién (J'=0) v6i hiing s6 dién moi e va tir moi 4, chiing ta c6:

88 aH

3t #ﬂogt— (5.12)

(V- B) = puoVH (5.13)

8D DE

B = 05, (5.14)

(V- D) = eeo(V - £) (5.15)

Tir day ta c6 thé viét lai cac phuong trinh (5.1)-(5.4)

rotf=[§xg]=—pm%:— (5.16)
divil = (V- #)=0 (5.17)
rotH = ﬁXﬁ]:EEQZ—f (5.18)

[
div€ = (V- &) =0 (5.19)
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Néu 14y rot hai v€ phuong trinh (5.16) ta c6

rot - rot - £ = {f‘? x [V x c‘:"]] = —ppn |V % %] (5.20)
Thay [ﬁ" X aa—?:] = %[\7” x H] va (5.20) vao (5.18) ta co:
)=
(¢ x[9x8) = —eec.ppc.%g (5.21)
Theo cong thitc dai s6 vecto ta ¢
[6 x [¥ x 5‘1] =V(V-&) - Af (5.22)

Tir (5.21) s6 hang thit 1 clia (5.22) biang khong, phuong trinh (5.21) ¢6 dang:

€
Af = GEuuﬂo—é—ﬁ- (523)
Vi egpig = 1/¢? nén ta cd:
_n&E
aE= %2 (5.24)

hay

222 o o2 T 2o
Ciing tién hanh tinh todn tuong tr véi phuong trinh (5.18) ta cling nhén duge
phuong trinh d&i véi #

(3.25)

PH  *H  H e dH
— + + = = o
dr? o gyt 9z & O

(5.26)

Hai phuong trinh (5.25) va (5.26) lién quan chit ché vdi nhau va chiing déu
chita £ va #. Hai phuong trinh dé 14 hai phuong trinh séng dién hinh. B4t ci
mot ham nao théa man phuong trinh d6 déu dién ta mot séng, trong 46 cén
bac hai cha dai lugng nghich ddo clia hé s6 clia dao ham bic hai theo thoi
gian la van tdc¢ pha cla séng.

Nhur vay cic phuong trinh (5.25) va (5.26) chi ra su ton tai cia séng dién
tir va van téc pha cla séng bang v = \/if_p; trong chan khong e = 4 = 1 va

v = c,ep = n?, n - chiét suft moi1 trudng,
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5.1.3 Séng dién tir phing. Xét mot séng dién tix phang, lan truyén trong
méi trudng trung hod déng chit, khong din dién (p = 0,7 = 0,¢ = const, u =
const). Chiing ta chon truc z vuong géc véi mat séng (1a méat phing vo han).

Khi dé £ va # va cdc thanh phén clia né trén truc toa do s& khéng phu thude
vio y va z. Phuong trinh (5.5)va (5.6) s€ c¢6 dang don gian hon

. - oM,
gz —_ ¥
ar | MR TH (5.27)
05, _ _ on,
dz HHo 5
0B, _ OH,
Bz =gy =0 ©-29
Phuong trinh (5.7) va (5.8) cho ta
HE,
0 = €€y Em
oM. O,
Bz = —GEU"(,}? (529)
o, _ O
oz ot
oD,  BE,
5 =05 0 (5.30)

Hai phuong trinh ¢ = eeu% val= Efg% néi 1én ring thanh phén £, khong
phu thudc vao thoi gian va khong gian. Tir (5.27) va (5.28) ta ciing di dén két
ludn nhu th€ d6i véi #,, nghia 1a thanh phén %, khong phu thudc vao thdi
gian va khong gian. Diéu dé 6 nghia 13 trudng clia séng dién tx khong thé
¢6 thanh phén theo truc x, theo phuong truyén séng. N6i cich khdc cdc vecto
£ va 7 vudng géc véi phuong truyén séng va séng dién tir 13 séng ngang. T
(5.27) va (5.29) ta ¢6 thé t6 hop lai thanh hai nhém doc lap:

o6, _ _ 0%

B ot

g & (5.31)
o 0 5

06 _ . My

bz "5t

aH, 8E, (3.32)

ar . T
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Nhém thit nhét (5.31) lién hé gilta £, va #,, nhém thi 2 (5.32) lién hé giita
£, va H,.

D¢ mo ta séng dién tir phéng chi cén diing mét trong hai nhém phuong
trinh va cho cdc thanh phin trudng trong nhém kia bing khong.

Vi du ta c6 thé ding nhém thit nhét, cho £, va %, bing khong nghia 12 ta
dung cidc phuong trinh

o5, _ _ O 0 _ _ 0 (0K
dr Mg dz? T THRE \The
o, _ _ 9, _ o (om) _ %
gz ot a\ozr ) 02
Néu chi ¥ ring
| ENCANENL?
e\ & ] Bt\ Oz
ta cd e s
<L =
Ciing tién hanh bién d6i tuong tu ta ¢6 phuong trinh
2 2
FH, end’H, (5.34)

822 ~ ¢ ot

Chiing ta thay rang trong séng dién tir ta xét & day &, = £,%, = H, nghia
1a vecto £ va vectd H vudng géc véi nhau vd vudng géc véi phuong truyén
séng. Lol giai cha (5.33)va (5.34) sé 1a

Ey = Emeos(wt — Kz + o) (5.35)
H, = Hpcos(wt — Kz + ag) (3.36)

trong dé w - tdn 86 séng, K - s& séng = ‘i’;ﬂ = ‘;—” ay, a2 pha ban ddu tai diém
x = 0.

Néu thay (5.35) va (5.36) vao cap phuong trinh (5.31) ta ¢6
K& sin(wt — Kz + on} = powHen, sin{wt — Kz + a3)
KHy sin{wt — Kz + 0y) = eeqwéy, sin(wt — Kz + as).
D€ nghiém ding céc phuong trinh nay con phai thod man cdc diéu kién sau:

ar =@z, K&y =puwHn, eofn=KH,
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Hinh 5.1: Hinh dnh séng dién tir phdng.

Nhén hai v€& clia hai ding thic sau ta cé:
cea€2 = ppo M2, (5.37)

Vay dao dong clia cic vecto dién trudng va ti trudng trong séng dién tr xdy
ra v&i pha ban ddu bing nhau (a; = a;) va bién d9 lién hé véi nhau boi hé
thirc:

Emveea = Mo /il (5.38)
Pai véi séng lan truyén trong chan khéng ta cé

Em

= JH  Var 1077 47 9-10° Q = 12070 = 3770
Hm En

Ta c6 thé viét phuong trinh séng dién tir phing dudi dang vecto bing cich
nhan vecto don vi § v6i £, nghia la £ = £,.7 vh vectd don vi Zv6i H,, H = H, 7"

£=Encoslwt - Kz), H="Hnm cos(wt — Kz)

Trén hinh (5.1) biéu dién mot "bic 4nh titc thai” séng dién tir phing.

Chiing ta nhan thdy vecto £,% tao thanh véi phrong truyén séng mot hé
"vit phai". Mat phing trong d6 £ dao dong (yoz) 12 mat phan cuc ciia séng.
Séng dién ngang duge ky hiéu 1a TE, séng ti ngang dugc ky hign 13 TH. Anh
sdng nhin thdy 14 séng dién tlf c6 bude séng trong khoang A = (0,39-0, 76)um.
hay A = (3900 - 7600)A.
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Anh séng ¢6 bude séng nhd hon rét nhiéu song vo tuyén thudng ding, nén
ngoai tinh chét lan truyén nhu moét séng thudng gip, ta con ¢6 thé xét ching
nhu nhitng tia tun theo nhitng dinh luat quang hoc - tia (Ray-optics).

5.2 Su lan truyén clia dnh sing trong linh kién dan séng
quang

5.2.1 Hé s¢i quang - mach quang tich hgp va nhimg dic diém. Cué6i thap
ky 60, khai niém "quang hoc tich hgp"” (integrated optics) xudét hién, trong dé
day dién bang kim loai hay séng v6 tuyén dugc thay thé bing s¢i quang hay
linh kién din séng quang, cdn mach dién tich hop duge thay thé bing mach
quang tich hop (optical integrated circuits). Cudi thip ky 70, mét s6 thanh tuu
vé quang hoc tich hgp it phong thi nghiém di dugc trién khai tng dung, do
1a sy phét trién cha sgi quang, ddu néi quang it t6n hao, sy phét minh va ché
tao ra cdc diét laser GaAlAs va GalnAsP, sy hién thue clia cong nghé quang
khac céc chi tiét ¢ kich thude dudt um. Sang thap ky 80, sui quang di dugc
ing dung khd rong rdi trong k¥ thuat vién thong, mot s6 hing bit ddu ché tao
cdc mach quang tich hgp dé diing trong mot sé muc dich khdc nhau.

Quang hoc tich hop la phuong phép truyén va xir 1§ tin hiéu bing tia sdng
¢6 nhiéu wu di€m va trién vong dang dugc nghién citu ng dung réng rai.
Chiing ta ¢6 thé so sdnh phuong phdp quang hoc tich hop véi cic phuong
phép truyén théng.

1. So sdnh s¢i quang v6i cdc phirong phédp truyén dén khdc. Tir trude dén
nay phirong phép truyén din duge thyc hién bing day din kim loai hoac bing
séng vo tuyén qua khong khi . Dudi day 1a mot s6 wu diém va nhuge diém
ctia phuong phép truyén din bing sgi quang so véi cdc phuong phép truyén
dan truyén théng.

Uu diém:

- Tranh dugce su giao thoa cla séng dién tir

- Tranh duoc sy chap mach dién hay bi n6i dét.

- An toan trong truyén tin, tranh dugc "nghe trom”.

- Ton hao nho (c6 thé dat 0,2dB/km)

- Dai théng rong, kha nang phic hop cao.

- Kich thudc nho, trong lugng nhe.

- Vit lieu ré, doi dao.

Nhuge diém:
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May phat 86 ngi

May thu

Hinh 5.2: So d6 hé soi quang-mach quang tich hop.

- Khong chuyén tii duge nang lugng dién.

2. So sanh mach quang tich hgp véi mach dién tich hgp

Trén hinh (5.2) trinh bay mot so d6 1y thuyét ctia hé sgi quang mach quang
tich hop ding trong k§ thuat quang vién thong (optical communication).

Trong so d6 nay mdy phdt va mdy thu déu diing cdc mach quang tich hgp
va hai mdy dugc néi v6i nhau bing sgi quang.

Nguén séng dugc phdt tir cic diot laser loai phan héi phan tin (DFB,
distributed feedback), phdt ra 4nh sédng c6 budc séng khéac nhau),, s, ... Dé
don gian & day chi vé 2 diot v6i Ay, A, trén thue t€ ¢6 thé ¢6 hang tram diot
laser khédc nhau. Anh sdng dugc phét ra bai cdc diot laser riéng biét, c6 budc
s6ng khéc nhau, dugc truyén di nhd mot "séng mang " quang hoc thuc su doc
1ap trong 6ng din séng 12 soi quang, cho nén c6 thé truyén di nhiéu tin hiéu
mot lic. Trong may thu, nhitng tin hiéu dé dugc phan chia nhd bd loc (filter)
va dugc din dén cdc bo tich séng. O day ciing c6 thé ding cdc diot laser
phu, phdt dao dong ndi tai, dé thuc hién viéc tich séng heterodyn (tich séng
tao phach). Viéc truyén dan tin hiéu quang trong mach quang tich hop dugc
thuc hién nh& céc linh kién din séng dugc ché tao dong thoi véi cdc linh kién
khdc trong mach theo cong nghé vi dién tir.

Uu diém ctia mach quang tich hop
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Hinh 5.3: M6 hinh linh kién ddn séng bdn phdng.

- Tang d6 réng dai thong

- M& rong su phitc hop phan tdn (frequency division multiplexing)

- Khép néi it tén hao

- Md rong chuyén mach da cuc

- Kich thuée nho, trong lugng nhe, cong sudt tiéu thu 1t

- Tiét kiém trong san xudt.

- D6 lap lat cao

Nhuge diém:

- Cén ddu tr d6i méi cong nghé cao ton kém.

Trong mach quang tich hop chiing ta thdy cin quan tam dén céc linh kién
sau day: laser diot, linh kién din séng quang, linh kién diéu bién(modulator),
linh kién tdch séng quang (optical detector), Dugi day chiing ta s& dé c4p dén
nhimg co sO vt 1y trong nguyén 1y hoat dong cia mot s6 nhimg linh kién
dung trong quang hgc tich hop.

5.2.2 Kiéu truyén séng (mode) trong linh kién din séng quang. Linh
kién din séng quang 1a thanh phén co ban clia mach quang tich hop dé€ néi
cac linh kién cia mach, gidng nhu cdc dudng din kim loai trong mach dién
tich hgp. Tuy nhién, trong khi dudng din kim loai tuéin theo dinh luat Ohm,
séng dnh sdng lan truyén trong linh kién din séng quang v6i cdc mode quang
hoc khdc nhau. Mode quang hoc 14 cdch thitc phan bé theo khong gian cta
ning lugng quang trong mot hay nhiéu chiéu toa do.

Chiing ta xét mot mo hinh linh kién din séng ban phing duoc biéu dién &
hinh (5.3). '

- Linh ki¢n din séng ban phéng dugc giéi han béi cdc mat phan cdch phing
song song, vudng géc voi truc x va vo han theo chiéu y va 2. Linh kién din
song ban phing niy duge goi 12 linh kién din séng ba 16p ¢6 3 ving chiét
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sudt khac nhau. Lop 1 va 3 14 nita v6 han theo truc z, 16p 2 ¢6 bé day gidi
han theo truc z 12 d,, cé ba 1Gp déu v6 han theo hai truc y, 2.

- Gia sir dnh sdng lan truyén theo truc z. Chiing ta dd néi: mode 13 cich thirc
phin ba theo khong gian clia nang lugng quang trong mot hay nhiéu chiéu.
V& todn hoc mode 12 dién trudng thoda man phuong trinh séng Maxwell véi
nhitng diéu kién bién nhét dinh. Ta c6 thé viét phuong trinh séng Maxwell
duéi dang:

2 2
vy = "0 g(; D2 (7 = e (5.39)

- D4i v6i nhitng séng don sic 13 gidi cha (5.39) c6 dang

E(7,t) = £(F)e™ (5.40)
Thay(5.40) vao (5.39) ta cé:
VE@A +K - n*(®-EF =0 (5.41)
VOl k=¥ = 2T |3 56 song
- Gia thuyét séng lan truyén theo truc z va ¢é dang:
E7) = £(z,v,2) = E(x,y)ezp(-ip2) (5.42)

trong d6 8 goi 1a hé s6 lan truyén. Phuong trinh (5.41) trong trudng hop nay
¢6 dang:
3E(z,y) 525"(5:, y)
dx? Jy?
- Vi linh kién dan séng dwge gia thuyét 13 vo han theo v, nén ta cé thé viét
(5.43) riéng cho ba viing theo truc x:

+ K0 (/) - 8)€(z,y) =0 (5.43)

vilng 1 : 8255: oY) | k2 — %)e(a.y) =0

ving 2 : 322(3:2 %) + (K*n2 — B)E(z,y) = 0 (5.44)
2

ving 3. 2 ZE:;”) + (k*nd — B2)E(x,y) =0

trong d6 £(z,y) 1a nhing thanh phdn trong hé DE cdc ctia £{z,y) : (£x, &y, &)
Trong truong hop séng dién ngang (TE) 1 séng ban phing truyén theo

truc z ta c6 thé gia thuyét £, va €, bing khong. Thém vio dé £, khong phu

thudc vao y va z vi theo céc truc d6 cdc 18p vat liéu 1a v6 han nén khong c6
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su phan xa, khong tao thanh song ditng. Tém lai ching ta chi con lai thanh
phén £,(z) phu thudc viio z. Trong ba ving trén ta ¢6 107 giai

Aexp(—gr) 0<z<o0
Ey(x) = < Beos(hr) + Csin(hz) -d, <z <0 5.45)
Dexplp(z + d,;)] -0 << —dg

trong d6 A, B,C, D, g, h vd p 1a cdc hing s6 cin phai x4c dinh tit diéu kién bién,

tai d6 £, va H, [Hz = (i Jwppio) Baiv] phai lién tuc. Vi ¢ va w dugc xem 12 hing

80 nén diéu kién thit hai ¢6 nghia [a %} phai lién tuc tai ranh giéi gitta viing
1va2(taiz=0)va giltaviing 2 v 3 (tai z = —d, ). Cdc hiing 56 4, B,C, va
D ¢6 thé duge xdc dinh tir cde diéu kién lién tuc cia 3> tai z = 0 va cla &,
tai z = 0 va z = —~d, chiing ta c6 ba phuong trinh nhung ¢6 4 4n 58, nén trong

cdc biéu thic &£,(z) chi con lai mdt hing s6 duy nhit ¢

' exp(—gqx)
Ey(®) = ¢ [cos(hz) — (g/R)}sin(hz)] (5.46)
c[cos(hd,) + (g/h) sin(hdy)] exp[p(x + dy)]

D¢ xédc dinh ¢, h v p chiing ta thay (5.46) vao (5.44) trong d6 £(z,y) 12 £,(x)
ta duogc:

= (6 - ntk?)?
= (B} - g
— (52 - nng)I;‘Z
= wfe

(5.47)

bl ~ -

Chiing ta thdy ring ¢,k va p déu dugce biéu dién qua dai luong 3, hé s6 truyén
séng theo truc. z. Diing diéu kién lién tuc clia 3% taix = —d, ta s& nhan dugc
diéu kién déi véi g

—hsin{—hd,) — h{q/h) cos(—hd,) = plcos(hd,y) + (g/h) sin{hd,)]

hay la

_ q+p

Phuong trinh siéu viét nay két hop véi cdc phuong trinh (5.47) duge gidi bing
phuong phdp d6 thi (v& hai v€ theo 5 ). Khong phu thudc vio phuong phap
giai, k€t qua cho ta mot tap hgp cic gid tri cho phép gidn doan cita 8, ing voi
cac mode cho phép, k¥ hiéu la 3,,. T 3,, ching ta tinh dugc ¢, b, Prm.
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Hinh 5.4: Su phu thudc £,(z) vao = trong cdc mode khdc nhau,

P N Y

Gid tri ¢ duge xac dinh tir diéu kien chuédn hod theo cong sudt di qua trén
mot don vi bé rong theo truc y.

