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L3I NOI DAU

Cic vit lién trong ty nhién hay dang duge sif dung trong ddi séng cia con
ngudi ¢6 thé ton t8i & thé rin, thé Idng hodc thé khi. Do dé vit Iy hoc cing chia
thinh edc chuyén nginh nghién ctty sy vén dong cda vt chét & ha thé t6n iaj
trén. Trong dé ngénk vit Iy chit rin déng vsi tré quan trong trong Iinh vie vit
li¢u hge vi nghién ciu ehé tao cic vil lidu mai,

Mén Vit Iy chét rin dsi cuong nhdm cung cdp kién thire oo bén vé chit rin
tinh thé cho sinh vién cdc ngénh vét Iy vi cée ngénh lidn quan ¢éi vit liéu hoc
nhw vit lidu v edng nghé linh kién dién HE luyén kim, dis chét, céng nghé hoi
hoc, co khi.. DAy 14 mén hoc tiép sau cdc mén oo sd khhic nhw vit Iy dai cuong, vii
Iy nguyén ti¥, vit Iy théng ké, hod hoo v.v..

Vit Iy chidt rdn thiét 1ip quan hé céc tinh chit cds clc nguyén ¢, phén ti
riéng biét vdi tinh chit quan sét dirge clia cdc vit rén. Tinh thé bao gdm v cing
nhiéu chc nguyén tit Céc tinh chit ¢6 thé duoe gidi thich dua irén cdc mé hink
vat iy don gidn eds chit rin. Trong thue ié céc tinh thé thyue vié cde chét rin vé
dinh hinh phite tap hon nhidu, song gié tri cis cde mé hinh don gidn khdng hé
thay doi. Gido trink niy dé cép dén cic néi dung sau:

i MD hinh cdu tric tuin hodn cfa vit rdn tinh thé Tinh thé hoe 14 mét chuyén
d€ 1dn, céin cé mét mén hoc riéng. Trong giko trinh niy chi cung cip cie thuit
toin eo bin mé ti tink tudn hoin cda chu tric tinh thé Iy sudng trong khong
gian thugn vd kbBéng gian Fourrier ldm co s xiy dung cée mé hink ¢bbt rén
sau niy.

2 Tom tdt mé hinh cdu trie cla tink thé thye nhim gidi thick céc tfnh chit co
noe cia vit rén tinh thé. Diy Id mot linh vwe riéng vé 1y thuyét d6 bén, ban
doc c6 thé tim hiéu ky hon J tif lidu [2)

3. Mo hinh khi phonon dus trén co sé Ifgng tit hod dao ddng mang nhimnghién
eifr cde tinh chit nhiét cia cdc chét dién méi.

4. MG hinh khf dién ti¥ ty do Fermi nghién cira céc tfnh ch&t nhiét, tmh chat
dién ctia kim loai.

8. Cde md hinh vé cdu tric viing ning luong nghién ciu cée twgng tic nig dién
td trong tinh thé din t6i cée khii niém vé ving cho phép, ving &m, mit



ding ning.:vé dirge &p dung nghién civu tfnk chit ¢t cd cde loai tinh thé, dic
biét 14 cdc tink thé bén dén.

6. Céc tinh ohdt khdc nhu siéu dén, p dign, cdc tinh chit ti¥ cing duve xem xét
béng Iy thuyét cd dién vi hrong tif trén oo s mo hinh céu friic tink theé

7. Mo hinh chit rdn vé dinh hink ciing dude hé théng trong gido trinh niy.

Ban doc ¢é thé ¢tim thiy nhiéu tii I16u khéo nhau vé mén vt Iy chit rin trong
vd ngodi nude. Cudn sich ndy 14 két qud kink nghiém giing dsy cho sinh vién
chuyén nganh Vit Iy ky thuit éai trudng Pai hoc Bich khos Hé néi trong nhién
nint qua (rén co 55 tham khio ede tii Iigu hén lém eda céo the gid ndi tiéng nhu
Ch. Kittel, Blatt... Nhitng (41 Iigu [1-7] 14 ede gido trinh kinh dién. con cdc téi 1iéu
[8,9] duge viét don gidn vé dé hiéu, {t ding céo thuit toin phito tap.

Tii liéu do ching t6i bién soan Ii gido trinh cho sinh vién dai boe, song ciing
eé thé ¢b fch cho nghién citu sinh, hoc vién cac hoc vi nhing k¥ su, cén bé khos
hoe trong céng the nghién ciy vit 1éu rén. Trong téi 1éu nidy ching t6f dung cic
thuit ng di ding trong mdén VAt 1y dal cwong quen thudc vdéi sink viénm nén eo
thé ¢6 nhimg khéc nhau vé thuft ngi tiéhg viét so véi mé¢ 56 tai lidu tiéng Viét
khic vé vit 1y va vit liéu hoo.

Tic gid xin cdm on Gido su Phing HG di doc bén thdo vi cho nhimg y kién
qguy bdun.

Do xuit bén I&n diu nén kho trénh Khii céc sai s6t, mong nhin dude cic y
kiéh déng gop.

Chiing ¢67 xin chén thinhk cdm on.
Tic gia D6 Ngoc Udh

van@®mailhut.edu vn



Chuong I

CAU TRUC TUAN HOAN
TRONG TINH THE

Chuong nay trinh bay vé su sip x€p cdc nguyén tir trong tinh thé va mé ta sy
sip x€p nity bang cic c¢ong cu todn hoc ciing nhu bing hinh v& cu thé. Muc dich
chia chiwong nay la thiy dugc sy sdp x€p theo trat tu tudn hodn cha cdc nguyén t
trong tinh thé, dac biét trong mot s& mang tinh thé cu thé. Trong gidi han cia mot
chuong khong thé chita dyng t4t cd cdc Ki€n thic vé tinh thé hoc.

§1. DAY CAC NGUYEN TU TUAN HOAN

Dé mo ta cdu tric ngudi ta di dat ra ngdn ngir dac biét tuong trung. Tinh thé
1y tudng cé thé duoc xay dung bing cach lap lai khong gidgi han nhitng don vi cdu
tric gifng nhau trong khong gian. Mot don vi nhu viy cé thé chda tir mot vai
nguyén tlf t&i hang van nguyén tlr. Cdc nguyén tir cé thé cing loai hodc khic loai.
C6 thé mo ta cdu tric tinh thé nhd phdn co bdn clia mang tinh thé lap lai trong
khéng gian goi 12 cdc 6 ¢co bdn, mdi diém cha 6 nay gin v6i moét nhém nguyén ti.
Nhém nguyén tir ndy goi 12 ¢co sd. Cdc 6 co ban lap lai trong khdng gian vA tao ra
cdu tric tinh thé.

1.1. Phép tinh ti€n va mang tinh thé

Cé6 thé xdc dinh tinh thé 1§ twdng nhy vat thé bao gdém nhidu nguyén ur trong
mang khong gian bang cdch diing céc vécto tinh tién co s& a, b, ¢ (hinh 1.5) ¢6
cdec tinh chdl sau: Khi nghién ciu mang tinh thé tr mot di€m bat ky ¢6 vécto toa
do 7, mang cé cing dang nhu khi nghién citu tir diém 7 (hinh 1.1):

F=f+nd+n,b+n,g (1.1}
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Hinh 1.1. Mang, véc to tinh ti€n co sd &, b va véc to tinh tién T trong khang gian 2 chiéu.

Ny, My, 0y 14 cdc 86 nguyén bt ky, cde véctd tinh tién ¢o 5§ 6 thé ky hiéu 13
3, b, &. Tap hop céc di€m xac dinh bdi biu thic T=nd+n,b+n,é trong (1.1)
v8i cde gid tri khdc nhau ciia cdc 58 n;, n,, ny xdc dinh mang tinh thé, d6 13 sy
phan b6 déu dan, tudn hodn cha cdc diém trong khong gian. Mang tinh thé 1a mét
khdi niém triru tugng todn hoc. Cdu trdc tinh thé chi duge hink thanh khi méi
diém duge tao thanh bing céch trén va duge gén véi mét co s& (hinh 1.2), nhu
vay:

.mang + co s& = ciu tric tinh thé

Hinh 1.2. Cdu trac tinh thé 2 chidu: vécto tinh ti€n co sd1a @ va b, phép quay 180° quanh
bat cit diém nao déu dua tinh th& hai chidu trd tai chinh né.

Maung tinh thé dugc goi 12 nguyén thuy cdn cic vécto dich chuyén i b, ¢ la

cdc vécto tinh ti€n nguyén thuy. Néu c6 hai didm bat ky 7 va T', khi quan sdt tir
cdc digém nay thi sy phan bs nguyen tir bat k¥ ndo ciing ¢6 cling dang.

Cac vécto tinh ti€n co s& thuong dugc chon 1am céc vécto don vi clia cdc truc
tinh thé.

Trong mang ba chiéu ba vécto tinh ti€n nguyen thuy tao thanh hinh hop véi
cdc gbée giita ching (hinh 1.5):

T=na +mb +n0,¢ =n,a,+na, +n,d, {1.2)
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goi T 1i vécto tinh tién. Con 7, b, T hay %,, ,, ¥, 12 cdc vécto tinh tién co s&

duge xdc dinh theo cdc truc tinh thé dd chon. Vécio tinh ti€n cda mang tinh thé
ndi bt ¢t hai diém tvong duong nao cla mang.

1.2. Tap hdp cac phép déi xiung

Khi mo ta ciu tric tinh thé cu thé cén: chon hé truc 1oa d6 cho mang tinh thé
di cho, tim cd s& va tdp hgp cdc phép déi xing nh& d6 c6 thé dich chuyén céu
triic tinh thé song song v6i ban than né.

Cdc phép d6T xitng diém gém d8i xling quay va phan xa guong. Céc phép niy
¢6 thé Gng dung trong viing cdc diém b4t ky cha mang hay cia cdc diém dic biet
bén trong kh&i hop, két qua 1a cdu tric tinh thé trd lai nhu ban ddu tirc 1a tring
vdi chinh nd. Cac phép ddi xing diém 1a phép phu thém véi phép tinh tign.

C6 thé c6 cic phép phlc tap gém tinh ti€n + phép d6i xitng diém.
1.3. Co¢ 3 va cau tric tinh thé

Gin vao méi._ diém clia mang khéng gian mét ca s& (gébm 1 hodc nhidu
nguyén tr) thi ta thu duge cdu tric tinh thé. Vi du, co s& ¢6 1 nguyen tir trong
tinh thé khi tro, nhiéu nguyén i trong céc cfu tric hod hoc phitc tap (nhit 1A caa
sinh vat).

Co s& gobm n nguyén tir hay ion duge xédc dinh b&i tap hop n vécto:
T=xd+yb+ze

Chuing xéc dinh vi tri clla cdc nguyén tir clia cd s& so voi difm clia mang ma
ta gin ¢ s& vao. Cic nguyén tir cdu thanh co s& thudng phan b6 so v&i cdc nit
mang theo cich ma 0 < x, y, z < 1 (hinh 1.2).

1.4. 6 co ban

O co bin 12 6 don vi mi nhd céc phép tinh ti€n né ta c6 thé 14p ddy lodn bo
khong gian clha cfu tric tinh thé. Thé tich cha 6 co ban duge tiny theo:

v =5.(l; x0). O day ddu chdm (.) 14 tich v& hudng, ddu x 12 tich vécto.

1.5. O nguyén thuy

O nguyén thuy 12 6 co ban cé thé tich nhd nhit. Co s gin vdi nit mang coa
0 nguyén thuy goi la co s& nguyén thuy. Co s& nguyén thuy 12 co s& c6 sé nguyén
e it nhit.

Ngoai ra cdn c6 cich xédc dinh 6 nguyén thuy theo cich chon & ¢é thf tich V,
theo Vigner - Seitz vé#i cdc budc sau: ndi ndt g&c véi cdc niit gdn nhdt, cayng mat



vuong goéc vgi doan vira ndi tai diém giita, phan khéong gian gidi han bén trong céc
mil d6 chinh 14 6 Vigner -Seitz.

§2. CAC LOAI MANG TINH THE CO BAN

Viéc phan loai tinh thé duva trén bic doi xiing cla né. Vi vay viec xem xét
cic phép d&i xigng 12 cdn thist.

Phép quay: Khi quay tinh thé d¢i mot géc 2n/n quanh mot true thi tinh thé
triung lai chinh ban than né, ra néi tinh thé cé true ddi xitng bac n.
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Hinh 1.3. Nhém di€m vai phép quay v phan xa guong.

Do phai ddp Gng phép tinh ti€n nén khong c6 doi xing bac 5 va 7,

Doi xung guong: Phép d6i xing guong duoc thyc hi¢n qua mot mat phing va
ki hiéu Ia m.

Phép nghich ddo: Phép nghich dao = quay n + ddi xing guong m. Nhu vay
s€ bi€n d6i T thanh - 7.

Nhom diém: Nhém diém déi xong cia mang tinh thé c6 thé dusc xédc dinh
nhu 14 tép hop cdc phép d8i xing, nghia 1a céc bien déi d6i xing duge thue hién
s0 v3i mét di€m ndo d6 clia mang, k€t qua I mang triing lai chinh ban than né.

2.1. Mang tinh th& 2 chigu

Dua trén d6 1dn va géc o hop giita hai vécto tinh tién co sd 12 4, b cé thé
chia tinh thé thanh $§ loai mang Bravais (hinh 1.4) dudi day:

Mang O co ban Nhém diém d6i xdng
I. Nghiéng Hinh binh hanh: a # b; ¢ = 90° 2
2. Vuoéng Hinh vuéng: a=b; ¢ = 90" 4 mm
3. Lyc gidc Hinh thoi 60 a =b; ¢ = 120" 6 mm
4. Chir nhat Hinh chi nhat: a = b; ¢ = 90" 2 mm
5. Chit nhat tim ©  Hinh chit nhat: a # b; @ = 90° 2 mm
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Hinh 1.4. Mang Bravais hai chidu. True quay vudng géc v4i mat phang giay.

2.2. Mang tinh thé 3 chiéu

Dua vao ba vée 10 tinh tién co s¢ &, b, € va géc o, B, ¥ gilta ching, ngudi ta

chia 14 14p muang Bravais dudi day:

Tinh thé 86 6 co Ki higu Dac tinh Nhém diém
ban ddt xing
1. Ba nghiéng 1 P azbzc#a 111

(Trickinice) aEPEya

2. Mot nghieng 2 P, C azhzc#a lii
(Monoctinie) a=Pp=90" 2y

3. Thoi/Truc thoi 4 P,C,I,F azbzcza 2722
(Qrihorhombic) o=Pp=y=90° mmm

4. Mit thoi 1 R a=b=c¢ %3
{Trigonal) 120° > a0 = B =y = 90°

5. Bon phuong 2 P, 1 a=b=zc 422
{(Tetragonal) oa=p=y= 90 mmm

6. Lip phuong 3 P.LLF a=b=c i’gi
(Cubic) a=p=y=90 m m

7. Sau phuong 1 P a=b=c¢ 6 2 2
(Hevagonul) o =P =90%y=120° mmm

Trén hinh 1.5 mo 14 cdu tric & co ban cba 14 mang Bravais trén.

9



Hinh 1.5. Mudi bon ki€u mang Bravais 3 chiéu trong hé tryc toa dd B8 cac, truc toa d5
X, ¥, 2 c6 mhi 1én d&4m, cac vécto tinh 1ién co sd cd miii tdn manb, tai cac not giao nhau cla
cac dudng cb co sd 1a 1 nguyén t (s8 thir ty va ki higu mang nhi bang trén).



§3. VI TRi VA BINH HUONG CUA MAT TRONG TINH THE

Trude tién phai chon 3 tryc tog d¢. Ngudi ta chon 3 truc tinh thé khéng nam
cing mot mit phiing lam truc toa d6. Nhu vay céc truc nay cé phuong trung véi
cdc vécto tinh 1in co s6, hé toa 46 nhu vay ¢6 cde truc hgp véi nhau cdc gée o, B
v v, con don vi dec theo cic truc tinh theo a, b va c.

Toy dd cha mot nidt mang bang bdi s6 chia a, b, ¢. Chi 58 cla mdl phuong tinh
thé duge xac dinh bdi toa do clu nidt mang gin géc nhdt, Day chinh 12 chi s6 cla
mat mang vuéng péc voi phuong d4.

Thong thudng ngudi ta xdc dinh chi s6 Miller ciia mat nhu sau:
1. Xdc dinh 3 diém & d6 mat phing cat céc truc toa do, 14y gi4 tri nghich

ddo. Vi du, mat cit béi céc diém 4, 1, 2 ta dugce cic s6 nghich dio 1a % 1, l;

2. Quy dong mau s8 cdc phan s6 véi miu s§ chung ahd nhét; trong trudng

hop nay 1a 4, taco é, 3, % Chi s6 Miller 14 {(142) chinh 1& cdc tir 56,

- Ki higu chi s6 ta (hk/) cha ting mit riéng biét hay mdt ho mat song song.

- Néu mat ¢at truc nao dé & toa d6 am thi ghi d&u - l&n trén nhu (A k H.
Céc mat bén cla khéi lap phuong 1a (100), (010), (001), (100), (010) va (00 1)

- H¢ cdc mat twong duong theo dac tinh d6i xing k¥ hiéu trong mde {IUU} cé
thé suy ra tat cd cdc mat bang cich hodn vi cic s6 trong chi s6.

- Thong thudng ngudi ta chi goi 1a mat (LOWM), (110) ...

- Ky hiéu cdc phuong la [hkl}; trong mang lap phwong, phuong [110] vuong
goc v&i miat {110).

- B&i v&4i mang sdu phuong ¢é thém mot chi s& (hkil), trong d6 i = - (h + k).