P6i véi trudmg hop ny > 7y > ny ta ¢6 thé nhan duge nhimg mode ¢6 dang
nhtr & hinh (5.4).

Quan hé ny > ng > ny 12 thudng gip: mot linh kién din séng lam tir vat
liu ¢6 chiét sudt n, trén d€ cé chiét sulit n; va bao quanh 1a khéng khi ¢6
chiét sudt n,.

Diéu kién cdn thiét ctia linh kién din séng 1a ny > ny va ng. TU hinh (5.4)
ta thdy rang:

- mode (a) khéng c6 ¥ nghia vat 1y.

- mode (b) va (¢) la séng dugc din truyén (guided mode) la séng ngang
cua dién truomg bac 0 va bac 1:TE, TE,

- mode (d) giam theo exp khi ra ngoai nhung ton tai theo ham sin trong dé
va goi 1a mode biic xa d€ (substrate radiation mode). N khong c6 1gi trong
viéc truyén tin hiéu, nlamg c6 thé rét c¢6 loi trong viéc dung dé tiép néi vi du
trong ghép ndi hinh ném (tapered coupler).

- mode (e) 13 mode khong dan truyén dugce trong linh kién din séng . Tl
day chiing ta th&y rang chi cé nhimg gid tri 8 ndm trong khoang kns < 8 < kna
mdi ing vdi cdc mode ¢6 thé din truyén duge trong linh kién dan séng. Tuy
nhién nhu da néi trén day trong khodng tit kny dé€n kn, cling chi cé6 mot sO
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gia tri gidn doan cua g8 la 8,, ng v&i cdc mode cho phép. Cdc gid tri 3, s&
cho ta cdc mode TE;,j =0,1,2,---

S6 mode cho phép phu thudc vao bé day d, cia linh kién din séng va cdc
dai lugng w,n1,ne v ny. VGi cic gid tri dy, ni, ng, ny cho trude sé tén tai mot
gid tri tdn s6 tGi han w, ma séng ¢6 tdn s6 nhé hon w, khong thé din truyén
duge. Tuy nhién trong thuc t€ tdn s6 dnh sdng dd duge chon trrde nhue mot
thong s6 ¢4 dinh, vi the van dé dat ra Ja: Khi cho trude budce séng 4nh sdng
thi chiét suft cha cdc lop vat liéu trong linh kién ddn séng phai duge chon
nhu the nao dé ¢6 thé truyén dén mot mode cho trudc. P6i véi loai linh kién
dan song duge goi 1a bét dGi xdng vGin, < ny thi diéu kién d6i vdi chiét sust
s€ 1a

An =ny —ng > 2m+ 1)* - A3/ (32n.d2) (5.49)

trong d6 m = 0,1, 2, -- 12 3§ thit tir mode, X, 1a budc s6ng dnh sdng trong chan
khong. Su chénh léch chiét sudt cdn thiét dé truyén din cdc mode c6 s6 thit
tu mode th4p 13 r4t nho.

Vi du trong linh kién din séng gali asenua (GaAs) v&i ny = 3,6;d, ~ A thi
An cén thiét dé truyén din mode TE, 1a 102,

An = ny — ng goi 1a d§ chénh chiét sudt tuyét déi.

5.2.3 Phuong thifc truyén séng trong linh kién dan séng quang theo mé
hinh quang hoc tia (ray-optics). Trong muc trén (5-2-2) chiing ta xét su lan
truyén dnh sdng trong linh kién din séng nhu sy lan truyén séng dién tir, duoc
bi€u dién nhu 12 131 giai clia phuong trinh séng Maxwell, v6i cdc diéu kién
bién trén mat phin céch cha linh kién din séng. Nhilng séng ban phang lan
truyén theo truc z trong linh kién din séng du6i dang mét hay nhidu mode
quang hoc. Trong cic mode d6 anh sing lan truyén v6i van t6c khdc nhau,
dac trung cho méi mode. Phuong phdp nghién cttu sy lan truyén 4nh sing
nhu vay goi la phuong phédp quang hoc vat 1y( quang 1§}, Mot phuong phép
nghién citu si lan truyén anh sdng khic duge goi 1a phuong phip quang hoc-
tia (ray-optics)ciing c6 thé mo ta su lan truyén 4nh sdng trong linh kién din
séng tuy khong toan dién nhung don gisn va d€ hiéu hon. Trong phuong phip
quang hoc-tia sif lan truyén 4nh sdng theo truc z duge xem nhut tao nén bdi sy
lan truyén cita cdc séng ban phing theo dudng zig-zag trong mat phing x-y
do sy phin xa toan phdn 6 cdc mat phén cdch tao nén linh kién din séng.
Céc s6ng ban phang bao gém nhitng mode chuyén dong véi ciing mot van
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Hinh 5.5: So 46 tia cila hai mode TE, vi TE,.

toc pha. Tuy nhién do géc phan xa tao bdi cic dudng zig-zag khic nhau d6i
vOi timg mode, cho nén thanh phén z cia van tdc pha clia chiing khic nhau.
Séng ban phing néi chung dugc bi€u dién bing mot tia v& vuodng géc véi cic
mat phéng séng d6ng pha. Chinh vi thé phuong phép nay duoc goi 1a quang
hoc tia.

1. So d6 tia trong linh kién din séng ban phing ba 16p

Trén hinh v& (5.5) vé& so d6 tia Ung v6i hai mode TEyva TE, lan truyén
trong linh kién din séng ba 1dp v&i ny > ns > ny.

Dién trudng £ cha cic séng ban phéng lan truyén theo cdc dudng zig-zag
s& cong vecto v6i nhau va cho ta sy phan bg dién trudng £ cla cic séng tao
nén chinh hai mode TE, va TE, trong vi du va lan truyén theo truc z nhu da
dugc mo ta trong mod hinh quang 1y. CA quang hoc tia va quang 1¥ déu c6 thé
diing dé biéu dién séng TE vdi cac thanh phin &, H,, va H,.

Su lién quan giita hai phuong phdp d6 c6 thé hiéu rd néu dé ¢ dén cong
thitc (5.44). C6 thé chi ra ring 1&i gidi clia phuong trinh séng trong ving 2
cta linh kién din séng c6 dang

Eulz,y) ~ sin(hz + 7) (5.50)

trong d6 da gia thuyét mode 1a TE,h va 4 phu thudc vao cfu tnic cta linh
kién din séng. Thay (5.50) vao phuong trinh (5.44) viing 2 ta cé:

B8 + h? = knl

trong d6 k = ¥, va ¢6 thé thdy ring 8,h vA kn, déu 12 cdc heé s6 lan truyén
c6 thi nguyén [m—"). M6t mode véi hé 86 lan truyén theo truc z 12 8,, va hé
s6 lan truyén theo truc x 12 h, ¢6 thé€ biéu dién bing mot séng ban phing lan

truyén theo phuong 1am thanh géc 6., = arctan(h/8,,) v6i truc z, ¢6 hé s6 lan
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Hinh 5.7: Cdc mode khdc nhau trong mé hink quang hoc tia.

truyén kn, nhu & hinh (5.6). Vi tdn s6 khong d6i, kn, = (2 - n,) cling khong
déi, trong khi d6 8,,, Bm, b 12 tht ca nhitg théng s6 lién quan dén mode thit
m, ¢ gia tri khdc nhau déi véi timg mode.

Ta xét tia sdng lan truyén trong moét linh kién din séng ba 16p béng mo
hinh quang hoc tia ( hinh (5.7)). Tia & hinh (5.7a) \ing v&i mode bitc xa (mode
a), & hinh (5.7b) 1a mode d€ ( substrate mode), & hinh (5.7¢) 12 mode duge
dan truyén (guided mode). Cic géc tdi, géc khiic xa ¢ duge x4c dinh giita tia
sdng va phdp tuyén ctia mit phan cdch tuan theo dinh luat khiic xa Snell:

sin, /sinp, = :—f (5.51)
sin s/ sin @3 = % (5.52)
2

Néu tir gid tri ¢, rdt nho (gdn bang khéng) va ting ddn 4, chiing ta sé
thdy su dién bién sau:

a- Khi 3 nho tia sdng s& di xuyén qua c hai mit phan cdch, chi xdy ra
hién tugng khic xa & cdc mat phan cidch d6. Trudng hop dé ting véi mode
bitc xa (radiation mode) hinh (5.7a).
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b- Khi ¢, tang lén dé cho ¢, dat dén géc t6i han cha hién tugng phan xa
toan phéin bén trong & mit phan céch ny — n, thi tia séng d3 bi nhét lai mot
phédn, ng v6i mode d€ ( substrate mode) hinh (5.7b). Diéu kién phan xa toan
phén bén trong la:

o > arcsin(ng fny} (5.53)

hay la suy ra tir (5.51) va (5.52):

sing; sings na h .
o~ —ha > aresin(n; /n. 5.54
sings singg  n Yipz 2 arcsin(n /ng) { )

c- Khi ¢, ti€p tuc ting 1én dé cho w, dat dén gée t6i han clia hién twong phan
xa toan phin bén trong & mat phan cdch ny, — ng thi tia sdng bi nhét lai hoan
toan 1tng v6i mode truyén dén (giuded mode) nhu & hinh (5.7¢). Trong trudng
hgp do6 goc t6i han ¢, duge xdc dinh bai diéu kién .

@9 > arcsin{ny/ns} (5.55)
Tix (5.55) va (5.52) ta cé
g > arcsin(1) = 90%, 3 > 90° (5.56)

Cac diéu kién (5.53)va (5.55) x4c dinh céc loai mode c6 thé duy tr trong
linh kién din séng theo gié tri v, ciing tuong ty nhu diéu kién (5.44) phu
thudc vao 8.Theo (5.44) mode biic xa xudt hién khi 8 < kn,. TUt hinh (5.6) ta
thiy

8in g = B/kny (5.5

Nhu vy, néu 3 < kn, thi
sin 25} < km/kng = T /'ng (558)

Diéu kién nay phi hgp véi (5.53). Cling twong tu nhu vay néu 3 lon hon &n,
va nho hon kn; thi ¢6 thé duy tri mode dé.
Chi khi 8 > knz méi ¢6 thé duy trd mode truyén din . Tir hinh (5.6) néu
3 > kny thi
singy = B/kna > (kng/kng) = na/ns (5.59)
Nhu vy két qua (5.59" '« n duge v i 2 1§ tring véi két qua thu duge i
quang hinh (5.55). Cuéi . " ng néu g > kn, thi

singy = fA/kng > 1



228 Chuong 5. Xit Iy tin hiéu quang

Hinh 5.8: So dé gidi thich cdc mode duoc phép ddn truyén.

Ung véi trudong hop khong ¢d ¥ nghia vat 1¥, mode (a) trén hinh (5.4)

Nhu vay nhitng két qua nghién ctru bang quang hinh v quang 1y 13 phi
hgp v&i nhau.

2. Ban chét gidn doan ctia hé s6 lan truyén 8

Két qua nghién ctru phuong trinh truyén séng Maxwell trén day cho thdy
chi ¢6 mot s6 gid tri 5, gidn doan ndm trong khodng kny < 8 < kn, cho ta
nhimg mode din truyén duge trong linh kién din s6ng, nghia 1a cdc mode
dugc phép. Bay gid chiing ta xét vén dé ndy tir géc d¢ quang hoc-tia.

Mit séng ban phéng vubng géc véi céc tia zig-zag duge xem 13 v6 han,
chi it cling rong hon ti€t dién ciia linh kién din séng, & day chiing da bi chiin,
Mait khéac ching ciling khong phit hop véi dinh nghia cia mot s6ng ban phing,
ddi hoi pha trén mat séng phai hoan toan nhw nhau. O day c6 su chéng chat
cdc sOng tdi va cdc séng phan xa tir mit phan cidch khi ching lan truyén theo
cdc tia zig-zag. Dé tranh sy triét tiéu ning luong quang do s giao thoa clia
céc séng léch pha, khi chiing lan truyén trong linh kién din séng, cin théa
man diéu kién sau: d¢ léch pha tdng cong gilta hai diém trén mit s6ng sau
hai 14n lan truyén va phan xa qua lai trén mat phan cdch n, — n, v mit phan
cdch ny; — ny phai bang mot s6 nguyén l4n 27. Ta goi diéu kién nay Ia diédu
kién giao thoa.

Diéu kién d6 c6 nghia 12 d6 léch pha gifta hai diém A va B trén hinh (5.8)
phai bing 2m=, m 12 56 nguyén. T diéu kién ndy ta cé:

27 2nad,

/\0 COS P - 6-23 - 6'31 =2mn (560)
v6im=1,2,3,---. hay la
2knqd
%;f: - 623 - 521 = 2mm (5.61)

v6i & = k,d, bé day cla linh kién din séng, m 12 s6 nguyén, 55 vA &y, 12 géc
dich pha khi phén xa toan phén. Géc dich pha d5; va 65, ¢6 thé xem nhu su
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tham nhdp cua tia zig-zag vao trong 16p 1 va 3, trude khi phén xa trd lai. D6i
vdi song TE, ngudi ta d3 tinh duge oz va da

tgdaz = (n8in® s — n3)/2/(ng cos @) (5.62)

tgda1 = (n?sin® s — n2)1/2/(ny cos @2) (5.63)

Thay (5.62) va (5.63) vao (5.61) ta nhan dugec modt phuong trinh siéu viét mot
bién s6 4,, (hay ¢,.) v6i

T
Ym =5 =0

2

D6i v6i m cho trede 6 thé tinh dUge na, nz, ns va dy, m,( hay 6,,). Nhu vay ta
nhén dyoc mot s6 gidi han cic gié tri ., gidn doan Ung véi cdc mode duge
phép khéic nhau, tuy nhién y,, phai 16n hon géc t6i han cia hién tugng phan
xa toan phin.

Ddi véi mbi mode duge phép ta c6 gid tri g,twong tng

e = knig 8in 0, = kng cosf,,

Van t6c lan truyén cita 4nh sdng theo phuong cla linh kién din séng la:

, kno
U = €8N Py = C——

Brm
Chiing ta c6 thé dinh nghia chiét sust hi¢u dung cba linh kién din séng 12

Tieff = Cf/Vm = Bm/knz

Ngoai ra 4nh sdng lan truyén lién tuc phin xa toan phén tai mit bién clia
161. Chinh Vi vay tai m#t bién cudng do dién trudmg phai bing khong do giao
thoa gifta 4nh sdng t&i va 4nh sdng phan xa. D€ thda mén didu kién nay phai
ton tai mot séng ditng trong 151 theo truc « (theo hwéng bién) nhu & hinh (5.4).
Diéu nay din dén sy t6n tai mot s6 mode nhit dinh c6 thé din truyén trong
linh kién, d6 1a diéu kién mit bién ta s& xét k§ hon trong phdn s¢i quang sau
nly.

5.2.4 CA4u tric linh kién din séng quang trong mach quang tich hop.
Ngoai cfu tnic din séng quang ban phing ba 16p chiing ta vira méi xét, trong
mach quang tfch hop con ding céc linh kién din s6ng quang c6é tidt dién
ngang chit nhat véi nhiéu kiéu ké&t cfu va céng nghé ché tao khic nhau.
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Hinh 5.9: S dé biéu dién mot mode trong khong gian ba chiéu.

Hinh 5.10: Sz d3 link kién ddn song dang kénh.

Ly thuyét tinh todn cdc mode lan truyén trong loai linh kién dén séng chix
nhat rét phitc tap vi & day kinh thude ctia linh kién din séng khong chi gisi
han theo truc x v&i bé day d, ma cdn gidi han theo truc y.

Mot séng dién TE dao dong theo truc y, £, sé tao thanh séng ding va c¢é su
phan b& khong nhimg chi theo truc x nhu trong c4u tric phing ma cdn theo
cé truc y. Vi thé€ mot mode truyén dan trong linh kién phdi thoa min diéu
kién déin truyén theo truc X va diéu kién theo truc y. Vi du mode £}, duge
biéu dién trén hinh (5.9) theo truc x va truc v.

Ching ta cé thé ké ra dudi ddy mot s6 kiéu két cdu linh kién din s6ng
khédc nhau;

1. Linh kién d4n séng dang kénh.

D6 13 mét kénh din séng ¢6 tiét dién ngang hinh chit nhat 6 chiét sudt n,
duge bao quanh bdi mot vat 1iéu ¢ chiét sudt n, nhd hon .. Loai linh kién
dan séng nay dugc goi 13 linh kién din song dang kénh, hay duang ba chiéu;
trén hinh (5.10) biéu dién mét loai linh kién din séng dang kénh.

2. Linh kién din s6ng dang c6 dai phi (strip-loaded waveguide).
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Hinh 5.11: So dé linh kién ddn séng dang ddi phi.

L)

N

\nz

Hinh 5.12: So' dé link kién ddn séng dang 2 ddi phii kim loai.

Linh kién din sng nay tao thanh bang ciach phit mot dai vat liéu c6 chiét
sudt ns nhd hon 1én phia trén mot 16p dén s6ng ban phang v6i chiét suft n,,
nim trén dé cé chiét sudt n,; nho hon ny, nhu & hinh (5.11)

Nhu vay linh kién din séng dang dai phu nay khong phai dugc bao boc
boi 16p vat liéu ¢ ny < n, trong ca hai chiéu «,y nhu linh kién din s6ng dang
kénh, tuy nhién & day do hiéu ting ti€p xic giira cac vat liéu hoac do dién ap
dat vao dai phii, chiét sudt clia 16p nam phia du6i dai phil (n,) s& khéc v6i hai
phan bén canh, tao nén mot kénh din séng.

Dai phu ¢6 thé khong phai 12 16p dién moi hay ban din ma la 16p kim
loai. Trong trudng hop nay 2 dai phu kim loai duoc phit 1én bé mit cta 16p
din s6ng ban phing & hai bén viing din s6ng ( viing nhét séng) nhu & hinh
(5.12). Két c4u linh kién din s6ng nay thudng dung trong mach diéu bién
dién quang, vi trong mach d6 cén thiét phai c6 mét dién cuc kim loai trén bé
mdt, dai kim loai lam nhiém vu dién cuc dé s& kiém thém wvai trd ctia linh
kién din séng.