§4. PHAN TiCH FOURIER

4.1. Phan tich Fourier

Cho f(x) Ia ham tudn hoan bat k¥ ¢6 chu k¥ 2n lién tuc trén doan [-7, 7] va
¢6 trén doan dé 56 di€m dac biet (gdy) loai 1 thi him d6 c6 thé viét dudi dang
chudi Fourier:

f(x) = By i(a“ cosnx +b_ sinnx)

n=]

trong dé:



Vi

a = -l- If(x)cosnxdx
T

LY

1 . .
b, =— If(x)mnnxdx ,véin=1,2,3, ..
T n

Khai trién:
inx —inx ins —inx
. +e e +c I’ i
a,cosnx + b sinnx =a, = +b, - =Ce™ +C e
2 21
C _a,+b, o _a,-b,
n 2 -nu 2

Dang phic cha chudi Furier s& la:

f(x) — cheinx
C _ ]' ]]-f(x) —inxdx
n 211: - c
4.2. Ung dung cho tinh thé

Mat d¢ dién tlr trong tinh thé ciing 1d ham tudn hoan:

n(#+T) = n(¥)

Nén:
i2pn
RO =30, exp(———x) véip=1,2,3,..
pai) a
n-‘p =n,
4 —i2pm
n,=a In(x)exp{ x)dx
a
Trong khéng gian ba chiéu:
n(f) = > n,, exp(iGr) (1.3a)
G
trong dé: ng = V! jn(?)exp(—ié?)dv (1.3b)

§5. VECTO MANG PAO (MANG NGHiCH)

Trong biéu thitc {1.3a) ta thdy c6 vécto G. Thi nguyén do lon cia G s& Ia

nghich dio clia 7. Vay ¢é thé higu G nam trong khong gian nghich so véi khong
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gian cua mang thuan ta di mo 14 trong cdc phdn trén. TU day ta xay dung mot
mang nghich vdi cde véclo tinh tién co s¢ nhu sau;

4, xa, dyxdy, - A, Xd,

by=2n—2"1 . b,=2n—2" . b, =2x— 2 (]4)
a .(a,xa,) d,.(d, xa) a,.(d, xa,)
trong da:
Bi xzij :2“6'._i
8;=1 néu i=j &;=0 néu i=#]

Céc nidt mang nghich xdc dinh bdi vécto mang nghich:
G=vb, +v,b, +v,b,
trong dé v,,v,,v, lacdcsd nguyén.

Méi tinh thé duge mé td bdi 2 loai mang: thuan va nghich. Anh hién vi dien
ir cho thdy mang thuan, anh nhiéu xa dién tir hay nhidu xa Rongen cho thdy mang
nghich, cdc v€t nhiéu xa chinh la hinh chi€u cOa céc nit mang nghich. Khi quay
tinh thé quanh mét truc thi suy ra, cd mang nghich 1in mang thuan déu quay.
Véctg séng luan duge biéu dién trong khong gian Fourier hay khang gian nghich.
Biéu c6 ¥y nghia dac biét & day 12 cdc diém duoc xdc dinh bdi tap hop cla cdc
vécta G lién quan téi cdu trdc tinh thé.

Cic vécto G trong dién gidi Fourier chinh 14 vécts trong khéng gian nghich,

nhu vay su bi¢u dién tinh tudin hoan ctia mat d6 dién t&r lién quan dén phép tinh
1ién cla tinh thé,

Trong mang thugn: T =u,d, +u,d, + ud,.

Trong mang nghich: G = v|51 +v,b, +v,b, nhu mo ta trong (1.4).

Mat 4o dién tir; n(F+T) = Zn“ exp(ié.f)exp(i@.f) — I},

i H

Trong d6 v, u, la cdc s& nguyén. Vécta G dang nay la vécto mang nghich.
Tinh chat tuan hoin ciia néng 46 dién tir vin khong thay doi.
§6. PIEU KIEN NHIEU XA

Bay gi®¥ ta x4c 14p di¢u kién nhiu xa séng dién tir (chiim dién i hay rongen)

trén tinh thé. Gia slr vécto séng ciia séng t&i & k cdn ciia séng phan xa la k'
(hinh 1.6).
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Hinh 1.6. Mat (hkl} ciha tinh thé phan xa (nhidu xa) song dién ti.

Sy léch pha hai véc to d6 1a exp[i(ié - kT]F].
Bién d¢ séng dién tir hay vécto trudng dién tir trong séng phin xa ty & vdi:
F=| dv.n(?).exp[i(ﬁ —k° )f]:jdv,n(?).cxp(_iai?)

Trong d6 k+Ak =k, & day Ak =K'-k i su thay déi cha vécto séng do tdn

xa, k' 13 vécty s6ng bi tdn xa. Thay n{(f) vao tich phan ta duge bidu thire sau:
F=3 [dva, expli(G - Ak |
Lo}

Néu Ak =G thi F = V.ng la 16n nhdt va khi Ak = G thi F rét nhs, Trong tén
X4 dan héi cdc photon gil¥ nguyen cdc gia tri o' = ck’ va k% = k%, theo didu kién
l6n nhit clia F ta ¢6: (k+G)? =k? hay 2kG+G? =0. Néu thay G bing -G ta c6
diéu kién nhiéu xa:
2kG = G? (1.5)
Diéu kién Bragg: Néu khodng cdch gifta cdc mat mang dyy vudng géc vai

phuong G:hl;] +kl_:;2 +]l?)3 ta ¢d:

dg Z% hay G = 2n/d,,,

Trién khai 2kG =G? ta cé: sinB.ZF"E}I - ’GHG]

Thay k = 2n/A va G = 2x/d,,, ta dugc:

2.(2n/2).sinB = 27/d,, hay 2d,,,sin = A
Tir day cé phuong trinh Bragg:
2d,,,5in0 = ni {1.8)
Phitong trinh Lawe: Ak =G 13 diéu kién nhiéu xa. Tich v6 huéng cha Ak véi

&, d,, a, la:

a,Ak =2nv,; d,Ak =2xv,; a0k =2nv, {1.7)



Hinh 1.7. C4u Ewald, ban kinh 2/, chi nhifng nut mang nghich nao
trén mat cau mdi dap (ng diéu kién nhidu xa (1.7).

(1.7) ¢6 y nghia hinh hoc don gian 12 Ak nim trén nén ndo dé cing ldc
huéng vé &, d,, 4, nghia la Ak dép Gng 3 phuong trinh (1.7) phai cung lic nim
trén 3 mét nén. Diéu kién nghiém khic nay chi dugc ddp Gng bdi quét hé théng
(quay tinh th€) hoac tim dugc buéc séng phi hgp, do huéng tinh thé phit hop hay
boi tinh c& it 6i.

Cdu Ewald (hinh 1.7) cho thdy viéc dap dng (1.7) chi xdy ra trong trudng
hop hai ddu mit cia k va k' nim trén nit mang nghich va trén mat cdu Ewald
bén kinh 2n/A. Ak ciing 12 vécto mang nghich.

§7. VUNG BRILLOUIN

Diéu kién nhiéu xa (1.5) dva dén khédi niém ving Brillouin. Néu chia 2 vé

(1.5) cho 4 ta cé:
1Y (12}
Kl -G|=| -G 1.8
(9)-z9) an

Ta dang trong khong gian nghich, khong gian chia K va G. Chi c6 cic
vécto K = +G /2 méi dép ing dugce (1.8). Nhiing vécto K d6 sé 1a co s& xay dung
mot vung khong gian duge goi 1a ving Brillouin. Dé xay dung viing Brillouin ta
chon mot nit mang nghich 1am géc toa d¢. NGi géc véi cdc nit gdn nht. Tai diém
gilra clia cdc doan vira nGi dyng cdc mat phang. Khong gian nghich duge gisi han
tfrong cic mat d6 chinh la ving Brillouin tha nhét. Viung Brillouin thi nhét dvoc
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xiy dung twong ty nhu & Wigner-Seitz trong khéng gian thuan. Céc ving Brillouin
thir 2, thir 3 ... s& duoc xdc dinh trong khong gian con lai gidi han bdi cde mat
phdn;, dyng vuong goc tai di€m gita cdc doan ndi gbc vdi cdc nit gin thit 2 tha

. Tur hinh 1.8 cho thdy vang Brillouin thw 1, thi 2, thi 3 trong khong gian
Il“h](‘h mat chiéu.

¥
oy
s
B

! | { ! |
- /e | 3 I-’;’T x a2 s :
. r .’ 'z . |2 - e
- [I M | N | | !
t { | |r | ]
by ! vl ! Ving 1 v.2 b

Hinh 1.8. Ving Brillouin d3i véi mang mét chidu.

Cac mat vuong gdc dung trén duwge goi 1 bién gioi ving Brillouin. Nhu vay
khi miii nhon vécto séng dat 161 bién giéi ving Brillouin thi s6ng bi phan xa. Ngi
cich khic bién gigi ving Brillouin phan x4 séng. Quy luat nay s& ding vdi bat cd
ivai séng ndo lan truyén trong tinh thé.

§8. CAC LOAI LIEN KET TRONG TINH THE

Mot van dé dat ra 13 tai sao chél rin néi chung vi tinh thé néi rieng lai gii
dugec mét hinh dang nhat dinh trong khi ching duge cau tao bang cdc nguyén tir.
Nihu vay phai 6 nhimg luc hay méi lién két giit cho cic nguyén tir ¢d dinh so vdi
nhau. D6 chinh )i cdc lién két trong tinh thé.

Cdc nguyén v ndm trong tinh thé cé méi lén kér ¢ hung, ddm hdo cdc nguyén
tie lién két san:

Phdn ho ciia cde dién ny phdi tudn theo nguyén Iy Pauli.

Cde dién tich nhir cdc ion va dién nr hod 1ri phdi sap xép sao cho litc dey
ctig dién tich cang ddu 16 it nhat, fite it crie dign tich khdae ddu la cao nhdt.

Tong nang lwong rrong tink thé la thip nhat. The ndng ld nhé ahdr va dong
ndng tdng 1.

Luc fién két trong tinh thé tinh béng ndng heong téng céng cia cde hat roi
rac triv di pdang leong cda tink thé.

Cé theé chia thanh cdc dang lien két sau:
8.1. Lién k&t Van-der-Walls London

Luc nay tén tai trong cdc tinh thé khi tra nhu He', He* cé cdu tric lap
phuong ram mat. Néu hat nhan nadm chinh giffa nguycn tlr thi nguyén 1o trung hoa
vé€ dién. N&u hat nhan trong nguyén tir khéng ndm chinh gitta nguyen tG thi
nguyén tr tro thinh mot ludng cuc dién (dipol dien). Chi cén mot ludng cuc xuft

16



hién c6 tic dung lén cdc dign tich trong nguyén (r bén canh s& 1am xudt hién cic
lugng cye dién khédc (hinh 1.9}, cudi cling cdc ludng cuc dé tuong tic vdi nhau,
Luc twong tdc nhu vay gei i lién két Van-der-Walls London. Lién k&t Van-der-
Walls London duoc tinh theo cong thie:

C
Utey = - F (erg) (1.9)
trong dé:
C 14 hiang s0;

R la khoang cdch gifra cdc nguyeén .

2o} II
|
|
i
i

™
Nug

Hinh 1.9. Tuong tac Van-der-Walls London: Ludng cuc f5'1 clia nguyén
tr 1 twong tac voi P, cda nguyét tir 2 trén khodng cach R.

Luc Van-der-Walls nho, chi xudt hién trong hé x&p khit nhat dé chinh Ia
mang LPTM. ~

Khi R gidm, lién két tang. Luc ddy giita cdc nguyén tir chi xudt hiéo khi hai
nguyén tif gén lai nhau 161 mdc dién t& cha nguyén tir nay chigm trang thai lugng
tr trong nguyén tir Kia,

8.2. Lién két ion
Xét tinh thé muGi dn NaCl 12 mot hgp chét cha kim loai véi 4 kim. Csu tao
16p dién tir ngoai cha ching;
Truge lién ké1: Na 1s%3s'  ClI 152...3523p°
Trong lién k&t Na® 1s? Cl' 1s...3s23p"
Dé tao ru cdc ion trai ddu cdn ¢é céc phan dng cho va nhan dién
e+l =Cl+36eV
Na+ 5,13ev=Nat+e
Ning luong téng cong cha tinh thé 1a:
Na*+ CI' = NaCl + 7,9 eV

Trong tinh thé ¢6 nhiéu cap nhu th&. Cic cap nay twrong tac véi nhau bai luc
Coulomb. Lién k&t nay gém hai phén: phdn twong téc giita céc ion gidn nhar vi
phidn tuong tdc xa giifta cdc cap duoc thé hién theo céng thic cha Madclung

(1.10). Trong d6 ,; = P, ;R vi R 1a khodng cdch giita 2 nguyén tir. A, p la cdc hiang
80,



U, = (1.10)

Phan trén trong cong thic nay thé hién tuong tdc cia cdc cdp gén, con phin
dudi 1a wuong tic cla cdc cap con lai. Sy phu thudc nang luong tuang tdc vao
khodng cach giita cdc ion duge trinh bay trén hinh 1.10.

1}
2+ . "
Nang Liicng '8y
er {2,¢.10%) exp (- R/0,30) «¥

Nong luvrg (ek)
L
T

Nang ludng Crlbing
(254R) ey

-0

-.44_

Hinh 1.10. Tudng tac ion tinh trén 1 phan ti trong tinh thé KCI cha thdy su déng gép
cla nding lvgng Madelung va ning iugng diy.

8.3. Lién két d8ng hoa tri

Day 1a lién két gia hai nguyeén tfr diing chung di¢n ti hod tri. Thudng xay ra
V6l Si, Ge ¢6 cdu triic mang kim cuong, mang ndy ta 2 mang LPTM Iéng vao nhau
va dich di 1/4 dudng chéo khéi. Lién k&t déng hoa tri phy thuge vio dinh huéng
Spin song song va phan song song clia céc di¢n tr hod tri trong cdc nguyén tif cla
tinh thé, Hinh 1.11 cho thay sy phu thuéc nang luong lién két vao trang thdi cac
spin vi khoang cdch giita cic nguyén tir,
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Hinh 1.11. Tuang taec trong phan tir H, phy thude vao dinh hudng spin cda
cac dién tr: A - song song, S - dinh hudng phan song song &n dinh, N - tinh
cho trudng hgp mat dé dién tich nguyén tdr tring hoa.

8.4. Lién két kim loai

Trong kim loai cdc jon duong chiém cac vi tri tai niit mang, con cdc dién to
hod tri chuyén dong tr do trong tinh thé. Nhu vay cidc dién tlr tu do déng val tro
nhu mot chdt keo k€t dinh céc ion lai vdi nhan. Céc kim loat thutng ¢6 ciu Inic
mang LPTM, LPTK va SPXK. Trong thuc t&€ cac kim loai chuyén ti€p cé lien két
kim loai va déng thoi ¢6 cdc lién két khic nhu lien két déng hod tri hoac lién két
Van-der-Walls.

5. Lién k&t hydré

Nguyén tir hydro ¢é | dien tir hod tri, nhu vay nd ¢6 thé lién két vdi | nguyén
Hr cé 16p ngoai thi€u 1 dién 1. Nhung hydrd ¢6 thé lién két véi 2 nguyeén nr chng
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mot lae tao ra lién két hydro. Thong thuong H lién két v6i cdc nguyén 1 1dn nhu
F, O vi N. Nguyén 1t H bi mat mot dién wr trés thanh proton nhé bé nam gida 2
nguyén tu kia (hinh 1.12). Lien két hydro 1a lién két giita céc phan ¢ nude va
trong cic polymer.

@

Hinh1.12. Lién két hydréd.
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Chuong Il

TINH CHAT CO HOC
CUA VAT RAN TINH THE

§1. PUONG CONG BIEN DANG CUA TINH THE, UNG SUAT, BIEN DANG

Cdc tinh chat co hoe 6 lién quan chit ¢h& (60 sai hdong cha tinh thé. Day la
mot chuyén dé hay c6 thé tham khao trong nhiéu tai li¢u khdc nhau {1, 2|. Trong
chuong nay chiing toi chi trinh bay hét sic tém tét, )

Cdc tinh thé dudi tic dung cha dng suit ngoai déu bi bién dang. Dudng cong
phu thubc giira dng sudt va bién dang cla tinh thé mang 1ap phuong tim mat cé
dang nhy frén hinh 2.1. Trong moi trudng lién tue, dan hdi Gng suft quy ude
G = F/s. Trong d6 €~ ing sudt, F - luc téc dung va s 12 dién tich thigt dién vuong

adc vdi luc. Bién dang twong déi duge tinh theo cong thie:

g=2_ 170

| (2.1

] IU

Trén hinh 2.1 1a quan hé giGa bién dang vi dng sudl, hay con goi 13 dudng
cong hod bén.

Bi€n dang chia ra lam 3 giai
doun:

Gial doan I (OA): Day 1a bién
dang dan héi; khi bo ng sust, miu trd
lai trang thdil ban ddu. Qua trinh nay B
chi xdy ra khi bi&n dang rdt nhé (cd A
mot vai %), N&u ta coi tinh thé 1a
khong lién tue, di huéng thi gng suat

g

o phéi thay hing mot tenxo &, va biga €

dang € cling thay bang mot tenxo bi€n  Hinh 2.1. Budng cong bién dang ciia tinh
dang g, thd mang LPTM.
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Trong giai doan ndy sy lién hé gifa iing sudt va bién dang tuan theo dinh luat
Hooke:

T :A'iklmslm ’ (22)
du,  Ju

l =
—{ —) vau, u, la dich chuyén doc

Trong d6 ten xo bién dang g, =
; : & 2
28x,

theo truc x; va x,,. Ten xd o, g, |2 cdic ten xo hang 2 ¢d chin thanh phén. Aigim 12
ten xo hang 4; i, k, I, m bién d6i tr 1 d&€n 3. Pay 13 doi hai trong phép nhéan hai
ten xa. Frién khai (2.2) ta cé:
Opy = A€y TAype, + 4 2i3Ea
Tz = A 08 + Ay 080 P+ Ayt
17 120E%[ 1212%12 12335133 (23)

3 = g€ + Agg ey Fot hagtyg

Theo trién khai trén cé 81 thanh phin cia ma tran v€ phai. Do didu kién d6i
XUng cla tenxo ing sudt vi tenxo bign dang s,,, = Eqi VA Ty = 0 nén (2.3) ¢con lai
21 thanh phidn khéc khong khong phy thude.

Glai doan 1l (AB) 11 giai doan trugt nhe, do déc cia duding cong gidm di
ding ké. Pay 13 quéa trinh bién dang déo. Khi bo dng sudt bén ngodi tinh thé
khong trd vé trang thdi ban ddu nira. Ta néi trong tinh thé con bin dang du.

Giai doan 11 (BC): D¢ d6c dudng cong 16n han, duge goi la gial doan hoa
bén manh; muén bién dang tiép tuc thi phai lang Ung sudt. Sau diém C la giai
doan nghi déng lyc IV thudng kém theo viéc hinh thanh cdc khe nift, bién dang
ting nhung Ung suft [ai gidm.