Dé tao cdc linh kién dén song quang, trong cong nghé vi dién tir da dung
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rét nhiéu gidi phdp cong nghe khéc nhau, chiing ta cé thé k€ ra dudi day mot
sO giai phdp dé:

- Phuong phdp phit mang méng din quang (thuy tinh, nitrit, oxit...)

- Bén ph4 bang ion (cfy ion) khuéch tin tap cht d€ tao 16p din quang.

- Phét trién 16p exitaxy di chét (Heteroepitaxial growth) d4n quang.

- Phu déi kim loai ding hiéu wng dién quang tao 16p din quang,

- Tao 16p kém din (Jam gidm néng d6 hat din bing epitaxy, khuéch tin
tap, cdy ion, bil trit) ¢6 tinh truéc dé thay déi chiét sudt tao 16p din quang.

5.3 Soi quang

Trong myc trudc ching ta d3 k€ ra nhitng vu diém chinh cha hé théng tin
soi quang (optical fiber communication system- OFCS), trong d6 cin nhfin
manh hai dic diém chinh cia né la dung lwgng mang théng tin cuc cao va
su tén hao ciia tin hiéu cyc thdp. Hai dic di€m quan trong d6 di quyét dinh
gid tri cao cla tich s8 d0 rOng dai thong nhan khoang cich (bandwidth times
distance- BWTD- product).

Kha ning dam bao mot dai thong rdng ciia OFCS 12 tin s6 cao cla 4nh
sdng truyén trong sgi quang. Céc thé hé soi quang thit 1, IT va III cha OFCS
hoat d9ng trén ba budc séng quang fuong ing: 0,85um, 1, 3um va 1,5um. Vi
dnh sdng c6 budc séng 1,5¢m cb tin s6 2. 10'*Hz néu tdn s didu bién chiém
10% t4n s6 mang, thi dai thong tin hiéu clia séng mang 1, 5um cia hé OFCS
s& 1a 20000GHz. Mot khé niing mang thong tin khéng 16 nhr vay du @€ truyén
hang triéu kénh truyén hinh, Ngay nay OFCS mdi st dung mét phén rét nhd
dai théng d6 do sy giéi han cha d6 rong dai thong mdy phét vA miy thu,

5.3.1 Tinh chit, phan loai va cong nghé ché tao. Nim 1966 Kao vi Hock-
ham b#t ddu nghién cttu truyén thong tin bing chiim laser trong céc soi thuy
tinh. Kha niing ding sgi thuy tinh c6 thé trd thanh hién thyuc khi sgi quang
dat nhiing tinh ch4t sau

1. Tinh chdt cdn thiét cia s¢gi quang. - Soi quang phéi ¢6 d6 t6n hao th4p.
D¢ tén hao chll y&u bao gém hai qu4 trinh: hép thy bitc xa va tin xa bitc xa.
Nhu vay d€ gidm tén hao phai Iua chon vat liéu va buéc séng tia laser tirong
iing sao cho h¢ s6 hip thu thip nh4t, phéi nang cao chét lugng vat liéu va thire
hién cdc phuong phédp gidm thiéu su tdn xa ciia bic xa.
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Hinh 5.14: Soi quang lién tuc.

- Soi quang phai c6 tinh chdt co hoc thich hop, phéi ¢6 do bén, d6 chiu
moi do rung dong cao

- Soi quang phaic6 tinh ldo ho4 thép, c6 thé sit dung 6n dinh trong nhiéu
chuc nam.

2. Cdu tao va phan loai sgi quang. S¢i quang dugc phan loai theo cfu tao,
nghia la theo su phan b6 chiét sudt quang hoc trong 15i (n,) d6i v6i chiét sudt
quang hoc ctia 16p vO (n,), cling nhu theo s6 mode séng c6 thé din truyén
trong dé.

Sqi quang thuong c6 tiét dién trdon, gém hai phén : 16i va vo, ké ca 16i va
vo c6 dudng kinh khodng 100 + 400um. Lép vd c6 chiét sust khong déi n,
nho hon chiét suft 16p 16i n,. Chiét sudt ctia 16p 16i c6 hai dang: dang khong
déi va dang c6 phan b6 gidm d4n tir trong ra ngoai. Loai thit nhdt goi la soi
quang giat cdp (soi quang chiét suft bac thang), loai thit hai 12 soi quang lién
tuc (s¢i quang chiét sudt gidm dén). Ty kich thudc cla 13i sgi quang giat
cép c6 thé chi din truyén mot mode va goi 1a sgi quang giat cfp don mode
(nhu & hinh vé& (5.13a)), soi quang giat cép c6 dudng kinh 15i 16n hon thudng
dén truyén nhiéu mode va goi 1a's¢i quang giat c4p da mode ( nhu & hinh vé
5-13b). S¢i quang lién tuc thudng din truyén nhiéu mode va goi 12 soi quang
lién tuc da mode, dugc trinh bay & hinh (5.14).

Trong c4u tao clia sgi quang con c6 mot thong s6 quang trong nita 1a do
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Hinh 5.15: So d6é mé td dai luong khdu dé s6 NA.

chénh chiét sut n, — n,. Ngudi ta biéu dién do chénh chiét sufit bang dai
lugng A duge dinh nghia bdi cong thic
ng

na =ni(l - A); A = L T2
LA

D61 véi so1 quang da mode A =~ 0,02,

Pé6i véi so1 quang don mode A = 0, 005.

Cdu tao cua sgi quang con quyét dinh gid tri cia mot thoéng sé quan trong
clia nd, d6 1a khdu d6 s6 NA (Numerical Aperture). Gid tri clia khéu do s&
NA duge xac dinh bai biéu thitc

NA=s5inf;

imax — (n.lz - n%)l,"?

trong d6 6;_,, 1a géc t6i cha tia sdng ddc trung cho hién tugng phan xa toin

phén giita 15i va vo cha soi quang. ¢, 1a goc t6i (gée gifta tia t6i v&i phdp

tuyén clia mat ti€t dién ngang cta soi quang, nhi & hinh (5.15)) 16n nhit dé

tia khdc xa vao 161 con gy nén hién tuong phan xa toan phdn & ranh giét 16

va vo.

Khi d¢ chénh chiét suit khong qué 1on ta ¢6 cong thic gin ding

NA=(n} - n2)1/? =n(28)/2 (5.64)

Khdu do s déc trung cho su ghép néi hiéu qué gita ngudn laser v&i sgi quang,
nhung néu ¥ A qud 16n s& lam tang mot hién tugng khong ¢6 10i cho st truyén
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Ong thiy tinn
S0,

Hdn hop dét H, + O,

Hinh 5.16: So dé phuong phdp céng nghé CVD.

trung thyc tin hiéu, d6 12 hién tugng tén sic ma ta s& xét sau. V1 vy cdn phai
chon mot gid tri do chénh chiét sudt t61 wu.

3. Cong nghé ché tao sgi quang. Khi mo ta s¢gi quang ching ta Xxem sdi
quang duge céu tao tir hai phin: 16i va vo. Tuy nhién trong cong nghé ché tao
va vé mat vat liéu thi hai phdn dé dugc ché tao dong thdi va lién tuc vé mit
vat licu. Su khdc nhau vé chiét sudt trong hai phdn dé dugc thyc hién bing
céch thay déi néng do phu gia (tap chét trong vat liéu). Cong nghé ché tao
soi quang duge chia lam hai giai doan : giai doan ché tao phéi (preform) va
giai doan kéo soi.

- Giai doan ché tao phoi. C6 hai phuong phdp chinh dé€ ché tao phoi dé 1a
phutong phdp ling dong hod hoc ti pha hoi (chemical vapour Deposition-CVD)
va phuong phdp lang dong theo truc tir pha hoi (Vapour axial Deposition-~
VAD)

Phwong phdp CVD ¢é nhiéu bi€n thé, & day ching t6i chi trinh bay mot
bién thé dé 1am vi du. Dé 1a phuong phdp CVD trinh bay & hinh (5.16)

3 day dong khi mang H, théi qua cdc binh dung SiCl, va GeCl, dé tao dong
haif Dong hoi hén hop, v6i thanh phén SiCly va GeCly duge khong ché va dleu
chinh, duoc théi vao mdt Sng thach anh (5i0,)tinh khiét quay tron déu. Ong
thach anh ¢6 chiéu dai khoang 1m dudng kinh trong khodng vai em, khi dong
hoi théi qua xung quanh 6ng ¢6 dong khi H, + O, chdy tao nhiét lam chiy
cédc hoi SiCly va GeCly tao thanh HCI va cédc oxit SiQ; va GeO,. Cic hat SiO,
pha tap GeO; ngung tu l&én thanh 6ng 1am cho thanh dng day 1én din cho t6i
khi ca 8ng tr& thanh mot théi dac. Ta ¢6 mot phdi véi sy phan bo chiét suat
(st phn b6 tap GeQ;) cin thiét theo thiét ké.
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Busng kinh
o]}

Hinh 5.17: So dé gidi thich cdc mode dugc phép ddn truyén trong soi quang.

- Giai doan kéo sgi: Tir cdc thoi phoi c6 phan b6 chiét sudt xdc dinh ngudi
ta kéo ra cdc soi quang c¢6 phin b6 chiét suft theo thiét k& trude. Cic thoi
phoi duge dat trong cdc 10 nung dé nang cao nhiét do, phoi dit thing ding,
& ddu cudi cua phoi dat nhiét 4o néng chay va tir d6 kéo ra soi quang gém
161 va vo. Soi quang dugc kéo xuéng phia dudi duge boc 16p bac vé polime.
Nhiing s¢i guang nhur thé€ nay thudng ¢6 do dai tir vai km dén hang chuc km,

Cép quang duge ché tao tir vai s¢i quang dén vai chuc soi quang, ¢6 15i
thép dé han ché€ d6 cong xoén va c6 thé c6 mot s§ day din dién dé tai dong
dién cung cfp cho ngudn ctia cdc bo héi phuc trén dudng day.

5.3.2 Cic mode dan truyén trong soi quang giat cip. Chung ta c6 thé
chiing minh sy t6n tai cic mode séng gidn doan duge phép din truyén trong
s¢i quang béng nhimng 1y luan gidng nhir d6i véi linh kién din séng di trinh
bay trong muc (5-2-3). D€ mot mode séng din truyén dugc trong sgi quang
git c4p cén théa min cc diéu kién sau:

1. Diéu kién phén xa toan phin. D€ duge dn truyén trong sgi quang tia
sdng phai c6 géc t&i ddp ing diéu kién phin xa toan phin: sing > ™2, nghia
18 o > . = arcsin 22.

2. Piéu kién giao thoa. D€ trdnh sy triét tiéu niing lugng quang do sy giao
thoa ctia cdc s6ng t6i va séng phan xa trén mat bién cia 16, cdc tia séng phai
thda man diéu kién: DO léch pha téng cong giiia hai diém A va B (nhu & hinh
(5.17)) phdi bing mét s6 nguyén ldn 27.

Diéu kién ndy c6 thé bidu dién bing phuong trinh twong tu (5.60) va goi
12 diéu kién giao thoa:

2_17 2n.d
Ao COB@m

—-25=2mmr Vv6i m=123... (5.65)
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va duge mo ta & hinh (5.17).

Trong cong thitc ndy n, 1a chiét suft cla 151, § 12 gée dich pha khi phan xa,
Ao - budc séng dnh sdng trong khong khi. Mai gid tri ¢,, tng v6i mot mode
duogc phép, xdc dinh bdi cong thiic suy ra i (5.65)
2ﬂ1(d/1\{))
m+ {(§/x)
Vi § rit nhd so v6i 27 cdn m c6 thé it 16m so v6i 1, nén ta c6 thé viét gdn
ding:

(5.66)

COS Py =

2?1.1 d
m X
VGi d = 50pm, Ag = 1pm, n=1,5;m &€ cé gid tri khd 16n. Nghia 13 c¢6 rdt nhiéu
mode duge din truyén trong sgi quang.

3. Diéu kién mat bién. D& 4nh sang lan truyén lién ti€p phan xa toan phin
tai mat bién cla 161, cin thiét phai cé dién trudng bi gidi han trong 15i clia sgi
quang. Vi vay tai mgt bién ctia 15i cudmg d¢ dién trudng phai bing khéng do
giao thoa giffa 4nh sdng téi va dnh sdng phan xa. Vi n, gdn bing n, nén trong
soi quang dién trudng trén mat bién khong thé bing khong nmmg ¢6 gid tri
thép. Tuy nhién dé€ don gidn chiing ta gia thiét trén miit bién dién trudng bing
khong va d6 léch pha do phan xa bing khong, § = 0. D€ thoa mén diéu kién
mat bién phai t6n tai mot séng ding theo hudng vudng géc véi hai mit bién
(ta goi la song hudng bién) do c6 hién nrgng giao thoa gita 4nh sdng t&i va
inh sdng phéan xa.

Hinh (5.18) (a) cho thdy hudng 4nh sdng tdi va dnh sing phin xa, hinh
(5.18)(b) bidu dién mat diing pha clia 4nh sang tGi va 4nh sdng phan xa, hinh
(5.18)(c) cho thiy su bién dbi vé pha theo huéng bién cha cudong do dién
trudng dugc tao nén do sy lan truyén dnh sing téi vi 4nh sdng phan xa. O
day ta thdy hai song huéng bién ton tai theo hai huéng d6i nhau va chéng
lén nhau tao thanh mét séng ding hudng bién (lateral standing waves). Vi
1¥ do d6 sdng ditng hudng bién duge tao nén do phan xa & mit bién cé su
bién d6i pha ciia cudng d6 dién trudng bing mot s6 nguyeén 14n =, nhit & hinh
(5.19)(a,c). Tréi lai khi géc bién d6i pha 8y < 8 < & (7 < 8 < 27) nhu trén hinh
(5.19b) thi khong tao ra séng ditng hudng bién. Tl nhiing diéu phan tich trén
day ta thdy cic géc phdn xa ¢ = I - 8 ing véi cdc mode din truyén trong soi
quang bi gidi han trong mot s6 gid tri nh4t dinh,

Hinh (5.20) cho hai trudng hgp giao thoa ¢6 cudng d6 dién trudng theo
huéng bién bién ddi theo = va 27, Séng lan truyén trong soi quang véi mot

(5.67)

coS Py, =
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Séng t6i Séng phan xa

\

\ \
Séng téi
B /\
n 7 J’}
2 Pinh  Pay

Séng huéng bién

n, clia tia t6i

o
/ &+ S6ng huéng bién
clia tia phan xa

Hinh 5.18: M6 td su phdn xa séng dnh sdng & mdt bién: a- huong ciia séng tdi va
song phdn xa; b- cdc mdt dang pha ciia séng 16i va séng phdn xa ; c- séng t6i va séng
phdn xa dwgc quan sdt theo hudng mdt bién.
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Hinh 5.19: M6 td truomg hop cdc géc phan xa tao nén song dimg huong bién: a- khi
dnh sdng véi géc tdi 6o di mot quang duomg  pha cia dién truong bién doi mot luong
bdng = giita Ao va A}, hinh thanh song hudng bién; b- véi géc 6o < 6 < 61 séng huong
bién khong hinh thanh; c- véi géc 6, pha cia dién truong bién doi mot lugng bang 2x

gilta A\ va A hinh thanh séng hudng bién.

a)
) L A2 A

7

2
I,"’ ~
- ~
Ve N

Hinh 5.20: Mé td su giao thoa giita séng tdi va séng phdn xa c6 cuong do dién truong
theo huong bién, bién déi theo = (hinh a) va 2r (hinh b), tao nén song dimg huong
bién mode bdc khéng (a) va mode bdc 1 (b). Cdc chdm den img véi dinh séng chong

dinh séng, con vong trdng img véi ddy chdng ddy.
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g

Hinh 5.21: So d6 gidi thich sy gidn xung sdng.

g6c phin xa 6 nhét dinh v mét su phan bd cudng do dién trudng theo hudng
bién nhét dinh dugc goi [ mode séng. S6 mode séng dan truyén 1a hitu han
va duge goi theo thi ty: mode bac 0, mode bac 1, mode bac 2, ..., mode bac
N - 1. Diéu kién mat bién nhu trén di phan tich duge biéu dién bing cong
thire: '

dsiny, =dcosp,, =mAf2; v m=0,12...,N-1

7

m 12 s8 thit ty mode, N 14 s6 mode c6 thé.
Chinh vi vay trong s¢i quang ¢6 nhiéu mode, mdi mode lan truyén theo
moét huéng khdc nhau va din dén su tdn sac gifta cic mode.

5.3.3 Su han ché d6 rong dai thong do tan séc gita cac mode trong soi
quang giat cap da mode. Gid s mot xung sdng dwgc chi€u vao ddu vio cla
soi quang, nang lugng téng cong clia xung s& 12 két hop ciia nhiéu mode duoge
dén truyén trong sgi quang, trong d6 méi mode c6 mét hudng lan truyén khéc
nhau véi p,, khéc nhau. Vi ¢y, khdc nhau nén quang 16 ma méi mode di qua
s€ khdc nhau, trong khi dé van t6c lan truyén theo cdc quang 16 zig-zag dé
clia cdc mode lai giéng nhau. T d6 ta thdy van téc lan truyén clia cdc mode
theo chiu song song v6i truc sgi quang s& khdc nhau, din dén khoang thdi
gian cin thiét dé cdc mode di qua mdt chiéu dai soi quang nhur nhau s& khéc
nhau. Chiing ta xét hai mode: moét mode di theo truc sgi quang, goi 1a mode
truc, mode thit hai lan truyén véi géc ¢, bing géc téi han phan xa toan phdn,
1a mode t61 han. Xét thai gian hai mode dé lan truyén tix ti€t dién A dén tiét
di¢n B clia s¢i quang nhur trong hinh (5.21). DE hiéu rang th&i gian d6 s& cuc
tiéu d6i véi mode truc va cuc dai d6i véi mode t6i han.

A_B_AB'ﬂl
C

tmin =
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Khi xudt phat Khi dé&n dich t

Hinh 5.22: Minh hoa su gidm ddi théng.

AB AB n,

Pmax = . = = )
veging  sing. ¢

véi goc t6i han, sing,, = 2. Ta ¢6 thé g0i At = (fmax — tmin) 12 d0 gin xung
sdng va ta co:’

Ar= AB ( 1 _1) o (”_‘ _1) (5.68)
o

c sin @,

Nhu vay do thdi gian ma cdc mode di qua cliing mét chiéu dai s¢gi quang 1a
khic nhau, nén xung sidng bi giain ra, hién tugng dé dugc goi la hién tugng
tan sic giffa cdc mode. Sy giin cdc xung sdng din dén su gidi han d6 rong
dai thong clia sgi quang.

Xét mot chiéu dai sgi quang L, k¢ hidu thdi gian lan truyén clia mode truc
qua chiéu dai L 13 tn, = 7 v goi 14 théi gian din truyén, Tir (5.68) ta viét lai
céng thitc cha do gidn xung sdng:

At=1 (ﬂlnzn2) _ éi: (ny — na) (5.69)
Do su gidn xung sdng nén dé trénh cdc xung chip nhau chiing ta phai truyén
cdc xung thua ra, nghia 1a t6c do6 truyén phai giam xufng, nhu minh hoa &
hinh (5.22), diéu d6 ¢6 nghia 1a d9 réng déi thong gidm xubng. Goi B 1a d6
rong dai thong cuc dai, ngudi ta chimg minh rang, gid tri chia B bi gidi han
bdi cong thirc

1 C- Ny 1

= 4At ~ 4L n, ny —ne

véi L = 1km, A =0,01;ny = 1,5, B = 5Mbit/s.
Gid trf 5Mbit/s rdt nhod so véi 46 rong déi théng cé thé 20.000GHz. Nhu vay
hién tugng tin sic giita cdc mode trong sgi quang da mode gidt cdp dd lam
cho d¢ rong dai thong sit dung duge bi thu hep lai ddng ké, 1am cho soi quang

(5.70)
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Hinh 5.23: Sui quang lién tuc da mode.

khong con to rd tinh wu viet vé d6 rong dai thong clia né so véi cdp boc kim.
Tir (5.70) ta thdy dé nang cao B c6 thé gidm (n, — n,), d6 chénh chiét suit.
Nhung gidm A s& lam giam khfu d¢ cha sgi quang, hon thé nita viéc giam A
xudng dudi 1% s& gap khé khin vé mit c6ng nghé.

D€ giam sy tan sic gilta cdc mode va tir d6 nang cao do rong dai thong,
ngudi ta ché tao ra sgi quang lién tuc da mode, trong dé gid tri chiét sudt n,
clia 131 thay d6i dén n, mot cdch lién tuc.

5.3.4 S¢i quang lién tuc da mode. Soi quang trong d6 chiét suft cia 161
n, thay d6i lién tuc sang chiét sufft clia vo n,, nhit & hinh (5.23) goi tit 12 sgi
quang lién tuc,

Ngudn géc clia hién tuong tin sic giifa cdc mode trong s¢i quang gigt cop
la vi¢c nang lugng clla mét xung quang (trong tin hiéu nhi phan) duge mang
b&i nhiéu mode séng lan truyén theo nhitng quang 16 zig-zag c6 chiéu dai
khic nhau nhung ciing mét van téc.

Trong soi quang lién tuc da mode bing quy luat thay ddi chiét sudt cla
16i dén chiét sudt clia vo ngudi ta tao ra mot didu kién dé nhitng mode séng
c6 quang 16 dai s& chuyén dong véi van téc cao hon cdc mode séng cé quang
16 ngin. Bing cach nay ta c6 thé gidm duge At, giam dugc su sai khac vé
thdi gian din truyén clia cdc mode khdc nhau qua mot chiéu dai soi quang
nhit dinh. Chiing ta biét rang van t6c lan truyén ctia 4nh sdng v = &, cho nén
néu ta thay ddi chiét sudt mot cdch lign tuc nhur & hinh (5-20) thi cdc mode
c6 quang 16 dai s& chuyén dong trong viing c6 chiét sudt nhé va do dé van
t6cldn hon. Theo tinh todn quy Iuft chiét suft thay ddi theo ban kinh c6 dang
parabol s& 1am giam At dén t6i thi€u, quy lut dé di dugce thuc hién trong céc
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loal s¢t quang thuong mai. Tuy nhién viéc khong ché quy fuat thay d6i chiét
suft mot cdch chinh xdc trong cong nghé 14 mot viéc khé, nén ngudi ta chua
thé khéc phuc hoan toan hién tuong tin sic giita cdc mode.

5.3.5 Soi quang giat cap don mode. D€ mo6 ta sif lan truyén clia séng quang
hoc trong sg1 quang mot cdch chinh xéc, chiing ta phai gidi phuong trinh séng
Maxwell trong toa d¢ try v&i cdc diéu kién bién thich hgp tai mat phan cich
131 - v6 cua soi. Tuy nhién nhitng tinh todn dé s& cong kénh phitc tap hon
trudng hop linh kién din séng ban phéng mi ta di nghién citu trong muc (5-2)

1. Biéu kién don mode. D1 v sgi quang giat cdp don mode chiing ta quan
tam dén diéu kién dé cho mot sgi quang giat cdp chi truyén din mot mode
song duy nhdt. Nhimg ket qua nghién ciiu bang phuong trinh séng Maxwell
cho phép biéu dién diéu kién don mode ciia sgi quang giat cp qua mét théng
sO cla soi goi 1a tAn s6 chudn hod, duge k¥ hiéu bang V.

Tén s6 chudn hod V, con duge goi 1a s6 V hay thong s6 V (V-number,
V —parameter) ciia s¢i quang giat cap, duge dinh nghia 1a
2nd
Ao

Trong d6 4 - dudng kinh 131, n, va n, 12 chi&t suit cla 16i va vO, A bude
séng anh sang trong 151,

Diéu kién don mode trong s¢i soi quang giat cdp la

2 .
V= {g(n%-n;)*{ﬁ < 2,405 (5.72)

V= (n? — n$)1/2 (5.71)

Néu V > 2,405 thi trong sgi quang dugc din truyén nhiéu hon m6t mode
d6i v6i burde séng ;. Ung dung 5.72, chiing ta c6 thé xdc dinh dugc budc
song cét (cut-off wavelength) A, (néu A < X, ta ¢c6 da mode)

_ _Qi 2 /2
.= 2’405(711 n3) (5.73)

Chiing ta c¢6 thé tim dugc diéu kién don mode va budc séng cit tir didu kién
dén truyén cdc mode theo quang hoc tia: dsin6,, = mA/2 va diéu kién phan
Xa toan phdn sin f;n., = sinf.ni, trong d6 sinfipex = NA = /n? —ni 1 khau
d6 s6 cha sgi quang. Tir day ta ¢6 sinf, = \/n? — nZ/n;. Goi N 12 s6 mode c6
thé dan truyén dugc trong sgi quang thi ta c6: dsind. > NA/2, Wi A= 20
nén

N . /n2 —n?
dsin@, > Ao vi N< zﬂdsmgc - @du
2”’1 AU )\[] i3]
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nghia 1a N < ¥/n? —n.

Cong thitc nay va cic cong thifc trén day déu dugce tinh cho linh kién din
séng ban phing, trong dé cdc mit bién phan xa 1A mat phang. D6i v6i trudng
hgp séng quang, 15 ¢é tiét dién trdon cOng thifc nay c¢6 dang:

2nd 5 2
NS gaEnVm—m

va diéu kién don mode thu duge khi N = 1 nghia la:

2md
2,405 < :—U n? — n

budc séng cat 1a A = 274\ /nf — nl.
2. Cdu tgo. Diéu kién (5.73) ¢6 nghia ia mot sgi quang giat cdp s€ l1a soi
quang don mode d&i v&i budc séng 1én hon hodc bang A. va s 1 sgi quang
da mode d6i v&i budce séng nhd hon i.. Néu 14y n, = 1,53, dé chénh chiét
sudt 12 0,002 thi (n? — n2)!/? = 0,08, tir d6 ta thiy dé c¢6 dugc soi quang giat
cdp don mode cén thod man diéu kién & < 6, hay 12 d < 6X,.

Vi diéu kién nay, thé hé sgi quang thit nhit hoat dong & budc séng A =
0,8um da khong thich hgp do mét s6 nguyén nhan sau:

- Ngudn sing LED c¢6 do réng phé 16n gy nén su tdn sic (chromatic
dispersion).

- Su tén hao lén.

- V1 kich thudc 161 nhd (4um) khé ché tao.

Ngay nay soi quang giat cdp don mode hoat dong & bude séng 1,3um hay
1,5um, d = 6 — 10um, vO ngoai ¢d kich thudc 125um.

3. Hién tugng tdn sdc trong sgi quang gidt cdp don mode. Theo dinh nghia,
so1 quang don mode khong gap hién tugng tdn sic gilta cdc mode. Tuy nhién
trong so1 quang don mode ngudi ta gap mot s6 hién tugng tén sic khac, vi du
hién tirgng tdn sic do phé ngudn (chromatic dispersion) ta s& goi hién tugng
nay don gidn 1 tdn sic (vi thuat ngit chromatic dispersion méi diing nghia 1a
tdn sic trong tiéng viét).

Hién tugng tdn séc la do ngubn séng c6 d6 rong phd nhit dinh, khic khong,
si phan tén trong budc séng A clia phd s& din dén sy phén tdn xung quang
khi né dén truyén trong sgi quang. Su tdn tai do rong phd ngudn din dén hai
loai tén sdc: sy tén sic do linh kién din séng vi su tin sic do vat lieu gay
nén,
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- Trong sgi quang thuc t€, chiét suft n, cia 151 ¢é gid tri phu thudc vao
budc séng, nghia 13 ny = n, () difu nay din dén van téc lan truyén séng trong
161 phu thudc vao A, su phu thudc nay s€ gy nén su gidn xung sdng, khi
ngudn sdng ¢6 mot do rong phd khéc khéng. Hién tugng gidin xung sdng niy
duge goi 12 hién trgng tin sdc do vat lién (material chromatic dispersion).

- Chiing ta biét ring trong s¢i quang, géc truyén duge phép xdc dinh bdi
cong thitc (5.67)

§ _ 21’11 d

CO8 {2y = EXE
Néu nhu trong ngudn sdng c6 mot tap hop budc séng 14 Ay, Az, As, - - - thi méi
budc séng s€ ¢ mot gid tri ¢, Nhur vy 1a ¢4 bao nhiéu budce séng trong xung
sdng s& c6 bdy nhiéu hudng lan truyén lién quan dén mode m. Két qua 1a su
tin sdc do mode giong nhu trong sgi quang da mode. Tuy nhién hién tugng
tan sic nay 1a do ban chét chia linh kién din s6ng gy nén, cho nén né dugc
goi 1a tdn séc do linh kién dén séng (waveguide chromatic dispersion).

5.3.6 Ton hao trong soi quang. Tén hao trong s¢i quang c6 thé chia 1am
hai loai: tdn hao do co céu va tén hao do vat ligu.

Tén hao do co cdu ¢é thé ¢é cdc nguyén nhan sau:

- Do uén cong sgi quang (microbending losses)

- Do khdp ndi (coupling losses)

- Do han ndi (splicing losses)

Tén hao do vat liéu chli yéu do hai nguyén nhan: hép thu va tin xa.

1. Hdp thu bitc xa hong ngogi. Bic xa laser thudng c6 budc séng & ving
héng ngoai (0,7 — 1,7um), Vi vay day ciing 13 dai tdn dugc nghién ciru ki vé
hé s6 hap thu. Nguyén nhin hip thu thudng gém ba loai chli yéu: hip thy
riéng do céc chuyén mic clia dién tir; hép thu do c4c tap chét, cic g6c OH va
céc ion nguyén td thudc 16p chuyén tiép, ...hdp thu do kich thich cic mic dao
dong cua lién két Si-O. Tuy nhién trong soi quang cic gdc OH ¢6 vai trd quan
trong hon ca d6i vdi hé s6 hdp thu trong dai héng ngoai. Trén hinh (5.24) biéu
dién su phu thudc do tén hae vdo budc séng clia bitc xa héng ngoar. Céc miii
cuc dai clia do t6n hao s& mat di néu ham lugng OH r4t thép (<0,04ppm). Ta
th&y ¢6 hai cuc tiéu clia d6 t6n hao & budc séng A ~ 1, 3um v A & 1, 55um. D6
cing chinh la hai budc séng duge ding nhiéu trong thong tin bAng s¢i quang.
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Hinh 5.24: Si phu thudc do 16n hao cia bikc xa héng ngoai vio budc séng.

2. Tdn xa gdy t6n hao trong sgi quang. Tin xa cla bic xa dién tit truyén
trong sgi quang ciing gay t6n hao ddng ké. C6 hai loai tin xa: tan xa tuyén
tinh va tan xa phi tuyén.

Tén xa tuyén tinh lai phan thanh hai loai: D6 13 tin xa trén cdc bit hoan
hao cia sgi quang nhir cdc mat bign gifta 16i va vo ¢6 do g ghé (vé su phan
bé chiét suit) va gy ra tdn xa. Loai tdn xa tuyén tinh thit hai 1 tdn xa trén
cdc bit déng nhit trong vat lidu soi quang tifc 12 tin xa do cdc thing gidng
cha chiét suflt, loai tdn xa nay dugc got la tin xa Rayleigh. Pay 13 loai tin xa
quan trong nhAt.

Tén xa phi tuyén 13 cdc qua trinh nhiéu photon hodc ¢6 s thay déi ning
lugng photon titc 14 thay déi tdn s6 cia photon.

Nghién citu cdc qud trinh hdp thu va tdn xa giy tén hao trong s¢i quang
gidp ta chon budc séng quang lam viéc thich hgp chon cong nghe va vat liéu
ché tao sgi quang t6i wu nhit.

5.4 Nguyén ly diéu bién quang

Biic xa cua didt phat quang (LED) hoic laser di6t phédt vao sgi quang déng
vai trd séng mang. Muén dua théng tin vao cic séng mang dé dé truyén di
xa thi phai diéu bién chiing, d6 1a diéu bién quang.
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LED Sgi quang
a) —_—

Xung blc xa didu bién

Bp ! 591 gquang
b =% | diéu -

bién

LED HHHH

Xung birc xa diéu bién

Xung duén
Hinh 5.25: So dé nguyén 1y diéu bién, a- diéu bién tryc tiép, b- diéu bién ngodi,

Piéu bién quang trong thdi k¥ dau thuc hién bang cich ding xung dién
cha tin hiéu cin truyén cho tdc dong truc ti€p vao mach dién lam viéc clia
diot phdt quang hoiic laser, qua d6 lam diéu bign dnh sdng ma chiing phat ra.
Céch 1am dé c¢6 nhuge diém 16n 12 gay tic dong mét 8n dinh ché d6 1am viec
cha ngudn bitc xa séng mang. Bdi viy ngdy nay ngudi ta nghién ctu chuyén
sang diéu bién ngoai. Trong phuong phédp diéu bign ngoai, bic xa ngudn phat
ra chura duge diéu bién, trude khi truyén vao sgi quang, duge di qua mot hé
diéu bién. Trén hinh (5.25) trinh bay nguyén 1y hai phuong phdp diéu bién
néi trén: diéu bién tnye ti€p va diéu bién ngoai.

Ciing nhu diéu bién séng v6 tuyén, diéu bién quang cling ¢6 ba cdch khic
nhau: diéu bién, diéu pha va diéu tdn. Trong phuong phép diéu bién (cdn goi
12 khod dich bién - Amplitude shift keyed, ASK) thi tin hiéu diéu bi€n duge
truyén di c6 dang

E(t) = A(t) coswt + ) (5.74)

trong do bién do A(t) mang théng tin bang cdch 14y gid tri "0" hoac "1 trong
chu k¥ clia mot bit. Néu truyén theo diéu bién ASK da mifc thi A(#)cé thé 1dy
nhiéu gid tri trong mot chu ky bit.

Trong phuong phép diéu pha (con goi 14 khod dich pha - Phase shift keyed
- PSK) tin hiéu bic xa duge truyén di ¢ dang
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E(t) = A - cos{wt + (p = 6)} (5.75)

trong dé bién do A giﬁ khong ddi, con pha (t) ldy hai gid tri "0" hoac "="
trong mét chu ky bit. Trong phuong phap diéu tdn (con goi 1A khod dich tdn
- Frequency shift keyed - FSK) tin hi¢u bifc xa duge truyén di ¢o dang

E(ty = 4 cos{(w = &)t + 2} (5.76)

trong dé bién d6 A, pha v, khong déi, tan s6 s& tang 1én ¢ hoidc giam xudng
4 tang vén gia tr1 "0, "1" trong mét chu k¥ bit.
Tir (5.76) ta c6 thé viét

E(t) = Acos{wt ~ (p £6t)} 5.7H

Cong thitc (5.77) tuong duong cong thic (5.73) vi vy b diéu bién ngoai
dang PSK ciing c¢6 thé dung cho FSK Trong nhiéu trudng hgp mét linh kién
diéu bién ¢6 thé 1am cé chic nang mot chuyén mach (Swich) nghia 3 mot
linh kién lam thay d6i vi trf tia sdng hodc dong (ngit), mé tia sang. Hai chitc
nang diéu bi&n va chuyén mach (modulator va swich) vé mot s phuong dién
nao dé c6 nhimg diém chung.

Cédc phuong phdp diéu bién khdc nhau ddi hoi cde phuong phap giai didu
{(demodulation) thich hgp: gidi diéu bién, giai diéu pha, giai diéu tan.