Cuoi cung méu bi phd huy, tic bi chia thanh cic phin riéng biet. Gid tri dng
sudt tai C duge goi 13 d6 bén cha mau.

§2. PHUONG TRINH TRUYEN SONG BAN HOI TRONG TINH THE

‘Trong giai doan I bi€n dang dan héi dién ra giéng nhu séng dan héi truyén
trong mau. D€ bai todn don gidn ta coi tinh thé 1a mai trudng lién tuc, dan héi c¢é
mat do vat chdt p nhu nhau tai moi di€m. Khi ¢6 luc bén ngoai tic dung, phén thé
tich nhé dv chiu I lyc tdc dung: pii, dv (u; - su dich chuyén cla vat chit trong

méu).

Luc tdc dung 1&n vit ¢6 thé tich v la: P = Ipﬁidv.

Mat khdc lyc tac dung 1én vat bing t6ng luc tic dung vao bé mit 8 cha né:

P, = [dP, = {o,df, voi dP, = o, df,
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Trong d6 df, 14 thanh phdn vuéng gbéc vdi phuang k cha phin tr vécto dién

tich d f, i 12 chi s6 ctia phuong ta chigu luc 1&én. Theo dinh luat Gauss ta ¢6:

do,df, = [&’—*dv

:ox,
Vay: ;[p u,dv =;[Zix":{lv
hay: pu, = aa:‘:
Thay 6, =A Y2 &, = %(2:—; + (;L;T }, ta cé:

Lo 1 d [ du  du, l &%u, 8%,
PU = =R = =+ | =7 A +
2 ox L ox, 0%, 2 7> 30> S $5,

Dé&i chd m va i trong thanh phén thit nhét, ta cé:

=2
ou

U, =h, — 2.4
P i iklm axkaxi ( )

Dé khdo sdt séng don séc trong tinh thé ta viét nghiém dudi dang:

WkT—u1)

u, =u,e

Thay u; vao (2.4) va vigtu, =8 u_, tacd:

(pmzsim _kiklmkkkl)um =0

Pay 14 h¢ 3 phuong trinh bac | véi 3 dn s8 u,, u, va u,. He¢ nay khic khong
khi:

Pk k) = o8, | =0 2.5)

{2.5) 12 phuang trinh bac 3 cila »® goi 14 phuong trinh tin sic, céc chi s0
thay déi tir ! dén 3. Phuong trinh ¢6 3 nghiém khéc nhau cha vécto séng k. Thay
tiing nghiém @ vao phuong trinh ta s& thu duge cdc thanh phin clia ham sd bién
dang u,. Day 1a phueng trinh déng nh&t nén chi xdc dinh duge ti s6 gita 3 thanh
phin. Trong gin ding bdc nhdt ¢6 thé 14y ham o(k) 1 ham tuyén tinh. Van téc
truyén séng (vin tée nhém) duge xdc dinh boi dao ham cla tdn s6 theo cdc vécty
séng k: v = da/0k. Trong moi trudng dang hudng c¢6 1 séng doc v 2 séng ngang
gidng nhau, do dé ¢6 2 vin 18¢: van t8c séag doc va van (e séng ngang:
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~E(l-w)
pll+ vKI - 2v)

Vin (6c séng ngung: c, = ?(TE-_) (2.6}
V2p(l+v

v 14 h¢ 58 Poisson, né cho bigt chiéu daj ting I&n bao nhiéu thi thi¢t dién s&
gidm di tugng tng va duge xic dinh bang thyc nghi¢m.

Vin tdc séng doc: €, =

Madun trueot: w=E/2(1 + v).

§3. BIEN DANG DEO

™

T giai doan Il bi&n dang déo r
xiy ra, nghia la khi bé lue tic dung ‘ f
vin c¢dn bién dang du. Ta thay

/1\
<
tf

dudmg cong o(g) ¢6 do dac duong:
dd bign dang réi, muén bien dang &
thém nira phai tang them tng sudt,
nén go1 1a dirong cong hod bén: khi
bt bi¢n dang déo tinh thé trd nén
bén hon. Ung sust truot: ’

[

G s =T=£C051‘JC05({) (2.7) |

S, I
Khi t 16n hon mot gjéi han 1,
nio d6 thi bit ddu cé trugt déo. Tren a) 4)
hinh 2.2 cho thay khi fng suit tricge
dat gid tri t&i han tinh the bi bi&n
dang bang cdch 16p tinh thé niy
truot di so véi 16p khic.

Hinh 2.2. Mau bién dang déo, dng sust truot:
a-Céc Iép trugt, b - Tinh (ng
Xem xét cdc l6p trugt dé ta sudit trugt theo (2.7).

thdy cic hé truot:
® Su trugt xdy ra trén mit x&€p khit nhat.
* Phuong truot 12 phuong x€p khit nhat.
Vi du vé hé truot:

Trong mang LPTM Cu, Ag, Au Hé trugt 1a (111){110)
Trong mang SPXK Mg, Zn H¢ trugt 12 (0001} [11 20)
Trong mang LPTK Fe, Mo Hé trugt 1a (11 11 1]

Trong thye (& twong tdce gita cdc mit nay y&u nhat.



§4. UNG SUAT TRUGQT TOI HAN THEO FRENKELL
b

Frenkell dd xay dung
mo hinh @€ (inh dng xudl
truot déo (di han. Tinh thé
hoan hao kbéng cd sai
hong, khi c¢d trugt déo
toian bd nguyén ur ldp nay
trugt di so vdl Iép kia
theo phuong tiép tuyén.

Tir hinh 2.3 ta thay
tong lee tdc dung lén
nguyén tr f = 0 khi no taj
cic diégm x =0, x = bf2 va
x = h. C6 thé hiéu didn:

o; = Asin(2n ]\ ¥
b

{2 ¥a)

S

Hinh 2.3. Mé hinh tinh Ung sudl trugt Frenkell
a - Tinh thé va mat truot;
b - Luc tuong tac giira car nguyén .

B fim A ta coi bién dang nhé va theo dinh luat Hooke:

O, = Py

- N R . X .
trong dé p la modun trugl. Thay y = = ta ¢o:

d

X .
G, =H— {2 8b}
H |

Mat khdc, khi géc nhd ¢6 thé lam gédn dding (2.8a):

Tir (2.8b) va (2.8¢) ta c6 u = = A.Z.'t% VIA =p

Glng,Zﬂ% (2.%¢)

thay A vio (2 8a) ¢b:
a 2ma

pb

ma

CL=H 2—-:;ir12ni VR O s, = e {2.8d)

T b 2ma

Thay 86 vao ta ¢ 6,;,,, = 10", Nhu vay theo Frenkell khi o, = 17, 2 10y,
bat ddu ¢6 trugt déo. Gid tri trén so véi ket qué thuc nghigm 1dn hon 18 tram lin,
nhung né giai thich duge cdc hé trirot trong tinh thé la b nho, 2 16n nhu di thay .
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§5. BIEN DANG DEO VA CHUYEN DONG GUA LECH MANG

Trén thuc 1€ tinh the thyc chia nhidu sai hong. Sai hong vi mo duge chia
thinh cdc loai nhu sau: '

1. Sai héng diém huy sai hdng khéng chidu: D6 i céc sai héng ¢é ca ba chiéu
¢& kich thute cda nguyén t nhu nidt khuyél, nguyén 1 xen k& va nguyén o thay
th¢. Cic sai hong niy tao ra cde qua cdu bién dang nén hoac gidn trong tinh thé.
Kich thude cla cdc cdu d6 ¢6 kich thude c& chuc nguyeén (i,

2. Sui hong duong hay léch mang: DS 14 céc sai héng ¢6 mo1 kich thude &
tinh 1hé con hai chiéu kia c& nguyén tir. Céc saj héng nay tzo ra khi thém vio
hodc bat di mét phdn mit mang trong trudng hop léch mang bién va khi mét phdn
ctia tinh thé x¢ dich trén mot phén cia mit mang lrong trudng hgp léch mang
xodn.

3. Sai hdng mdt hay sai héng hai chidu: D6 1 cic sai héng cé mat chiéu kich
thuée ¢d nguyén tir cdn hai chidu kia cd tinh thé nhu song tinh, sai hong x&p.

4. Sai hdng khot hay sai héng ba chiéu: gém céc vét nitr, bot khi, tap sl. céc
sui hong nay duge coi ta sai hdng vi mé thudng gay ra cdc ph€ phim d6i vdi cdc
san pham kim loai hoac hop kim.

Cdc sai hong cén duye nghién citu trong cdc chuyén dé riéng. Trong muc nay
ching ta chi quan tdm d€n co ché€ trugt déo. Trugt déo xdy ra duge la nhe s
chuyén dong cha léch mang.

Mt
frigt

Hinh 2.4, Chuyén déng truot cla LM bién va bién dang: Budang lién trude chuyén dang,
Buang khéng lién 1a sau chuyén dong. Mii tén chl hudng chuyén ddng clia cac nguyén tr.