Theo co ché vat 1y va phuong phap thuc hién diéu bién c6 thé chia lam haj
loai chinh: diéu bién dién quang va diéu bién co-quang(hay am-quang)

5.4.1 Nguyén Iy diéu bién dién quang.

1. Hién tugng dién quang: Hién tuong dién quang duge sit dung trong
nguyén 1y diéu bién 1a sy phu thudc cua chiét suft cda vat lieu vao dién
truong dat vao tinh thé. Trong phuong trinh séng Maxwell chiing ta da thdy
rdng van toc truyén séng phu thudc vao cdc thong sé vat lieu ¢, Su phu
thu¢c cua chiét sufit vao dién trudng c6 thé do nhiéu nguyén nhan, tuy nhién
trong cdc vat ligu thudng dung nhu GaAs, GaP, LiNbQ;, LiTa0s, thach anh
1a nhiing tinh thé khong ¢6 tam d6i xtng, thi nguyén nhéan chinh 12 do hiéu
ing tuyén tinh Pockels. Noi dung ctia hiéu tng Pockels 12 sut anh hadng cha
dién trudng ngoai dit vao tinh thé dén phé ning lugng cta dién tit va qua dé
anh hudng hang s§ dién méi, chiét sust clia vat liéu quang.

2. C4c co cu linh kién diéu bién dién-quang.
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Kim loai

Gap L AlAS o

Gay yALAS  —- My 4- La’,b aé

Hinh 5.26: So dd link kién diéu bién ddn song.

Dua trén hién tugng dién quang ngudi ta da ché tao cdc linh kién diéu bién
khédc nhau vé co cffu va nguyén tiac hoat dong . C6 thé phan thanh hai loai
chinh: linh kién di€u bién dang din séng va linh kién diéu bién nhiéu xa.

a- Linh kién diéu bién dan séng

~ Mot linh kién diéu bién dién quang dang déin séng ¢6 thé 1a mot linh kién
din séng ban phing nhu & hinh (5.26) hay mot linh kién d4n séng dang kénh.

Linh kién diéu bi€n din séng trén hinh (5.26) g6m mot 16p d€ Ga, _, Al As,
mot 16p dan song Gay-pAlpAs, V8l b < a, trén cling 1 16p dién cuc kim loai.

Chiét suflt ciia khong khi hodc 16p kim loai nhé hon n, chiét suit cia
Ga,_,Al,As Tat nhiéu, trong khi d6 chiét suflt clia Ga,_,Al,As, ns V6i (b < a)
¢hi nhd hon n, mét it.

Dé& dang thdy rang 16p kim loai tao thanh véi 16p Ga,_,Al,As mot tiép xuc
Schottky. Khi dat vao cuc kim loai mét dién 4p nguge U thi mot phan cia
16p din séng s& 12 16p ngheéo cha tiép xtic Schottky. Néu thay d6i gia tri U ta
thay d6i dugc chiét sudt n, cha 16p din séng.

Chiing ta biét rang diéu kién din truyén mode séng phu thudc vao do chénh
chiét suit Anss. D6 chénh chiét sudt Anq; gém ba thanh phdn sau:

ANgg = na — Ag = Ang, + An.. + Ang.o (5.7%)

trong d6 An.s - 40 chénh do sy khdc nhau vé thanh phén hod hoc

An,. - 40 chénh do sy giam nong d6 hat din trong 16p ngheo theo hiéu
ung Schottky

Ang.o - dd chénh do hiéu Wng dién-quang Pockels

Tir day ta th&y khi dién 4p tin hiéu dién dat 1én dién cyc kim loai thay déi,
thi do chénh chiét suft Ang, thay d6i, din dén thay déi ch& 4o din truyén cla
mode séng, thay ddi céc dic trung séng nhu bién d6, pha, vecto phan cuc.
Bang co cfu diéu bién din séng ngudi ta c6 thé thuc hién diéu bién, diéu pha,
diéu bién phan cuc.
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Hé dién cuc kim loai

Hinh 5.27: So dé linh kién diéu bién nhiéu xa.

b- Linh kién diéu bién nhiéu xa

Linh kién diéu bién nhiéu xa cling duva trén hiéu Ung dién quang. Trong
cac linh kién nay bang nhiing co cfu dién cyc thich hop ta c6 thé lam thay
ddi su phan b6 chiét sudt ciia 16p din séng tir d6 1am thay ddi diéu kién giao
thoa, nhiéu xa va phan xa ctia séng. Trén hinh (5.27) trinh bay mot co ciu
linh kién diéu bién nhiéu xa dién hinh: diéu bién Bragg

Linh kién nay 12 mot linh kién d4n séng ban phéing gém mot 16p din song
trén mot 16p d€ (ZnO trén saphia hay LiNbyTa; O3 trén LiTaOs). Mat trén
cuia 16p din séng bing phwong phép bay hoi trong chan khong va quang khic
dugc ché€ tao mot hé dién cuc kim loai tinh vi ¢6 dang hai cdi luoc cai vao
nhau. Gifta hai hé dién cuc dat mot thién 4p mot chiéu. Do hiéu iing dién
quang, chiét sudt phia duéi dién cyc trong 16p din séng tao thanh mot hé cach
tir nhiéu xa, véi do rong khe cdch tir bing d. Qua céch tir 4nh sdng téi s& bi
nhiéu xa, phuong clia 4nh sdng nhiéu xa dugc x4dc dinh tir dinh luat nhiéu xa
Bragg:

2dsinf = -;-\E
Mg

trong d6 d 1a do rong budc cach tit, n,chiét sudt hiéu dung ctia 16p din séng .
Cudng do dnh sing nhiéu xa phu thudc vao dién 4p dat vao hé dién cuc
cua linh kién tuan theo cong thitc

ditg sin?(B - U)
Iy

trong do6 I cudng do dnh sdng nhiéu xa khi c6 dién dp U dat vao dién cuc, I,
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4 =
T = 293r'
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Hinh 5.28: So d6 linh kién diéu bién co-quang Bragg.

1a cudng do 4nh séng duge dn truyén khi U = 0, B 1a hing s6 phu thugc vao
chiét suft hiéu dung clia 16p din séng. Néu dat cac xung dién clia tin higu vao
hé dién cuc ta ¢6 thé diéu bién duge séng dnh sdng dén truyén trong J6p din
séng. D6 chinh 13 nguyén Iy hoat déng cla linh ki¢n diéu bién dién-quang
Bragg

5.4.2 Nguyén Iy diéu bién co-quang.

1. Hiéu ing co-quang.

Hiéu g co-quang hay cdn goi 13 hiéu dng quang dan hoi la sy phu thude
chiét sdat vao su bién dang clia tinh thé. Hiéu wng nay dugc dic trung bai
moét tenxo bac 4 goi 12 tenxo quang dan hdi, tenxa nay lién hé giita tenxd dan
héi bac ba véi chiét sudt dnh sdng. Su thay déi chiét suft An lién quan dén
cong suft séng dan hdi p, bing bidu thic:

An = /ntp?107 Pa/2p034

trong doé:

n - chiét su4t cha vat liéu chua bi€n dang

p - mot phin ti clia tenxo quang - dan hoi

Pa - cong suft toan phén cha séng am (do bang w)

p - mat 4o vat liéu

1a - van toc séng am

A - tiét dién ngang ma séng di qua

Doi v6i vat lieu thudng st dung dé lam d€ trong mach quang tich hgp,
hiéu ting quang dan héi thudng rit nhd, vi du An ~ 107 khi cong sudt am la
100W /em?,

2. Co cfu linh kién diéu bién co-quang.
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Trong linh kién diéu bién nhiéu xa dua trén hién tuong dién-quang, nhd s
bién ddi tuan hoan chiét sudt cla I6p din séng bing hién twong dién quang,
hinh thanh mot hé ciach tir. Mot hé cdch tir twong tu ciing ¢6 thé tao nén nhd
séng am bang hiéu \ing co-quang. Cdc linh kién diéu bién co-quang thudng
ung dung séng dan hdi chay chit khong phai séng ding, nghia i cu tnic
cich tr dugc gay nén do su thay déi chiét sudt bing séng am & trong trang
thdi chuyén dong so v&i tia sdng. Tuy nhién su chuyén déng ctia séng 4m
khong gay nén moét hiéu dng nao ddng ké vi tdn s6 séng am nhd hon tin 56
dnh sdng nhiéu bac.

Trén hinh (5.28) biéu dién mot loai linh kién diéu bién co-quang dién hinh
dé l1am vi du, linh kién diéu bién co quang Bragg.

Trong linh ki¢n nay séng am lan truyén theo truc y, dnh sdng lan truyén
theo phuong vubng géc, truc z. Budc séng clia séng am A déng vai tro do
rong bude céch tr. Chiéu dai tuong tac gilta tia sing va séng am, bé day cua
finh kién la I, v6i I » A. Géc t@i cia tia sdng thudng duge chon bang géc

Bragg
A

2A
trong dé 6y, 1a géc Bragg, A 1a bude séng dnh sdng, A la bude séng am.

Tia nhiéu xa bac 1 1am thanh v4i tia t6i mot géc 265, Thong thudng trong
linh kién diéu bién Bragg ngudi ta thu tia nhiéu xa bic khong & 16i ra va do
sau diéu bién duge x4c dinh bang céng thife

e ()

trong d6 I, cuong do tia sang khi khong c6 song 4m, I 14 cudng do tia nhiéu
xa bac khong khi ¢6 séng am, Ay la do dich pha clia séng dnh sdng khi ¢6
tic dung cua séng am.

Trong linh kién diéu bién co-quang Bragg ngudi ta thudng ding dé bing
thach anh c¢6 hé s6 4p dién 16n, c6 chiét sudt cd 1,73. Phia trén 1a mot hé cuc
kim loai d€ lam d4u phat siéu &m nhu dugc trinh bay trén hinh (5.29)

Séng dan héi duge tao nén trén bé mat d€ thach anh, do tiép xiic co hoc
gilta 16p din séng va d€ tot, séng am dugce lan sang 19p dén séng tao nén trong
d6 mot cdch tir nhd hiéu ing co-quang. Ngudi ta sir dung séng siéu am vdi
budc séng A = 16pm, (f, = 191MHz) budc séng anh sdng 63284 dat dugc 4o
sau diéu bién 70%. Linh kién diéu bién Bragg c6 thé sir dung nhu mét linh
kién chuyén mach bdi vi ¢6 thé thay déi géc nhiu xa 8g,.

sinfg,. =
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BPau phat sidu am

P | Lopdé

]
]
i

Tia tdh == ™~ L8p dan séng

nhiéu xa

| /

. Hinh 5.29: S0 d6 m¢t logi diéu bién co-quang Bragg.

5.5 Nhimg nguyén ly co ban cua cic linh kién phat quang
ban dan

Trong hé so1 quang - mach quang tich hop, linh kién quan trong bac nhét 1a
linh kién phat quang, d6 Ia cdc didt phat quang va laser bdn din. Trong muc
nay chiing ta nghién cifu nhitng nguyén 1¥ c¢o ban nhit trong hoat dong cha
cdc {inh kién do.

5.5.1 Pac diém cdu tric ving niang luong ciia chit ban dan. Nhu ching
ta da nhan xét trong chuong III, bin dan 12 nhimg chét ¢6 phé ning lugng, &
nhiét d¢ thdp, gom cdc ving cho phép dién diy hoan toin v cdc viing cho
phép trong hoan toan. Trong dé viing tréng hdan tdan thip nhit 13 viing dén,
mic nang lugng cyc tiéu cla ving din goi 1a ddy viing dan, duge ky higu 1a
E.. Ving dién ddy hoan toan cao nhét 1a ving hod tri, mc ning luong cue
dai vung hoa tri goi 1a dinh viing hod tr, dugce ky hiéu 1a E,. Khoang cédch
nang lugng AE, = E, - E, goi 1 bé rong viing cdm.

Trang thai cta dién tit trong cdc viing nang lugng cho phép duge dic timg
b&i nang lugng E va vecto séng K (K., K,, K,) Tuy nhién sy phu thuac giita
nang lugng E va vectd séng K trong cdc viing ning luong cho phép rét phitc
tap. Lan can cdc diém cyc ti€u clia viing din va cyc dai cla viing hod tri su
phu thugc E(K) cé thé xem gan ding ¢6 dang mét ham bac hai, twong ng
nhu sau

h*K?

2m*

E(K) = Eo + d6i véi dien tl
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Hinh 5.30: Phé ndng luong ciia bdn ddn, a- Silic, b- GaAs.

242

K
E(K)=E, _n2

*

r

d6i véi 18 tréng

Trong trudng hop tong quat m*,m; khéi lugng hiéu dung clia dién tr va 16
tréng 1a nhitng dai lugng tenxo phu thudc vao hudng trong tinh thé.

Bic diém thit hai 13, ving d4n vA viing héa tri déu bao gém mot s6 phan
viing chéng 1én nhau, nghia 12 trong méi viing nang lugng cho phép c6 thé
c6 nhiéu quy luit tin sac E(K) khic nhau.

Cuc tiéu viing dén trong khong gian vecto séng K c6 thé nim & mot diém
K = (0,0,0), hoic ¢6 thé nfim & mot diém K £ 0 va trén mot phuong tinh thé
nao doé vi du phuong [100] nhu Si, phuong [111] nhu Ge. Cuc dai viing hod tri
thong thudng ndm & diém cé vecto séng K = (0,0,0).

Tu day ngudi ta phan biét hai loai ban dén theo cfu tric viing nang luong:
Bin dén viing c4m thing va ban din ving cAm xién.

Bin din viing cfim théng la ban dfin ¢6 cyc tiéu viing din va cucdai viing
héa tri cling & tai mot diém trong khéng gian K, vf du X = (0,0,0) Bin din
viing cdm xién 1 bén dan ¢6 cyc tiéu viing dén va cuc dai viing héa tri tai hai
diém khdc nhau trong khong gian £, vi du cyc tiéu nnviing din tai mot diém
K # 0, con cyc dai viing héa tri tai diém K = (0,0,0).
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Trén hinh (5.30) trinh bay cfu triic viing nang luogng clia mot s6 ban dén:
Tir day chiing ta thay Si 12 ban din viing cdm xién, GaAs 1a ban din viing
cfm thang .

5.5.2 Chuyén mic niang lugng, qua trinh hap thu. Khi chiéu sing chat
bdn dén bing dnh sdng c6 tdn s6 thich hop, cdc photon ¢é thé bi hdp thu bai
cdc dién tlr va gy ra chuyén mifc nang lugng clia dién it tir mire thép dén muic
cao. Trong chdt bin din c6 thé x4y ra nhiéu dang chuyén mitc ning lwong
khic nhau, vi du chuyén mic giita cdc muc tap chdt véi ving dén, chuyén
mifc gifta viing hod trj v6i cdc mife tap chat, chuyén miic gilta cac phan viing
trong viing din hay trong viing hod tri. Tuy nhién quan trong nhdt va ding
chii ¥ nhat 1a chuyén mic cia dién tir tit viing héa tri 1én viing din chuyén
mitc nay dugc goi 1a chuyén mifc ving - viing, hay chuyén mic co ban.

Chuyén mitc co bin ¢ thé x4y ra theo hai co ch€ khdc nhau: Chuyén mitc
thang va chuyén mic xién. Chuyén mifc théing 1a chuyén mitc ma trong dé
xung luong, hay vecto séng clia dién tir gdn nhu khong thay déi va khong ¢c6
sur tham gia clia phonon, dao dong mang tinh thé.

Chuyén mtc xién 1a chuyén mitc ma trong d6 xung lugng, hay vecto séng
cla dién tir phdi thay d6i ddng ké va bit bugc phéi c6 sy tham gia clia phonon,
dao déng mang tinh thé.

Qud trinh chuyén mic phéi tuan theo cc dinh lut bao toan ndng lugng
va dinh lugt bdo toan xung lyong, dong thdi chuyén mitc chi cé thé x4y ra
khi trang thai ma dién tlr s& chuyén dén 1 con tréng.

Go1 ning lugng cua photon bi hip thu 12 heppe, ning lugng cua dién tir &
trang thdi ddu 1a E,, & trang thdi cudi 14 E,, vecto séng clia photon 14 Tphats
vecto séng cha dién tir & trang thii ddu 1a K, & trang thdi cudi 1 K.

- Trudng hgp chuyén mitc thang:

Vi vecto séng clia photon rit nhd so véi vecto song cla dién tir nén theo
dinh luat bao toan vecto séng ta ¢

K+ Goor = Ky 5 Ky =~ K,
Diéu kién nay cé nghia 12 trong chuyén miic thing do ddi héi ciia dinh
luat bao toan vectd séng, vecto song ciia dién tif gin nhu khong thay déi.

Theo dinh luat bao toan ning lugng ta cé

E + hb"phog = FEy
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Hinh 5.31: So dé chuyén mitc thdng, a- trong bdn ddn vang cdm thing, b- trong bén
ddn viing cdm xién.

Vi trang thii ddu cua dién tir & trong ving héa tr nén E, < E,, trang thdi cudi
cha dién tr & trong viing din nén E; > E,, do E, - E, = AE,, nén theo dinh
luat bao toan nang hrong ta ¢é:

thhog == Eg - E]_ 2 AEg
Vay photon muén dugc hip thu thi phéi théa mén diéu kién
huphot 2 AEg

Gid tri vy = 2% dugc goi 1a tdn s6 ngudng hép thu co ban.

Trén hinh (5.31) biéu dién bing miii tén cdc chuyén mitc thing tir viing
hod tri 1én viing din trong hai loai bdn din:

a- ban din viing c&m xién,

b- ban din ving c&m thing.

- Trudng hgp chuyén miic xién:

Tir hinh (5.31b) chiing ta thdy ring trong trudng hop bdn din viing cdm
xién, néu chi c6 chuyén mic thing thi photon véi tin s6 ngudng hdp thu
vy = 272 s qué nhd dé duge hép thy,

Tuy nhién ngudi ta thdy ring trong nhimg trudng hop dé cé thé xdy ra
hdp thu véi chuyén mic xién. Chuyén mic xién dodi hoi phai ¢ sy tham gia
chia phonon dao dong mang tinh thé, Trén hinh (5.32) biéu dién bing mili
tén chuyén mifc tir dinh ving héa tri 1én ddy viing din mot qud trinh hip thy
chuyén mic xién. Trong chuyén mitc xién ta thiy K, = 0 vh K, # 0. D€ blo
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Hinh 5.32: So d6 chuyén mic xién.

toan vecto séng nhét thigt phai ¢6 sy tham gia cia mét hat thit ba, d6 chinh
la phonon dac dong mang tinh thé.
Dinh luit bao toan vectd séng sé la:

JP.?1 + Ephot B= q‘phon = -K-”‘.’

nhung vi g,7,: vecto séng clia photon rat nhd hon vecto séng cia dién tlt nén
ta c6 thé bd qua, va dinh luft bdo toan vecto séng s& 1a:
R’l + Qp.':on = fe?

Trong d6é Gnon la vecto séng cua phonon, dfu cong ing véi truong hop
phdt xa phonon, ddu trir tng véi trudmg hop hip thu phonon.

Vi phonon mang mét ning lugng bang fuvy,., nén dinh luat bao toin nang
lugng trong trudng hop hép thy chuyén mite xién sé 1a

5+ thhot x h‘-‘-’phon = F
Tir day ta th4y diéu kién d€ phonton duge hdp thu véi chuyén mic xién s& 12

thhot by AEg * hwphon

Vay ngudng hép thy v4i chuyén mitc xién s& ¢4 tin s6

_AE;  Wphon

TR 2w

Khi dién tit chuyén mifc tir viing hod tri [én viing dn néu mitc ning lwong
cubi E; > E, thi dién tir ¢6 mét dong ning nhét dinh bing (E; — E,) tuy nhién
do tdn xa vdi cdc tAm tdn xa trong qué trinh héi phuc, dong nang cia dién t
gidm xuéng va chiém mitc ning lwong 14n can cuc tiéu clia vung din E..

¥
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Hinh 5.33: So dé tdi hop bifc xa: a- chuyén mifc thang, b- chuyén mic xién,

5.5.3 Tai hop birc xa tu phait. Diot phat quang (LED). Céic dién tir & 1an
can cuc tiéu viing din sau mot thdi gian tén tai & day c6 thé chuyén mic
xudng mot trang thdi trdng trong viing hod tri va phdt bitc xa ra mot photon.
D6 chinh 14 qua trinh tdi hgp biic xa tu phdt, biic xa phdt ra trong trudng hop
nay goi la biic xa tdi hop tu phit, hay bitc xa tu phdt. Blc xa nay goi 13 ty
phdt vi né Xay ra hoan toan ngiu nhién khéng phu thugc vio mét do phé ning
lugng cna birc xa dién tit bén ngoai.

Tuy nhién qud trinh chuyén mitc nay chi c6 thé xdy ra khi trang thdi ma
dién tir chuyén xu6ng trong viing héa tri 12 tréng va phai tuan theo dinh luat
béo toan vecto séng ciing nhur dinh lut béo toan niang luong. Chuyén mitc
tai hop birc xa cling ¢6 thé x4y ra theo co ché chuyén mitc thing (nhu & hinh
(5.33a)) va co ché chuyén mic xién (nhu & hinh (5.33b)).

Thong thudng dién i trong viing din chli yéu tap trung & 1an can cuc tidu,
16 tréng trong viing hda tri cht y&u & 1an can cuc dai, cho nén trong bin din
6 viing cfm thing x4c sudt xdy ra chuyén muc thing r4t 16n, xdc suft nay
trong ban dén cé viing cam xién 12 rit nhd, vi cdc trang thdi img véi cling gid
trl Ko & trong vung héa tri thudng khong tréng. Trong ban dan viing cfm xién
¢6 thé x4y ra chuyén mitc t4i hop bic xa theo co ché chuyén mic xién vdi
su tham gia clia phonon dao dong mang tinh thé. Tuy nhién xdc suft chuyén
mifc Xién thudng rét nhd vi n6 dot hoi phéi ¢é sy tham gia cia ba hat: dién
tr, 16 trong va phonon. Chinh vi nhitng diéu vira phan tich trén day trong cdc

linh kién phdt quang thong thudng chi sit dung céc ban din ving c4m thing
nhir GaAs.

Qud trinh tdi hop bitc xa chi x4y ra manh khi trén viing dén cé nhiéu dién
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Hinh 5.34: Néng do hat ddn trong cdc viing: a- bidn ddn riéng, b- bdn ddn logi n, ¢-
bdn ddn loai p.

tir vi dusi viing hda tri ¢6 nhiéu 16 tréng. Vi vay & trang thdi can béng tdi hop
biic xa hdu nhu khong x4y ra. Vi du d6i v6i ban din riéng & nhiét do thdp
cé rét it dién tr & trén viing dan va rét it 16 tréng trong viing héa tri cho nén
qué trinh chuyén mc ciia dién tir tir viing d&n xuéng viing hod tri 14 r4t nho.
Trong bin din pha tap dono & nhiét d6 phdng ¢6 thé ¢6 rat nhiéu dién tif trong
viing din nhung néng do 16 tréng trong viing héa tri rdt nhd (n-p = n?). Nguoc
lai trong bdn din pha tap axepto ndng d¢ 18 tr6ng trong viing hod tri ¢6 thé
rét 1on, nhung ndng do dién tir trong viing din lai rdt nhd, vi vay chuyén mifc
bitc xa rét it va cdc photon bifc xa ra thuing lai bi hdp thu trd lai. Qud trinh
hap thu trd lai duge goi 12 tdi hdp thu. Két qua 1a trong trudng hop bdn din
@ trong diéu kién can bang (nhu & hinh (5.34)) qud trinh tdi hop bitc xa hdu
nhu khong xdy ra. D€ c6 duge bitc xa (phat quang) clia chét ban din chiing
ta phai bing cdch nao dé kich thich chét ban dén, dua né ra khoi trang thai
can bing. Nghia 12 1am sao dé cho néng d6 dién tif trén ving din va néng
do 16 tréng trong viing hod tri vugt qud gid tri c4n bing clta chiing, néi céch
khic tao ra mét néng do hat dan du (dién tir du va 16 tréng du so vé6i gid tri
can bang). Qud trinh tao nén ndng do dien tir va 16 tréng dur d6 duge goi 1A
qué trinh bom(pumping).

Qud trinh bom ¢6 thé thuc hién bing phuong phdp quang hoc, nghia 13
chi€u sdng miu béng dnh sdng ¢ hv 16n hon bé rong viing c&m dé thuc hién
chuyén mitc ciia dién tir tir ving héa tri 1én viing din. Phuong phép nay goi
la phvong phdp bom quang hoc, duge trinh by trén hinh (5.35).

Tir hinh (5.35) chiing ta nhén thy rang khi trong viing din cé mot néng do
dién tit 16n chi€m nhing trang thdi thdp nhat gdn cuc tidu trong mot khodng
nang lugng AE, va trong viing hda trj ¢6 mot ndng d6 16 tréng 16n chiém
nhitng gia tri trén clng 14n cin diém cye dai trong mot khoang nang luong
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Hinh 5.36: Sw phdn b6 dién ti 16 trong trong chuyen tiép p — n: a- khi cdn bdng, b-
khi co th:en dp thudn.

AEp, thi diéu kién dé mot photon dugc hdp thu khong phai hv > AEg ma la:
hv > AE, + AE, + AE,

Diéu nay néi 1én ring diéu kién hdp thu photon phu thuoc vao néng do hat
din du trong qué trinh bom quang hoc.

Phuong phap bom don gian hon va thudng dung hon trong cic linh kién
quang - dién tir 1a phwong phdp bom dién, sit dung tinh ch4t dién cta céc
chuyén tiépip - n.

Chung ta biét rang n6ng do dién tir va 16 tréng trong hai phin (phdn n va
phén p) clia chuyén ti€p p - n trong diéu kién can bing (khi thién ap ngoai
bing khong) déu tuan theo hé thic nopy = nupn = pyps = n?. Bén phin n c6
nong do dién tir rét 16n, bén phin p c6 néng do 16 tréng rét 16n (nhu & hinh
(5.36)) nhung chi c6 mét lugng rdt nho hat din c6 thé vugt qua hang rao thé
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Hinh 5.37: Su d6 LED chi thi.

nang & 18p chuyén tiép.

Khi ta dat thién dp thuan (cuc &m vao phén n, cuc duong vao phédn p) hang
rao thé ning bi ha thdp, dién tir duge phun (injection) tir phén n sang phan p
va 16 tréng duge phun tir phin p sang phén ».

Bing céch nay ta tao nén dugc ndng do dién tlt du sn va néng do 16 tréng
dur, sptai hgp bic xa duge ting cudng, I6p chuyén tiép phit sing. Dé 13 hién
tuong tai hop bitc Xa hay [a hién tugng huynh quang. Hién tugng tdi hop biic
xa trong cdc bdn din ¢6 viing c4m thang thudng manh hon 4t nhidu so véi
trong céc bin dan c¢6 viing cdm xién vi chuyén mitc xién c6 x4c suét rit nhd
so v6i chuyén mic thing va trong ban din cé viing c4m xién qué trinh t4i
hop c6 thé x4y ra bang cdc dang chuyén mifc gidn tiép, khong bic xa.

Su tdi hop bitc xa xdy ra trong 16p chuyén ti€p p — n chinh 1A nguyén 1y
hoat dong chia diot phat quang (Light Emitting Diode - LED)

Ctu tric co ban cla diét phdt quang 13 mot diét mét nhu trinh bay & hinh
(5.37) duge mic theo chiéu thuan.

biot phdt quang ché tao trén d¢ gali-asenua, ban din ving cim thing,
phit 4nh sing mau doé. Diot phat quang ché tao trén d€ gali-photphua, bin
dén viing c4m xién c6 bé rong viing c4m 16n hon, phdt 4nh sdng mau da cam,
vang, xanh, Trong cdu tric hinh (5.37) 16p GaAs 1a 16p d¢,

Ldp dung dich ran lién tuc GaAs; Px ¢6 bé rong viing cim phu thudc gis
tri x dugc phil 1én d€ biang phuong phédp epitaxy 13 16p dém dé€ tranh su sai
khic qud 16n vé hang s6 mang giita I6p GaAsP va GaAs. Trong 16p dung dich
rin GaAsP loai n béng phuong phip khuéch t4n tao 1én trén bé mat mot 16p
GaAsP loai p. Lép chuyén ti€p p — n gAnbé mit 12 phdn chinh cla di6t phat
quang. Diot ¢6 mot cuc ti€p xic véi d€ con cuc thit hai ¢6 dang maét hinh
vanh khin & trén bé mat 1ép ban dén loai p nhu vi du & hinh (5.37). Loai diot
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Hinh 5.38: So d6 LED hong ngoai.

phét quang trinh bay & day thuong dugc ding lam dén chi thi. Diét phét 4nh
sang hong ngoai ¢6 budc séng ¢ 0,9um duge ché tao tit GaAs; cdc hop chat
A"BY khdc nhu (GaxIn; _yAsyP,_y) dugc ding dé ché tao cdc diot phdt quang
c6 budc séng nam trong khoang tir 1,1 dén 1, 6um.

Diot phét 4nh sing hong ngoai c6 mot iing dung quan trong 1a 1am nguén
phét séng quang trong viéc chuyén tin hiéu bang sgi quang trong ky thuat
vién thong.

Mot linh kién di6t phdt quang ding trong thong tin sgi quang thudng c6
céu triic mot diot mat, gan véi sgi quang nhu trinh bay & hinh (5.38)

C4u triic nay c6 nhimg diém déc biét sau day: dé giam hién tuong hdp thu
s6ng quang khi dnh sdng di tit bé mat phdt quang vao sgi quang ngudi ta giam
dén miic t6i thiéu 16p ban dan phia trén (c& 10um). Viéc gidm bé day 16p ban
dén nay cho phép ddu vao clia sgi quang ti€p xtic gin véi bé mat phat quang.
Dung chuyén ti€p di thé GaAs va Al,Ga,_As s& 1am tang hiéu suft phét quang
do két qua cua hiéu \ing "nhot hat ddn" (confinement of carrier) boi cic 16p
c6 bé rong viing cdm 16n (nhu ALGa,_,As) bao quanh viing tii hop phdt xa
(nhu GaAs). Chuyén ti€p di thé con déng vai trd nhu mot ctia s6 quang hoc
d6i v6i birc xa tdi hopvi cdc 16p ¢6 bé rong ving c4m 16n khéng ¢6 kha ning
hép thu bic xa tdi hop trong viing ¢6 bé rong viing ¢4m nho hon. Hiéu tng
vira x€t trén ddy duoc trinh bay giai thich trén hinh (5.39).

Tix trén hinh (5.37) chiing ta c6 thé thdy mot s6 hién twong giy tén hao
anh sang phat quang:

- Do hdp thy tia sdng phat xa khi xuyén qua 16p ban dén loai p.
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Hinh 5.39: Su d6 chuyén riép di thé ding trong laser.

- Do hién tuong phan xa mot phdn trén bé mat phan cich gitta khong khi
va 16p béan dan.

- Do hién tuong phén xa toan phin trén bé mat phéan cach.

Trong co cdu cia diot phdt quang ngudi ta da thyc hién nhiéu gidi phip k¥
thuat cong nghé dé Jam giam t6i thiéu cde tén hao néi trén.

Do rong phd clia bitc xa phit ra tir diot phdt quang phu thudc vao nhicu
yéu t8, trong d6 quan trong nhit 13 dd sach cha vat lidu. Vé&i ban dan c6 do
sach cao, d6 rong phé ciia biic xa LED nam trong khoang AX = (200 — 300)4,
¢ cuc dai phé tai diém ng véi nang lugng photon gn bing bé rong viing
c4m AE,. V6i ban din c6 do sach cao cuc dai phé cuia bitc xa LED phu thudc
vao nong d¢ dono hofc axepto.

5.5.4 Tai hop bite xa kich thich. Laser ban dan. Laser bin din ciing
twong tu nhu laser héng ngoc va laser khf He-Ne la ¢ dnh sdng phéat ra Ia
don sac, déng bo va b dod song song cao. Tuy nhién laser ban dan ¢é kich
thuée rit nho, chiéu dai laser chi tinh bing 0, 1mm va dé dang diéu bién dnh
sdng phdt ra bing céch diéu bién thién dp nusi diot Jaser. Chinh vi nhiing
diém dac biét d6 ma laser ban dén trd thanh mot loai ngudn sdng quan trong
trong thong tin bing sgi quang.

Nguyén 1y hoat déng cha laser ban din, cling gidng nhu cha laser hong
ngoc, laser khi, nghia ia dua trén co 8¢ qué trinh phat xa kich thich (cudng
bitc) trong moéi trudng nghich dio mat d6, méi trudng hoat chat. Chiing ta
xét mot chuyén ti€p p — n duge dit vao mot thién dp theo chiéu thuin, tao
nén trén mit tiép gidp mot ndng do dién tlr du trén ving din, mot néng d6 16
trong du dudi viing hod tri. Photon sinh ra do qua trinh bitc xa tu phét khi lan
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truyén trong tinh thé c6 thé bi tdi hép thu nhu di m6 tA & muc trén. Tuy nhién
néu photon lai "bat gap” mot cip dién it 16 tréng v6i khodng cdch nang lugng
thich hop, né c6 thé kich thich qud trinh tdi hgp clia chiing, Trong trudmg hop
niy, photon méi phdt sinh vé moi mat gidng hét photon kich thich di gay nén
qua trinh tdi hop bitc xa d6. Hai photon giéng hét nhau vé nang luong (tdn s6)
vé huéng, pha va mat phan cuc. Qud trinh nay duge goi 12 phdt xa kich thich,
né déng gbp thém vao bitc xa tr phat. Nhr vy cudng dé blc xa ldc nay sé
g6m hai phédn, mét phan khong phu thudce vio bitc xa bén ngoai (bic xa tu
phét), mo6t phan ty 1¢ thuan v6i mat do birc xa bén ngoai (bitc xa kich thich).
Thuat ngit bitc xa bén ngoai chi bitc xa do c& qud trinh phét xa fir nhién va
qud trinh phét xa kich thich gay nén. Trir trudng hgp duge dam bao bdi mot
diéu kién dac biét, thong thudmg bifc xa kich thich nhd hon bitc xa t phat r4t
nhiéu. Tuy nhién c6 thé tao ra nhimmg diéu kién cin thiét dé tang cudng bitc
xa kich thich, dé chinh 13 diing qud trinh bom dé€ tac ra méi trudng nghich
dao mat d6 nhu dé nghién citu trong muc (3.7) clia chuong I Trong trrdng
hop tinh thé ban din, diéu kién d6 chinh 13 1am cho that nhiéu dién tit chiém
cdc trang thdi & ddy viing dén va that nhiéu mic tréng (16 tréng) & dinh viing
hod tri. Vi tinh huéng d6, photon ¢6 nhiéu kha nang kich thich c4c cap dién
tir 16 trong tdi hop bifc xa hon 13 ban than né bj hp thu va tao nén cip dién
tir, 18 tréng tr do.

Diéu kién thit hai d€ 1am cho bic xa kich thich thing thé 1a tang cudng
mat d¢ photon ¢6 nang lugng thich hop trong miu. Diéu ndy cé thé thuc hién
dugc nhd phuong phép héi ti€p duong quang hoc biing cdch ding guong phan
xa hay mot phuong phip phan xa khéc. Trong muc (3-7) chiing ta nghién citu
qud trinh phdt xa kich thich bang mé hinh hai mifc ning lugng gién doan E,
va E,. M6 hinh d6 khéng hoan toan hgp véi trudng hop ban din, vi & day
dién tir trong viing din chiém mot khodng nang lugng nhét dinh AE, & gin
ddy ving dfn, chit khong phai mot miic E,, 16 tréng ciing twong tir nhu vay,
chiing chi€ém mot khoéng nang lugng AE, 1an can E,, chit khong phai mot
mifc E,. Trong ban din v6i mitc phun cao, néng do dién tit va 16 tréng nim
trong diéu kién khong can bing va duoc dic tnmg bdi cdc chuéin mic Fermi
Ej, va E},, B > B, VaF;, < E,, nhu trinh bay & hinh (5.40).

Tir hinh (5.40) ta thdy t0n tai trang thdi nghich dio mat d6 v qud trinh
phét xa kich thich thing th& qué trinh hdp thu chi ddi véi photon c6 ning
lvgng trong khodng

AE, < hv < E}, — F},
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Hinh 5.41: So dé gidi thich nguyén Iy laser bdn ddn.