Trén hinh 2.4 14 mo phong mal mang vuéng goc véi truc cia LM bién. cic
nguyén trs6 1, 2,3, 4, 5, 6, 7 chi cdn dich di sang phdi, cdn cdc nguyén (i 56 8,
9, 10, 11, 12 sang trai mat phan chu ki mang thi léch mang chuyén déng di mot
chu ki mang. N&u léch mang chuyén dong npang qua tinh thé shi phan chia mit
du s& trugt di so v&i phén dusi mot doan bing chu ki mang. Bay chinh 1 vEt truat
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quan sat duge eén cde tnh (hé dd bi bign dang. Tir ¢ chd mo td trén ta thay dé
tinh thé ¢d bicn dang 1rugt di mot chu ki mang thi:

¢ Cidc nguyeén tr chi chuyén déng di 1 phdn cta chu ky mang.

¢ Chi ¢é clic nguyén tr & viing 1¢ch chuyén dong,

e«  Hudng chuyén dong cla cic nguyén 10 khdc nhau.

3 yCu 16 nay lam cho dng sudt trugt déo giam di ding ké so vdi dng sudl
Frenkell.

Khi 1¢ch mang di ra khdi bé mar cla tinh thé tao ta mot bac trugt ¢é do cao
la |b| bang oid tri véeto Burgers cia léch mang.

Bi¢n dang déo lién quan dén chuyén déng vik mat do cha léch mang trong
tinh thé. Trén hinh 2.5 13 m6 phong cde vEL treot sinh ra treng qud trinh bién dang

déo cla (inh thé quan sdt dvgc bang phuong phdp hién vi dign tr trén hé trugt
{111} <110>,

o 7 s - s A
/// //_ //_/

y i ~
/// /—./_ /\/§
<)

\

)

i 5 .
Hinh 2.5. V&t trugt tuong Ung vdi cac giai doan trugt déo:
a. Giai doan Ii; b, Giai doan Ill; c. Giai doan IV {(xem hinh 2.1},

Giui doarn 1. Mot hé trugt song song hoat déng, d6 ddc dudng cong hod bén
4 107, cdc vEt trugt song song, 1¢éch mang chuyén doéng trén 1 he.

Giai degn {111. Hod bén manh, dé dfc dudng cong hod bén la 3.107y, céc he
trrot khde bat ddu hoat déng, ¢é cac vél trugt & hé méi khong song song véi he
¢fi. Chuyén dong cha léch mang bi ngan can.

Giai doan V: Tuy thudéc vio nhiét 46, n€u nhiét do thép s& khong cé giai
doan nay.

O giai doan 1V do déc nhé di, cé sy ndi cdc hé truot véi nhau, léch mang

chuyén 1ir h¢ 1rwot nay sang hé trugr khic dé dang nén d6 ddc dudng cong hod bén
giam di.

§6. CAC YEU TO NGAN CAN SU CHUYEN BONG CUA LECH MANG

6.1. Luc Peiers-Nabarro

Dé 14 hé qua cta cdu tao tudn hoin cha tinh thé, xung quanh léch mang ¢é 1
truomg ng sudt. Khi léch mang chuyén dong cic nguyén 1 phai x¢ dich di, tic a
phai thing sdc can coa mang tinh thé, dé la Gng sudt Peiers-Nabarro:
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2 2 a)
T, =- expl - —— - — (2.9
T pt\ 1-v b )

(2.9) cling dang vdi quy tic chon hie truot (2.8d) cha Frenkell, nhuig © giam
nha expt-1/(1-vyy.

() nhiét do cao cac [¢eh mang chuydn dong tirng phin nén gidi han chay déo

giam.

J nhiet do thdp ca dudng léch mang chuyén déng dong thi nén 2i6] han
chiy déo ting,

6.2. Tuong tac gitra cac iech mang véi nhau

Quanh 1¢ch mang ¢é | treemg fng sudt, khi 2 léch mang du gdn nhau (hi 2
Iruemg nay tudng tic véi nhau,

Lite day giita cdc léch mang: Cac léch mang cing dau khi chuyén dong wap
hau phdi thing sdc ddy.

Ly duit gitta cde 1éch mang: khi tién 84n t8i nhau, 2 {éch mang trdi ddu hil
nhau va tao ra 1 h¢ thong nhét lam giam ning luong cba ca h¢. HE chuyén dong
HEp tuc cdn tang tng sual bén ngodi dé tich 2 léch mang sav khi gap nhau.

6.3. Twong tac cda léch mang véi cac sai hdng khac

Xung quanh I¢ch mang ¢6 cde ving Mt du g2}
bicn dang, ddc bi¢t & lech mang bhién ¢d '
cdc ving nén phia trén mat du vd ving - -

giin dudi mat du (hinh 2.6). U'ng SUAt

_ , Mt trugt o4
quanh I¢ch mang bién duoc xic dinh theo '
cong thirc: + E +
ub y(3x2 +y3) |
Ty = _2_(1 _ vj- R PSR Hinh 2.6. Trudng dng sudt quanh
n (x‘+y ) LM bien,
b X7 —y? b xix7 —y?
o, =M vl -y G, =0, = -y (2.10)

fa) oy 2u(1-v) (¢ 4y F

Bay 1 noi cde nguyen tiy tap ¢6 thé dinh cr duye: cac nguyén tir 1ap nhd hon
nguyén tlr cos s nam trén mat TUot, con cde nguyén tir Ian hon chiém vi trf dusi
mat dé. Xung quanh LM bién tao ra dém may tap goi 14 ddm may Cottrell, khi
l¢ch mang chuyén dang phai kéo theo ddm may nay hodc phai tich khoi dam may
d6. trong ca 2 trudng hop déu cin dén ing sudt bén ngoai hodc nhidt do.

6.4. Tudng tac vdi sai héng xép va song tinh

Trong sai hong xé€p 16n 1ai mot ning lugng b¢ mat, cdc léech mang khong
nguyén déu a bign gidi coa cdc sai hong xép khoang cach gifra cde léch mang
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khong nguyeén d6 la bé rong cua sai hong xép: khi chuyén dong ca hé phai chuyén
déng cling nhau gay ra site cdn léch mang.

6.5. Cac ngudn léch mang

Thyc nghi¢m cho thay trong cac qua trinh bi€n dang mat do léch mang tang
lén ddng ké 1r 10* em™ tang dén 10" cm . Nhu vay ieéch mang da sinh ra trong
qua trinh bién dang. Dudi day md td mot irong nhitng co ché chu yéu sinh ra léch
mang. do 1a ngudn Frank-Read. Trén hinh 2.7 cho thidy lic dau chi ¢é6 mot doan
lech AB duge gan chat hai ddu trong tinh thé. Khi ¢6 dng sudl tac dung doan léch
AB bi uén cong (b. ¢} vi hai ddu ¢& dinh, budc ti€p theo doan léch 1rd thanh mot
vong léch (d. e) bao quanh doan AB. Qué trinh chuyén déng tiép tuc lam vong
lech rong ra dong thai AB lai sinh thém cic vong léch mai.

A A ‘9 A
B 8 8 B
e b}
<) q) e

Hinh 2.7. Nguén Frank-Read,

6.6. Bign gidgi hat

Trong cic da tinh thé bién gidi hat déng vai (rd quan trong trong c¢o ché hod
bén. Cdu tric coa bién gidi hat vo trar ty va rdt phic tap. N6 can trd chuyén dong
cla lech mang tir hat tinh thé nay sang hat tinh thé khdc. Vi vay dng suit truot 161
han rat phu thudc vao kich thude hat tinh thé:

G = (2.11)

M
JD
trong dé D la kich thudce hart.

Thong thuding dudng cong hod bén cua da tinh thé co dang parabol va tinh

thé dat gdy khi ¢ng suat dal cuc dai.

§7. CAC QUA TRINH PHA HUY

Phd huy 14 su phan chia tinh thé thanh nhiéu phédn riéng biét dudi tic dung
cua #ng suat. Dua vio didu kién bén ngoal nhu (ng sudt vi nhiét do cd the chia
pha huy thanh cic loai sau:



7.1. Rao

Pha huy xdy ra
dudi tdc dong cha dng
sudt nho hen do bén
tinh sau mot thai gian
tdc dung. Thai gian
niy s& tuy thudc vio
dé ldn cua dng suil
tinh va nhiét d6. Néu
hai y&u té trén cing
cao thi qud trinh rdc

b—— ¢

Xdy ra cang nhanh.

Trong truong hop
rtdo quid trinh khuéch
tin dong wvai trd rat

quan trong, né gy ra

Hinh 2.8. Chuyén dong bo cia téch mang bién; khi nat

chuyén dong ba vuéng khuy€t chuyén déng 161 ria mat du AA' cla léch mang tirc
26¢ v6i mit truct cla la nguyén 1 chuyén dong khéi ria mat du, léch mang bé

- th hua ong goc vai mat trugt BB'. Chidu mii tén Iz
lech mang (hinh 2.8). e0 phuang vudng géc vai ma ; &u mii tén la

chigu chuyén déng cda nat khuyst.

7.2. Moi

Khi tinh thé chiu tic dong ciu dng sudt xoay chi¢u né cé thé bi pha huy do
Ung suit c6 bien do nho han d6 bén cha tinh the. Didu nay lién quan dén viéce
hinh thanh cic vét 161 18m trén bé mat tinh thé do céc nguon 1¢ch mang hoat dong
va céc léch mang sinh ra 1 cic nguon khdc nhau chuyén ddng trén cdc mat truo
khdc nhau, di ra bé mat tv do cia tinh thé va tao ra cdc bac truet (hinh 2.9). Muon
tang do bén mdi thi phai tang do béng cua bé mat méiu.