Khi ¢4 hai diéu kién : diéu kién trang thdi ddo va diéu kién mat doé photon
cao thod man, thi qud trinh bitc xa kich thich dugc ting cudng, chi€ém wu the
va méu hoat dong trong ch€ do phat xa kich thich.

Mot laser i rac 1a mot chuyén ti€p p — n ¢6 dang hinh hop, chiéu dai !
c& 300pm chiéu rong W ¢ 50um, hai mit bén phang, duge tao bang cdch ché
tinh thé tao nén hai mit guong phan xa clia cfu tric mét budng cong hudng
Fabry-Perot. Mot cdu tric nhu vay s&€ phdt d4nh sdng laser néu cong suit bom
VIOt qud gid tri ngudng. So dé laser ban din duge biéu dién & hinh (5.41)

Néu ting ddn cong suit bom tir thép 1én cao, s6 photon do tdi hgp bidc xa
ty phét tang din. Khi cong suft chi méi vuot qua gid tri cdn thiét dé tao ra
ché€ do nghich dao mat do thi bitc xa phét ra chli yéu la bic xa tu phét theo
moi hudng gén nhu nhau nh & hinh (5.41). Tuy nhién da s6 céc photon nay
nhanh chéng roi khoi viing dédo mét d¢ khong gay ra phat xa kich thich. Mot



266 Chuung 5. Xt IV tin hiéu quang

s6 it lan truyén theo mat phing cla 16p chuyén ti€p trong dé c6 viing nghich
dao mat do s& gy nén phdt xa kich thich trudce khi ra khoi Jaser.

Dé6i véi mot bé rong viing c¢dm cho trude vA mét sir phan bé dién tir, 16
tréng cho trudce, thudng ¢ mot chuyén mifc ing véi mot khoang ning luong
thich hop c¢6 xdc suit [6n hon cdc chuyén mitc véi khoéng ning luong nho
hon hodc 16n hon. Dé dang thdy ring khodng ning lugng thich hgp dé 12 nang
lugng tai cuc dai chia phan b phd bite xa tu phat. Vi tai cuc dai ciia sur phan
b pho, s6 photon ¢6 ning lugng thich hgp d6 1a 1én nhét, nén bitc xa cudng
bic tai gid tri nang ltgng d6 14 manh nhat, vach phd bitc xa vi thé ma tang
cao va d¢ rong pho thu hep lai. Su gia ting cudng do bic xa tai cuc dai phé
dugc goi 12 hi¢u tng khuéch dai. Néu cudng do bite xa khong phai tang ty 1é
v&i cong sudt bom ma nhanh hon su tang cong sudt bom thi bitc xa d6 dugc
goi la birc xa vuot tréi. Tuy nhién bic xa vugt trdi vAn con 1a biic xa khong
dong bg, boi vi qud trinh khuéch dai xdy ra d6i véi tat cd bife xa ¢6 pha khéc
nhau.

D¢ tao nén bitc xa déng bo cin phii cé nhimng diéu kién dic biét trong he
dé tdch ra mot bt xa ¢6 pha nhdt dinh, nghia 12 cn phai c6 mot budng cong
hudng.

I. Laser ban dan vdi budng cong huéng Fabry-Perot.

Phan quan trong nhat cia budng cong hudmg Fabry-Perot 13 hai mat phéng
phin xa & hai ddu cuéi, né quyét dinh sy cong hudng clia cde mode trong
buéng dé. Nhimg mode cong hudng trong budng cong hudng Fabry-Perot 1a
céc bife xa cd budce séng ddp ung diéu Kkién:

L = m3%,m 1a s6 nguyén; X budc séng clia d4nh sdng trong moi trudng
A= 2¢ n, 14 chiét sudt tuong d6i cha vat liéu.

e ?

D6 cdch giita cdc mode 6n dinh 1a Ax, ¢6 thé tinh duge tir

2 :
N = e L
L L
- 5
LAy vi phan hai v€ ta ¢d
A2Am

Adg =
T - 2 (%)

Buong cong hudéng Fabry-Perot ¢6 hai mat phan xa & hai déu cudi 1a cdc
mat béng, phang. Codn cdc mat ben khic khong cdn béng, phing dé khong
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Mat phan xa
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A
\/<Mat ban phan

— xb

Chiét suat

Ldp tich cuc,dao nong do

Hinh 5.42: Laser bdn dan véi budng cong huong Fabry-Perot.

phan xa dnh sdng. Cic mode cOng hudng ton tai trong budng phai la bitc xa
kich thich. M6t diéu quan trong 1a lam sao dé cho séng quang hoc c6 kha
néng cao nhdt ton tai trong ving ddo mat do. Vi muc dich nay ngudi ta thiét
k€ laser sao cho c6 thé nhét séng quang hoc vao viing ddo mat do theo chiéu
z bing cdch thay ddi chiét sudt cia vat liéu nhu & hinh (5.42). D6 1a cdc laser
kép di thé (DH- Laser, Double Heterostructure Laser).

Cic laser kép di thé c6 cfu triic gdn nhu mot linh kién din séng quang
dang phéng ba 16p, trong d6 16p din séng quang chinh 1a 16p ¢6 dédo mat do.
Laser kép di thé cling c6 thé c6 cfu tric nhu linh kién dn séng quang dang
dai phli. Trong d6 dung hai dai phi (c6 thé tao ra bing phuong phdp ban pha
ion) dé thu hep 16p d4n s6ng quang vao giita hai dai phii d6 1am cho tia laser
thu dugc tap trung hon.

Hai dac trung chinh cta laser la:

- Mat do dong ngudng. D6 1a mat do dong dién nho nhét chay qua laser dé
phdt dugc bic xa laser. Nhu chiing ta da néi trén day khi mat d6 dong thuan
qua di6t con nho trong diot chii yéu chi cé phdt xa tu phédt di moi phia. Khi
mat do dong tang 1én, nghia 1a phan b6 dao mat do tang 1én hé s6 khuéch dai
g (hay la hé s6 hdp thu 4m o) tang 1én cho dén khi dat dugc gia tri ngudng;
nghia la khi cudng d6 dnh sang tit mot diém g6 0 12 1(0) qua hai 14n phan xa
& hai guong clia buéng cong hudng va trai qua mot quang dudng 2L ¢6 gid tri
I(2L) > I(0). Gi4 tri mat do dong tuong tng véi diéu kién I(2L) = I(0) dugc
goi la mat do dong ngudng va ky hiéu la J,.

Ly thuyét va thuc nghiém ching té ring Jth gidm khi:

-_Hiéu sudt luong tir 5 tang, hiéu sudt luong tir 1a s6 hat dén sinh ra khi
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Hinh 5.43: B¢ rong vach phd cia laser trong cdc truomg hop khdc nhau.

mot photon bi hép thu ( trong qud trinh phat sinh hat dén).

+ Hiéu ing nhét hat dan tang lén.

+ Chiéu dai budng cong hudng L tang lén .

+ H¢ 56 phan xa ciia hai guong clia budng cong hudng tang 1én.

+ Bé day 16p hoat tinh d gidm xudng.

+ He¢ s6 t6n hao do co ché€ hip thu va tin xa giam xudng.

+ Khi nhiét 46 giam. J,; ~ exp[%).

- Phé phdt xa laser

Khi mat d6 dong nhd hon mét do dong ngudng, bitc xa phit ra 1a bic xa
tu phat vdi bé rong phd rét 16n ¢ 100 + 5004 (xem hinh (5.43)). Khi mat do
dong dat x&p xi mat do dong ngudng J., bé r6ng phé thu hep lai, khi mat do
dong vugt qui mat d¢ dong ngudng J,, bé rong phd tré nén rat hep c& 1+ 10
A (xem hinh (5.43)).

Tuy nhién trong budng cong hudng Fabry-Perot c6 thé tén tai m6t s& mode
v6i do cich vé budc séng Ia A, cho nén phd phat xa ctia laser ban din c6 thé
g6m mot s6 vach ph6 cdch nhau trong mét dai ¢& 504 nhu & hinh (5.44). Chi
¢6 trong nhitng laser déc biét véi budng cong hudng tich ghép (C3-cleaved-
coupled-cavity) ¢6 thé dat dugc phé phit xa gin nhu don sic.

2. Laser phan héi phén tdn
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Hinh 5.44: Cdc vach phd phdt xa ciia laser bdn ddn.

eyl SRS
P-Gag g3Alg g7ASTT ]
P-Gag g3Aly 47AS

P-Ga As /
N-Gag;Alg,As — L

Ldp tich cuc , dao ncﬂr; a6 ~ - PN
¥
. P Ve Gay Al ,As
‘G, g5/ lorAS
Apg7Alg 4AS
P.Ga A

n-Ga, ;Aly ;As

Hinh 5.45: Laser phdn héi phdn tdn.
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3
g

Hinh 5.46: So dé gidi thich phuong phdp héi tiép.

N\\V///4
NN/

£=190°

Loai laser v6i budéng cong hudng Fabry-Perot thudng rat kho ché tao déng
thdi trong OIC, vi trong d6 khong thé ché tao cdc mit phan xa & hai ddu laser
ma khong bé cac phién silic, lam khé khian trong viéc ché tao dudong din dién
va viéc thodt nhiét cia mach.

Dé khic phuc nhuge diém dé ngudi ta da thiét ké ché tao cic laser phan héi
phan tdn nho cich tir Bragg (Distributed Feedback Laser, DFB Laser). Trong
DFB laser, cdch tir Bragg dugc tao nén béng cich 1am nhan (corrugating) 16p
bién phan cich giita hai 16p ban din cfu thanh laser. Trén hinh (5.45) biéu
dién so d6 mot DFB laser. Trong so d6 nay 16p nhan tao cdch tir ndm ngoai
16p chuyén ti€p p—n dé tranh nhitng sai hong trong 16p ddo mat do, né co thé
gy ra cdc tai hgp khong biic xa, do dai cta laser L = 700um.

Chiing ta biét diéu kién nhiéu xa Bragg 1a quang 19 clia céc tia phan xa tir
cdc mit k€ ti€p nhau phai khdac nhau mot s6 nguyén ldn budc s6ng 2dsin =
mA;m = 1,2,3,... trong d6 ¢ la géc lam thanh giira tia tGi va mat phan xa,
A budc séng trong méi trudng vat liéu. (hinh (5.46)). Dé ddp ng diéu kién
Bragg cho trudng hgp phan xa 180° béng céch tir trong DFB laser, chiing ta
cdn cho d biang A, A 1a buéc clia cdch tit Bragg, A = 22, trong d6 n, 1a chiét sudt
hiéu dung déi v6i mode séng ma chiing ta quan tm, déng thdi cho 6 = 90°.
Khi d6 diéu kién doi v6i )\ sé 1a

2An
/\g: g,m:1,2,3,...
m

Mic ddu c6 thé c6 phan xa mot s6 mode séng khac nhau ting véi cic gid tri
m khédc nhau, tuy nhién thudng ngudi ta chon mét mode séng thich hgp cho
cong nghé ché tao, vi du mode séng vdi m = 3. Phén cong sudt quang phan xa
phu thuéc vao nhiéu y&u t6 cdu thanh cdch tir va laser. Chiing ta c6 thé hinh
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Hinh 5.47: So dé gidi thich su lan truyén séng quang trong DFB Laser.
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’ T~ 14ms
|
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E, 115/2

Hinh 5.48: So dé cdc mitc ndng luong cia ion erbi Er®*.

c | E|
DC
|3
Tlo

1

hinh dung st lan truyén ciia séng quang trong DFB laser nhu trong hinh vé
(5.47). Doc theo viing dao mat do séng lan truyén theo hai chiéu (séng t6i va
s6ng phan xa) dugc khuéch dai nhu & hinh (5.47). S6ng phit ra tir hop cong
hudng Fabry Perot ciing nhu trong DFB laser 12

s6ng két hop, c6 do song song cao, nghia la ¢6 tinh dinh huéng cao.

3. Khuéch dai quang. Trong k§ thuat truyén thong tin bang soi quang,
dit ¢6 do ton hao rat thdp, trén mot khoang dudng dai tin hiéu vin bi giam
xudng cin duge phuc héi dé truyén ti€p tuc. Chinh vi vy trén dudng truyén
cén c6 cic bo phuc héi (repeater). Cdc bo phuc héi nay cdn dugc cung cip
nang lugng dién. Vén dé cung cdp ning lugng dién trén dudng truyén nhiéu
khi rat phitc tap ( vi du dudng truyén trén bién). Chinh vi vay ngudi ta da
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nghi dén thay cdc bo phuc héi bing cdc khuéch dai quang, nghia 1a sau mot
khodng cdch truyén nh4t dinh tin hiéu quang lai truyén qua mét bd khuéch
dai quang khong cén dilng ning lugng dién. Mot trong nhitng bd khuéch dai
quang nhu vay la sgi quang c6 pha tap erbi (d6 12 nguyén t6 d4t hiém z = 68).
Trong s¢i quang c6 pha erbi cdc ion Er¥* tao ra cdc mic nhu trinh bay & hinh
(5.48) ciing nhu trong laser hdng ngoc & day ngudi ta dung phuong phédp bom
3 mirc. Dung bitc xa bom ¢6 budc séng A3 = 980nm d€ tao phan b8 déo mat
do giita hai mitc E, va E, (th&i gian s6ng do chuyén mitc nay quyét dinh 1a
T3 = 14ms). BE réng phd cha vach nay (vach 1536nm) thudng tit hep vi vay
ngoai Er ra ngudi ta con pha thém céc tap khdc (Al,03) dé lam cho vach phé
nay rong ra. Khi tin hiéu quang cin khuéch dai ¢6 bude séng ~ 1536nm di qua
trong sgi quang ¢6 pha Er nhu trén s&€ dugc khuéch dai theo hiéu ing laser.
D6 chinh 1a sgi khuéch dai quang pha tap Er (Erbium Doped Fiber Amplifier -
EDFA). Ciing v6i Al,O; pha tap Er*+ v6i ham lugng 1000ppm, ¢6 thé dat duoc
soi khuéch dai quang EDFA ¢6 hé s khuéch dai 16n nhdt 13 31, 5dB trong mot
dai tdn rong 35nm véi chiéu dai sgi quang 1m duge bom bdi bite xa 950nm véi
cong suidt bom 31,8dBm(1, 5W).

5.6 Nhimg nguyén 1y co ban cia linh kién thu quang (pho-
todétecto)

Linh kién thu quang, photodétecto 14 nhitng linh kién ban din ¢6 thé chuyén
déi tin hiéu quang thanh tin hiéu dién. Nguyén Iy hoat déng cia cdc linh kién
nay cé thé bao gém 3 khdu sau.

- Phat sinh hat dén bdi 4nh sdng t&i,

- Van chuyén hat dén va khuéch dai dong hat din biing mét co ché nao dé
c6 thé,

- Cho dong dién tic dung vao mach ngoai gay ra tin hiéu dién & 16i ra.

Photodétecto dugc str dung trong r4t nhiéu linh vue tir cic cam bién héng
ngoai dén cic bo thu trong théng tin quang.

Photodétecto ¢6 nhidu ddc tinh quy.

+ D¢ nhay cao

+ Thoi gian ddp @ng ngan

+ Mitc nhiéu th4p

+ Gon nhe.

+ Ngudn nudi (dong, dién dp) nhd.
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Hinh 5.49: So d6 quang tro.

+ Tién dung.
Photodétecto gébm nhiéu loai, duéi day ta diém qua nguyén Iy hoat dong
cua ching.

5.6.1 Linh kién quang din hay quang tré. Mot quang tr& don gian gém
mot phién ban din hai ddu c6 hai dién cyc kim loai véi tiép xtic omic, nhu &
hinh (5.49). Khi chi€u 4nh sdng 1én bé mat mau bén din trong méu s& phat
sinh cdc dién tir va 16 tréng c6 thé bdi chuyén migc ving-viing (chuyén miic
co ban), chuyén miic gifta vilng véi cdc mic trong viing cm, két qua lam
tang do din cia miu .

Dai v6i ban dan riéng (intrinsic) ta ¢6 Ae = e{pndn + p,0p) v su tang do
dén chl yéu la do tang néng do hat dén. Chiing ta c6 thé xdc dinh budc song
ngudng phia séng dai

1,24
~ Ag, M

Ac

Anh sing c6 bude song dai hon A, s€ khong gy nén duge hiéu ing quang
dan trong bidn din riéng.

D@1 vGi bin dan pha tap (extrinsic) qud trinh quang kich thich c¢6 thé xay
ra bang chuyén mifc giita mot bd ving (E,, E,) va m6t mic nang luong tap
chét, trong viing cdm. Trong trudng hop nay budc séng ngudng thudng dai
hon va béang:

1,24
B — By
trong dd E.x, - mic ning lugng clia bd ving, B, - mifc ning luong trong vilng
cdm,

Ching ta hdy xét nguyén Iy hoat dong cia quang trd. Gia sit & thoi diém
t = 0 s6 hat dén phdt sinh trong mot don vi thé tich do tdc dung ctia mét thong

Ao =
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luong photon dé cho 12 dny. Tai thoi diém ¢ sau d6, s6 hat din én(t) trong mot
don vi thé tich giam do tdi hgp theo quy ludt:

Sn(t) = by exp{_Tt)

7 1a thdi gian séng cta hat dAn. Dai lugng 2 chinh 1a téc do tdi hop (442 = &),

Gia st thong lugng photon doi xuéng toan b dién tich bé mat A = WL
déng déu, tdng s6 photon dén bé mit trong mot don vi thdi gian 13 Pos/hy,
P, 12 cong sudt d4nh sdng té1 va hv 13 ndng lugng photon.

Trong trang thai dimg tc do phdt sinh phéi biang téc do téi hop. Néu bé
day miu ban din 13 D 1én hon d6 sau tham nhap clia 4nh sdng (1/a) vdl « 4
hé s6 hép thu dnh sdng, thi tdc do phét sinh hat din trong mot don vi thé tich
miu s€ la 5 (P19} Fun/19)

n ot/ Y vt |
G == Tgp T —in= “Wip
Trong dé » 1 hiéu sufft lugng tif (s6 hat din phdt sinh khi mét photon bi hap
thu) va §n 12 s6 hat din du trén mot don vi thé tich. Ddng quang dan chay
qua hai cuc la
I, = cEWD = (epundn€)WD = (ednvg)WD

Trong dé £ 1a cudng do dién trudmg, vy 12 van tdc cudn cha hat dén. Thay gid
trl én vao ta co
i Popt. pnTE
h=e [”W} T
Gta str chiing ta k¥ hiéu dong quang dén so cdp 12

P,
Iyp= =2
ph {ﬂ hy jl

thi hé sd khuéch dai dong quang dén sé 12

= dp 7
_Iph_ Lt

Trong d6 ¢, = L/v, 13 thoi gian chuyén van. Nhu vay hé s6 khuéch dai dong
quang dén 12 ty s6 giifa thdi gian s6ng va thoi gian chuyén van ciia hat dén.

Néu thoi gian song cha hat ddn trong mau 1dn, khoang céch gitra hai dién
cue nho ta c6 thé dat duge gia tri hé s6 khuéch dai dong g rdt cao, ¢6 nhing
méu dat dén 104, Thoi gian ddp ing cha quang dan duge xdc dinh bai thoi
gian chuyén vin t,. D€ gidm ¢, ta ¢6 thé tang £ va giam L, thoi gian d6 nam
trong khoang 10=2 + 10-1° giay.
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5.6.2 Photodiot. Mot photodiot don gidn 1a mét chuyén tiép p—n mdc thién
ap nguoe. Khi ¢6 tin hiéu quang tic dung 1én photodiét viang ngheo s€ phén
Ii cdc cap dién tir 16 tréng phdt sinh ra trong dé va mot dong dién sé chay &
mach ngoai, goi ching 14 dap ing quang. Khi tin hiéu quang c6é tin s6 cao,
viing ngho cin phai hep dé gidm thai gian van chuyén hat din. Mt khdc dé
tang hiéu sudt lugng tit phai giit cho 16p ngheo du day dé cho phén I6n dnh
séng dugc hdp thu trong I6p ngheo. Nhu vay ¢ day ¢ van dé cén phai can
nhic giita téc do ddp tmg va hiéu sudt lugng tir.

Hiéu sudt luonyg tir. Hidu sudt lugng tlr 12 s6 cap dién ti-16 trong phit sinh

trén mét photon téi
_ I_p Popt. -
T e hv

Trong dé I, 12 dong quang phat sinh do hép thu mot cong sudt quang Pop, O
budc sdng A, ing v4i nang lugng photon hy. MOt trong nhitmg yéu t6 chu yéu
chi ph&i hiéu suflt lugng tir 12 ké s6"hdp thy o. Hé s6 hdp thu o phu thudc rat
manh vio budc séng, trong d6 tdn tai mot budc sdng A, budc séng ngudng
hdp thu co ban (hdp thu riéng), A, = 1,8um d6i V& Ge, A, = 1,1um d6i véi
Si. PG 12 gidi han hdp thu (ngudng hap thy), vé phia budc séng dai. V& phia
budc song ngan cling ton tai mot gidi han cua ddp Wng quang. D6 la vi khi
a qud 16n (cd 10%cm~") thi d4nh sdng bi hdp thu trong mot 16p rdt mong (c&
L ~10~%em) trong 16p ndy cdc cap dién tlf 16 trong dé bi tai hop vi nhiéu tam
mdi gidi (goi 1A tAm tdi hgp) va thdi gian séng cha cdc cdp dién ti-16 trong
rdt nho. Hiéu sudt Jugng tlr phu thudce rit manh va cfu tric va vat liéu ché tao
photodiot.

Toc do dap ung. T6c do ddp ung do céc yéu to sau day quyét dinh.

« Su khuéch tdn hat dén.

e Thoi gian séng cta hat dén trong 16p ngheo.

+ Bién dung cua I6p ngheo.
Néu hat din sinh ra ngodi 16p ngheo r6i khuéch tin vao 16p ngheo thi tho
gian tré s& 16n nghia 12 téc do ddp ttng nhod. DE giam thdi gian tré 16p chuyén
ti€p p — n phai dugc tao nén rit gAn bé mat mAu. Phdn 1én photon s€ duogc
hap thu trong 1p ngheo néu 16p ngheo day, tuy nhién khi 16p ngheo day thi

thdi gian van chuyén lai ting thém va han ché tdn s& cha ddp ing. Lop ngheo
ciing khong qua mong vi khi d6 dién dung 16p ngheo s& 16n va 1am cho hang
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Hinh 5.50: So dé mét Photodiét P.I.N, a- cdu tao P.I.N; b- so dé ving ndng liong
cua PI.N; c- so d6 mo td qud trinh hdp thu theo dé sdu.

s6 thoi gian RC (thoi gian phong dién cua tu) sé 16n. Do day 16p ngheo t6i
wu duge chon sao cho thdi gian van chuyén qua 16p d6 vao c& moét nira chu
ky diéu bién tin hiéu quang. Vi du t4n s6 diéu bién 1a 2GHz véi van t6c cuén
ciia hat din 107cm/s thi bé rong 16p ngheo ¢& 25um (T = ;15 = 5-107%,
7r = 107"W/cms, W = 35-107'° - 107em = 25um). V&i nhitng 1ap luan trén day
ngudi ta da thié€t ké ché tao cac loai photodiot sau.

1. Photodiot P.I.N. DPay la loai photodiot thong dung nhét, duoc biéu dién
& hinh (5.50)(a) n6 gém ¢6 3 16p chinh: n* pha tap loai n v6i ndng do6 cao, I
16p ban din riéng (intrinsic) c6 bé day t6i wu dé c6 hiéu suft lugng tir va téc
d¢ dap ting thich hgp, p* 16p pha tap loai p v6i néng do cao trén cliing 1a 16p
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Ldp chéng phan xa
LAp kim loai mdng
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Hinh 5.51: So dé Photodiét kim loai-bén ddn.

rﬁ,__GainAs-p
[ _4_ InP-n
1 [

Sd quang

Hinh 5.52: So dé Photodiét di chdt.

dién moi trong su6t d€ giam phéan xa 4nh sdng. Hai cuc kim loai dugc tiép
xuc véi 16p n* va p*. Hinh (5.50b) biéu dién so d6 viing nang luong va giai
thich qua trinh phat sinh va chuyén van hat din khi chiéu sing. Hinh (5.50c)
biéu dién qua trinh hap thu 4nh séng trong méu, nghia Ia su phu thudc cudng
do dnh sang vao do sau.

2. Photodiot kim loai-bdn dén, (diét Schottky). Ddy 1a mét ti€p xvic kim
loai bdn din mac theo chiéu ngugc. N6 gém 16p ban din n* trén dé6 1a 16p
ban dén loai n pha tap it hon, trén 16p nay 1a 16p dién cuc kim loai méng (100
A) cho phép dnh sing truyén qua dugc trén ciing 1a 16p gidm phan xa, (xem
hinh (5.51)). Photodiét loai nay chii yéu diing trong viing 4nh séng kha kién
va tir ngoai. Trong viing nay a thudng 16n (= 10*cm=') Vi vay viing photon
chit y&u bi hdp thu chi day khoang 1um.

3. Photodiot di chét. D6 la mot photodiot gdm mot d€ ban din c6 viing
cdm rong AE,, dugc phli bang phuong phdp nuéi ghép (epitaxy) mot 16p bén
dén viing cdm hep AE,, < AE,,. Tin hiéu quang dugc chiéu tir phia d&. O day
khong cén quan tam nhiéu dén bé day 16p d€ c6 ving cdm rong AE,, vi néu
hv cta photon dnh sang nho hon AE,, thi né khong bi hdp thu trong dé& nay.
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Hinh 5.53: So dé Photodist thic Ui, a- sy thay doi néng d9 tap chdt trong diét; b-
phdn b dién truomg trong didt.

Hon thé nita chuyén tiép di chét ¢ thé ch€ tao bing bdn din hop chit sao
cho hiéu suit lugng tir va téc d¢ ddp ting dat t6i wu 461 voi song anh sang ¢o
budc séng cho trude. Thong thudong ngudt ta dung:

e Al Ga;_xAs trén GaAs cho A = (0,65 + 0,85} n.

. Ga,g’.»]';ln(;“g;j."\s (AEg = U,TS[—‘V) hOE:lC Ga,(],g'glg’?gAS{]lﬁ:;Pg‘g? (AEQ = {], 956\7)
trén InP cho X = 0,96um va 1,6um v n = 55%.

Trong cdc diot nay dnh sdng dugc doi (tir sgi quang) tir dudi d€ lén, (xem hinh
(5.52)).

4. Photodidt thic 1t (Avalanche Photodiot) (APD). Photodiot thac 10 1am
viéc & ché do phan cuc nguge 16n di dé gay ra hién tugng ion hod va cham
tic 12 hiéu Gng thdc 1f. Loai photodiot nay c6 thé cho hé s6 khuéch dai noi
(trong didt) cao, ddng thai ¢ t6c do ddp ung cao vi du véi tin hiéu anh sing
diéu bién bdi bitc xa vi ba.

Photodist thac 1i ¢ cdu triic gdm cdc chuyén tiép p — n dot bién céu tao
boi cdc 10p nt - p - » — pt v6i phan bd & hinh (5.53a) va phan bg dién trudong
& hinh (5.53b). Trong d6 viing dién trudng cao »*+p la viing xdy ra hién tugng
thac i ving ti€p theo i viing chuyén van. J day c6 thé dat duoc 5 bing
100%.
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Bai tap chuong V
(5-1) Chitng minh cong thitc tinh khau d¢ s¢ (NA - Numerical Aperture).

NA=(n?—-n2)'/2~ny(24)"/*

(5-2) Tix diéu kién cdc mode din truyén trong soi quang giat cdp da mode,
bd qua su dich chuyén pha do phan xa & mat phan cich 16i - v, ddnh gid s6
lugng cdc mode d6 cho d = 1049, n, = 1,5 d§ chénh chiét sudt & = 0,02.

(5-3) Cho soi quang giat cdp da mode c6 do chénh chiét sudt A = 0,01,
chiét suft cua 161 1,5, bude séng dnh sdng A = 1, 5pm. Tinh dé gidn xung séng,
ddnh gia bé rong dai thong va khdu do s6 ( tinh géc 8.;,,,.) cho khoang céch
10km.

(5-4) Cho mot ban din ving cdm thing tinh khiét ¢6 bé rong viing cdm
AE, = 1,5eV, gia stt kh&i lugng hiéu dung cla dién tlr va 18 tréng 13 ding
hudng, bing nhau va bang 28 = 9,110y .

a- Tinh budc song ngudng hdp thu.

b- Ngudi ta thdy ring khi cudng do dnh sdng kich thich qud 160 bin din
tré nén trong sudt véi dnh sdng c6 bude séng ngudng trén day. Hay giai thich
hién tugng nay.

c- Néu mat do trang thdi trong viing din va viing héa tri duge tinh theo
cong thitc

9(E) = 2 (2”")3“ JVE-E,

h'l
vi néu cho néng dé dién tir va nong do 16 tréng do quang phat sinh 12 16%¢m =
hidy tinh budc séng ngudng trong trudng hop nay.

(5-5) Mot mau bdn din don tinh thé silic ¢6 bé day 0,25pm dugc chiéu
séng bang dnh sdng don sic ¢6 kv = 3¢V V4l cong sudt 10mW. Tim ning
hrong téng cong ma miu hdp thu trong 1 gidy, ning lugng nhiét chuyén cho
mang tinh thé trong s va sé photon sinh ra do t4i hgp bitc xa riéng ( ving -
viing) cho hé s6 hdp thu & bude séng dang xét 12 4- 10%em ™!, AFE, = 1,12eV.

(5-6) Mot miu GaAs duge chiéu sdng bdi dnh sdng cd bude séng A =
0,6um. Cong suft tia t&i 1a 15mW. Néu 1/3 cong sudt d6 bi phan xa tro lai
va 1/3 thodt ra tir mit sau cla méu thi bé day cta miu bang bao nhiéu. Tim
nang lugng nhiét duge truyén cho mang tinh thé trong mot gidy. Bist hé s8
hédp thu (0, 6um) = 5. 10%cm™', AE, = 1,42eV.

(5-7) Mot quang déin c¢é kich thudc L = 6mm, W = 2mm, D = Imm dudc
chi€u bai bite xa dong déu. Do hdp thu dnh sdng dong dién tang 1én 2,83mA.
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Dién dp dat lén 2 cyc 1a 10v. Khi ngat nguén sang d6t ngot dong dién giam
vt van tée ban ddu 12 23,6A/s. Cho biét 4, = 3600cm?/Vs, p, = 1700cm?/Vs.
Tim:

a) s0 cdc dién tir 15 trng phét sinh trong ché do dimg;

b) thoi gian sdng cua hat din khong co ban;

¢} ndng d6 hat din du t6n tai sau khi ngét ngudn sing 1ms.

Dap so

(5-2) N = 6 mode.

(5-3) At =5-10""5; B 2 5- 10°bit/s; Omax = 12°25; NA = 0, 212.

(5-4) a. Ay = 0,827um; €. Ay = 0, 788um.

(5-5) Nang lugng truyén cho mang 12 3,9 10-*W; nang lugng biic xa do tdi
hop 12 2,4-107°W; s0 pho ton tii hop bitc xa trong mot gidy 13 1,3 10'%phot/s.

(5-6) Nang lugng truyén cho mang trong mot giay 1a 1, 559mW.

(5-7) a. nge =1-10%m™#; b, 7 = 0,12 - 1073s; . n{t) = 2,4 10°cm—*.



Phu luc

Mot so hang so vat Iy

Ten dan lwgng va ky hiéu G tri
- Pon vi Angstrong A 10 =10 "= 10"
- S0 Avogadro Ny 6.02201- 10 mole L

- Hang s& Boltzmann & CIROG6 - 107K =
CGIGT - 107 eV /I

CO8T19 imolels

D

- Hang so khi B =k N o,

—_—

- H¢ sa Stefan-Botlzmann, « 0. 36687 [0 "W im I
- Nang luong kT ¢ nhiét d6 300K (1. 0259\

- Bién tich coa dién wr. o LGO218 - 10719,

- Dién i von, oV EGO2IS - 107G

- Hing s¢ Planck 6.62617 - 10 s

- Van (0c dnh séng trong chan khong ¢ 2.99792 - 10%m /s

- Khén lugng nght cua dién e g 0. 97005 - 107 kg

- Ning lugng nghi ctia dién tor 72y = mige® 00310976 - 10%:V

- Bude song anh sine (ng véi

niny lugng photon 1ev, A 1.23977 - 107 = 12,3977 - 1074
- Tan 5o inh sang ting véi
iany luong photon 1417, &

£

CHES3AT 10 s
- Nang fugng photon tng vii

veetd song cua danh sdang [ bewn! FOSSTH2- 1077
- Ban kinh nguyén tir Bohr 4, . 329187 A
- Khéi lugng nghi cua proton, A, 167264 - 10 kg

; . . h ) ;
- Budc song Compton . - 2012621 - 107 m

e

- e - Hige ——— -
- Hing s6 Ridberg, i, = oD LO973731 - 107 m

. ) 47t
- Hang 56 dicn moi cua chan khong ¢ REBHR T HF jm
- DO tlr tham cta chan khong, s, 25663 100 "H /)

, . ) i oy g o P

- Magneton Bohr cua dién tr gy 5---- 0.2782 100 0T 25,7910 eV /T

2
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Bai sd va udc so cua don vi

exa E 108 atto a 1079
peta P 10'® temto f 10715
tera T 10" pico p 1p7!2
giga G 10¢ nano n 107
mega M 108 micro g 107"
kilo k 10° mili m 103
hecto h  10° centi ¢ 1072
deka dk 10 decti d 107!

H¢ 56 chuyén ddi gitta mét s6 don vi do

- Bon vi do lue, niuton, N 10°din

- Bon vi dp sudt, N/m? 10din/cm?® == 107°= ol mHg
- Pon vi nang luong, Jun 107ec

- Pon vi cong sudt, oat 107ec/s

- DBon vi cam ung tir, tesla, T 10" gaoxo = 10"Wh/cm?

- Don vi cudng do fir trudng, A/m  4r - 10730e

- Don vi tit thong, vebe, Wb 108 maxwell

- Don vi d§ cam tng, henri, H 10%em

- Don vi nhiét do, K t°C + 273,15



Phuy luc

Mot s6 dic trung quan trong cia
cac ban dan & nhiét do 300K

[ Bé rong | Loai viing | D6 linh dong | Hang s6
Ch4t ban din | viing cdm cdm (em?/Vs) dién moi
AEg(eV) *) Hn fp

Ge 0,66 I 3900 | 1900 16,0
Si 1,12 I 1450 | 450 11,9
SiC 2,99 I 400 50 10,0
AlSh 1,58 | 200 420 14.4
GaAs 1,42 D 8500 | 400 13,1
GaP 2,26 1 110 75 11,1
GaSb 0,72 D 5000 | 850 15,7
InAs 0,36 D 33000 | 460 14,6
InP 1,35 D 4600 | 150 12,4
InSh 0,17 D 80000 | 1250 17,7
CdS 2,42 D 340 50 5,4
CdTe 1,56 D 1050 | 100 10,2
7n0O 3,35 D 200 | 180 | 9.0
ZnS 3,68 D 165 5 5,2
PbS 0,41 I 600 700 17,0
PbTe 0,31 1 | 6000 | 4000 30,0

(*) I - Loai bdn dan viing cdm xién (Indirect)
D - Loai bdn din viing cam thang (Direct)
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Chir cai Hylap thuong dung

Alpha
Beta
Gamma
Delta
Epsilon
Zeta
Eta
Theta
Iota
Kappa
Lambda
Mu

=33 o ™ S 2 T =

T > x ~ ® m N

i

e T > B v v B S

Phu luc

Nu

Xi
Omicron
Pi

Rho
Sigma
Tau
Upsilon
Phi

Chi

Psi
Omega

t1}

L S T o I v e R o
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