7.3. Pha huy gién

Pha huy gion 1a phd huy xdy ra trong gidi han dan héi. Day 4 phd huy rat
nguy hiém vi né xay ra ral nhanh. Thong thuang né ¢é nguyén nhan tir nhimng
mam khe nit trong tinh thé. Tai cdc ddu khe nit ¢6 itng su#t tap Lrung:

C
0'(_-220'\/; (2.12)

Trong d6 6 1 ¢ng sudl trung binh trong vit, C la nira chiéu dai khe ndt, R 13
bdn kinh dinh khe mitt. Nhy vay khe nut cang nhon cang nguy hi€ém. Khi khe ot
da hinh thanh, no s& tu phdt trién dudi 14c dong nho bén ngoai. Dé chdng lai sy
phét trién ciia khe nat Irong k¥ thuat ngudi ta thudmg khoan chéan cdc dinh clla no.
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Hinh 2.9. M6 hinh gidi thich sy hinh thanh cac bac 181 16m trén m&t miu chiu maéi:
a. Hai hé mat truegt va hai ngudn téch mang S,, S;; b, ¢. Tai nu‘a chu ky dau cia
ing suat hai léch mang sinh ra va chuyén dong ra bé mit méu tao ra bac A va
B, déng thdi lam dich chuyén cac ngudn léch & cac hé trugt khac di mot chu ky

mang; d. & mIa chu ky sau hai léch mang mdi sinh ra, chuyén dong ra b& mat
mAu, gay bi€n dang nguac lai va tao ra chd 16i B va lom A,



Chuong 111

PHONON VA DAO BPONG MANG

§1. TINH CHAT LUGNG TU CUA DAO BONG MANG

Nang luong dao dong mang hay ning lugng séng dan héi la mot dai luong
luong 10 Lugng to nang lugng séng dan hoi got la phonon twong tu nhu céch goi
photon 1a lugng tr cia nang lugng séng dién tir. C6 mot 6 hrgng tr nhu:

Bicu 1rgng Ten Trudng
-—» Di¢n tir Vi hat dién tich

- Photon Séng dién iy

AA Y ' Phonen Séng dan hoi

- Plasmon Séng clha hé dién tir

— 5 Mugnon Séng rr hed
Polaron bBién 1tr + Bién dang dan héi
Exciton S6ng phin cue hod

Mot kit hi¢u cOa photon ¢6 thé 4p dung twong tu cho phonon. Ly thuyét lugng
1 clta Max-Planck dua ta nam 1900 ¢6 thé giai thich sy phu thuoc quan sat duec
bang thie nghiém vé nang luong bire xa dién tir va (dn s6 bifc xa cla vt den tuydl
doi & trang thdi can bang nhict. Planck gid thigt 1a nang lugng clia méi dang dao
dong cia trugng dien tir trong hoc tv 18 véi hy. Niang luong cila méi photon bing:
g = hv, nang lugng cla u photon 13 & = nhy. Trong dd un 14 s6 nguyén duong hoac
0. cdn hing 6 h goi 1a hing s8 Planck: h = 6,6262.10 7 erg.s. € tien lgi ngudi ta

khiong Tay gid tr1 khéng va thudng vie nang lugng thieo tdn «6 géc € = nhw. Vi

o = 2av i tan so goe, fro= h2r = |.0546.10 Terg s,

Thue nghi¢m nhiéu xa cho thay séng dicn tir mang nhidu tinh chdt cla séng,
con 1y thuyét Planck cho thiy trudtng dién tie ta lugng tie, Nhu vay sé ¢ su tuong
Iy doi v6i trucsing hap song dan hai.

Bang ching heong 1 cGa dao dong mang la phin déng gép cla nd vio nhigl
dung cua vat ran Gén téi khong khi nhiet do tién tai khong. BYiéu dé chi co thé
gtal thich bt gia thiét cho ring nang luegng dao dong mang duge lugng 14 hoa.

32



Cdc tia rongen va notron bi tdn xa khong dan héi bai cic tinh thé, két qua la
nang luong va dong leong thay d6i, su thay déi nay dng v6i su xuét hién hay hdp
thu 1 hay nhi¢u phonoen. Viée do chinh xdc cdc hicu tng lién quan dén cdc qud
trinh nay cho phép xdc dinh duge tinh chét céc phonen riéng biét. Nhu viy cd thé
xdc dinh duge sy phy thude cia tdn s6 vio vécto séng, nghia Ja xdc dinh duoc
dinh luat tin sic.

§2. DONG LUJNG CUA PHONON

Phonon véi vécto séng K téc dung v&i cdc hat hay trudng khic nhu 14 nd ¢6
dong lugng h . K. Trong thuc 1€ phonon trong mang 12 gid hat, nén ta goi #.K la
gia dong lugng. Trong tinh thé ¢d nguyén tic vé viéc chon cdc gid tri vécto sdng
Kk img vdi chuyén mic nang lugng cho phép. D€ cb tén xa Bragg (1dn xa dan héi)
cita tia Rongen (lugng (& -photon rongen) thi k' = k + G, trong 46 G 14 vécty
mang nghich, K vk k' 13 véclo séng trudc vit sau tdn xa (hinh 1.7). Trong qui
trinh nay photon cho di mot dong fwong bing #G . Tdng vécto séng bio toan trong

mang tudn hodn nhung chi thém vécto mang nghich G . Bong luyng thuc cla toan
hé khong thay doi.

Né&u photon bi tén xa khong dan héi va sinh ra phonon cé vécto séng K, ta

ca:
K'+K=k+G (3.1)
Trong dé k 1a vécts s6ng cha photon. Con n€u mét phonon bi hdp thu, ta cé:

k' =k+K+6G (3.2)
§3. TAN XA KHONG PAN HOI CAC PHOTON DO PHONON AM THANH

Xét photon <6 tdn s6 v = w/27 lan truyén trong tinh thé. N&u tinh thé duge
coi la moi trudng lien tyc véi hé s6 khic xa n thi vécto séng cha photon dugc xdc
dinh theo hé thic:

3
0= hay A=<
n n

trong d6 c 1a van (dc dnh sdng. Dong lugng cha photon [a: P = Ak.
Gid si pholon tic dung véi chiim phonon hay séng am thanh trong tinh thé.
Photon c6 the b} tdn xa béi s6ng am, sy tuong tic niy xay ra do trudng bién dang

dan hoi cla séng am lan truyén lam thay d8i néng dé nguyén tir dinh xq, suy ra
hé 6 khic xa tinh thé ciing thay d8i. Nhu vay séng am bién diéu tinh chat quang
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cla moil trudng, va nguoe lai dién trudng cua séng danh sdng 1am bign diéu tinh
chét dan héi clia mai truong. Trong tinh thé photon ¢6 thé bi tdn xa, viéc nay ¢é
thé sinh ra hoac hdp thu | phonon. Lic dy vécto séng va tn s6 thay déi
k> k'; © — o Gid sir khi tén xa 1 photon ¢6 1 phonon sinh ra véi vécta séng

K va tdn s8 g6e € (hinh 3.1a).

Theo diéu kién bao todn nang lugng: Ao = he' + Q.

Quy tic chon d6i vdi véetd séng: k = K +K.

D€ don gian khong tinh d&€n kha nang cling dién ra qud trinh tdn xa vi nhiéu
xa Bragg, do d6 trong biéu thde trén khong cé vécto mang dao G (vi néu cé tan
xa Bragg, thi: k' = k+K+G).

Néu vén tdc am khong doi thi Q = v K (v, - vin t8c séng am), vi A/2x = v,.

Vin 6c énh sdng 16n hon vin tdc am rdt nhiéu ¢ >> v, nén chi mél phan nho

ning lugng cha photon 18 truyén cho phonon. B8i véi phonon cé véctg séng K,
c6 thé viét ck >> VEK, viw=ck va Q= VBK nénw >>» ,dodéow =wvi k'=k.

K L
Fw 7
K 1
£
@) 4

Hinh 3.1. So d4 tan xa photon (a) va quy te chon déi vai qua trinh sinh phonon {b):
a. S0 d& tan xa photon trén phonon; b. Sg d& minh hoa quy téc chon d&i vai
qua trinh sinh phonon: k = k' suy ra K = 2ksin{p/2).

2v_ on
Néu k' = k ta ¢d K = 2ksin{p/2), ma k = wnfc suy ra \-’EK EU sin{p/ 2}, vi

o]

Q = v,K nén cdc phonon tao ra trong qud trinh tidn xa khong dan hai cia céc
photon dudi gée ¢ so véi hudng cha photon @1 co dang:

2v_wmn
¢ sin?

c
n la hé s6 khic xa cda tinh thé,
(5 day vécto séng k cua photon thay déi hudng 13 do bi khic xa vi sinh ra

phonon: Tinh thé 1am thay ddi huéng clia photon, photon 1am tinh chit dan hdi
cua tinh thé thay déi).
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§4. DAC PONG TRONG MANG CHUA CAC NGUYEN TU CUNG LOAI

Xét s6ng dan héi cha cde nguyén trong tinh thé & ving séng ngin b
séng ¢& hang s mang. Tinh tusin hoan cla cfu tric tinh thé inh hudng ding ke
dén dac tinh truyén séng dan hoi giéng nhu trong trudng hop tia X.

Bé don gian bai todn, 1a xét sy truyén s6ng dan héi theo phurong ma séng dan
hoi chi 12 s6ng ngang hodc séng doc. Xét tinh thé mang nguyén thuy, ta cé thé
chon cic phuong trong 46 chi tan truyén moét loai séng, nhu | 100], [111 I, T110].

Gia st sy dich chuyén cha céc mat s vudng géc hoidc song song vdi vécto
séng K (hinh 3.2). Luc tdc dung 1én mat s do su dich chuyén clia cdc mat s + p ty

1é véi sy dich chuyén U,., - U, cba ching. Téng lrc 1dc dung lén mat s [a:

F, =ZC!,(uﬁ+p—u~_) (33
P

F; la ham wyén tioh ciis d6 dich chuyén & dang dinh luat Hooke; Cp la hang s& fuc,

; | ' i I lL
7

&l %4 Aog b \JI by e ¥, 1“5 }key 1;"’5*2
| 7
| R
1 i i 1 I ¢

.

. ‘i\ > ;:: » .J 3 :|L-’ 4 ';I,. . ' A A :

1y . I . ! !
"‘1 EaE] L I‘-ng :—-— Yy — Lﬁ,, I g |
| r | 1 L 4 L 1 =
i L A A i A, K r
7 v b vor E B 4 t: 4 A . %
| ' : | 1
! ' | H H
1 | i ' H 'S L
[

. ::\ I’ J‘r‘ 4 f ::1- f S %’ 1 1 1 T
! —t— it 1 H 1 i : k' Ky ¥ b,}
1 i ' ] H q) . 1 | 1 1

£-f 1 Y Erz eI S ! ! ! ' !

Hinh 3.2. So 46 dao dong doc (a) va dao déng ngang (b} clla cac nguyén ti;
Cac duang chdm: cac mat nguyén tlr van & trang thai can bing. Cac dudang lign:
cac mat nguyén t dich khéi trang thai can bing. u [ dé dich chuyén mat mang.
Phuong dich chuyén cda cac nguyén tif khi truyén séng.

—® Phuong lan truyén séng.

DP6i véi céc mat tha p va dai véi song doc va sdng ngang C, ¢6 gid tri khdc
nhau. D& don gian ta chi xét lyc Fs tic dung 1én mot nguyén tir & mat s.

Xét Cp: got U(R,) 1a th€ nang cha h¢ gém 1 loai nguyén tif nim cich nhau
khoang cdch can bang R, (xem hinh 1.9 va 1.10). Né&u khodng cdch giita cic
nguyén tr1ang lén doun AR thi gid trj mdi cha the nang duge viét dugi dang -

dU

U(R)zU(R,..,)+[—] AR+l£lf— (AR)2+,..+—l~d—U {ARY"  (3.4)
dR /. 2{dR? nt{ dR" ]

Lyc do thay déi khoang cdch giita 2 nguyén tir di doan AR 1a:

d : d" .
FZM_U-:_[QE] S [CELA O B (BRY ' (33
daR) " LR, AR (=D dR" |
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Ta kKhong quan tdm tdi 86 hang -(dU/dR),, vi né khdng phu thuée vao AR, va
khi 14y téng theo td1 ca cdc mat & trang thai can bing né phdi bang khong. Trong
truong hgp nay hang s6 luc C duge xdc dinh tir cong thie: F = - C AR. Vay:

Cz(d‘*u]

dR : /f Ko

Dé tinh C, ciin phii 14y tdng déng gép clia cdc cap nguyén W cha 2 mit, sau
d4 chia cho s& nguyén tir trong mat mit.

Phuong trinh chuyén déng cia mat s ¢6 thé viél dudi dang:

5 =3'C (ug,, —uy) (3.6)

M 1a khéi lugng nguyén ti. Khi 14y 6ng thi chi sd p nhan 14t ¢ cdc gid (ri
nguyén duong, Am ¢é thé.

Liy ug,, = Ue™" e " nghigm ciia phuong trinh 12 ham séng & dang séng
ngang; a la khodng cich giita cdc mat, K - vécto séng.

2

d 2 .
Thay: duzs =-0'Ue™e™ vao (3.6) tacé:
t
_wEMUeiSKne—iwl — Zcp(ei[SH‘lKu —elSK“)UC it (3?)
)
Pon gian Ue™ 7' (4 ¢é:
oM = -2 C "™ -1 (3.8)
P

Néu trong co s& nguyén thuy cé 1 loai nguyén tif thi tir tinh chat d6i xing
tinh tién ta ¢é C, = C, vii c6 thé bién déi:

mEM:_ZCp(CipKu +e—|pl(:| __2) (39&)
Pt
Ma 2cospKa =™ +e7™ ta cg dinh luit tdn sic:
s 2 .
0= mch(l —cos pKa) {3.9b)
M F=Il

Ta thdy 1g cia géc nghiéng cia dudng cong w = (K} luén bing khong, khi
K == n/a. Trudmg hop nay ta cé:
dlw’) 2

=— aC sinpKa =0 vi sinpKa =sin{t pn) = 0;
K M,;.p , Sinp p (tp
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K&t qua trén cho thdy gid tri vécto séng clia phonon ndm trén bién gidi vang
Brillouin la gid tri dac thit giong nhu déi vdi véctd séng cha photon.

N¢u tinh d€n twong tdc cua cdc mat gan nhit ta cé:

2 4C =
o’ = (2C,/M)(| - cosKa) hay o’ :.M_'silﬁ 523'

142
. 4C . Ka
Khai can co: o= —| |sin— (3.1
M 2
Ta chon ddu cia cdn bac 2 sao cho  clia mang can béng ludn duong.
4,2
0 1= 7
w OBl u
(ac/my T I
ael _
[ X2 s dlen 4 -
] (scImMye }:""Zk" |
ozl .
ot |
-X o F: i
e Vung Brillowin I ‘1 o 7

Hinh 3.3. Sy phu thudc clia @ vac K & K << 1/a hay & »> a (ng véi gan dung lién tuc, o ~ K.

Sy phu thugc ©* vao Ka va o vao K déu 12 ham tudn hoin véi chu ky 2w/a
(hinh 3.3).

Ving Brillouin thir nhdt: viing nay ¢6 cac gid tri K ¢6 § nghia vat 1y gi d6i
v&l phonon? Xét hai nguyén tr lang giéng gdn nhit, véi:

Ug,p = UelfSH“)Kac—lml
ta cé:
S+1Ka, -l
s, _ Ue b = aiks
us UeiSKae—lwl

Ving tir - © d&€n + © d6i v6i pha Ka clia ham ¢’ chita t4t ca cdc gid tri khong
phu thude cla hé s& nay. Vi du, pha tuong déi 1,2n s& hoan toan triing véi pha
tuong déi - 0,87 va cla 4,2n tring véi cia 0,2n.

Cén thiét ta phai ¢6 cdc gia tri K am va duong vi séng lan truyén vé ¢a 2 phia.
Nhu vay ving 6 cdc gid tri K khong phu thuéc duoc xdc dinh b
-m < Ka £ 7 hay - nfa < K < nfa viung gid tri K ndy duge goi 1a viing Brillouin thit
nhét cia mang tuyén tinh. Gia tri gigi han cla K trong ving nay 1a: K, = + n/a.
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Kooe €6 thé ¢ gid tri ¢d
10" cm™, a — A,

Chi can xem xét ving
Briflouin the nhdt: Gia sir ta
st dung cdc gid tri K ndm &
ngoai  ving Briliouin th
nhit (hinh 3.4). Cic gid trj
nhu vay chi 1ap lai chuyén

dong clu mang di mo 1a

trong ving tir - nfa dén
+ w/a. Nhu vay gid tri K & Hinh 3.4. 56ng bi€u dién bdi dudng lién cing chia
bén trong giGi han nay cé théng tin nhy dudng chdm (i >> 2a).

the xem la két qua khi trir gid 1ri bén ngoai di mot gis tri tuong dng 14 béi so clha
2nfa. K&t qud cho véeta song ¢6 gid trji nim frong vong giéi han trén:

2n

-n—
a

'
K lrang B = K

ngwiiAl

Dé minh hoa ta 14y K & ngodi vung Brillowin tha nhat, nhung vécto séng lién
quan dén né bdi he thite K'= K - {2rn/fa) ndm treng viing Brillouin tha nhit, trong
do n la s6 nguyén, lic d6 ty & dich chuyén:

u*‘f‘“ :eiK:l = elxﬂie:(Ka‘Zn’n] = eil{’n
u.i‘fr]

vi ¢ = 1. Do d6 si xé dich ludn duoc mé ta bai gid tri véctd séng nidm trong

ving Brillouin thit nh4t.

Ta thdy 2mn/a 1a gid tri vécto mang ddo, nén 2n/a cling 1a gid tri vécto mang
ddo. Bang cdach K trir di vécto mang ddo tuong (ng ta thu duge vécto séng tuang
duong & viing Brillouin tha nhat.

O bién vang Brillouin thit nhat K, = + n/a va nghiém moé ta soéng chay
uy = Ue™ e bay gidy ¢ dang:

ug = Ue™¥ e = U(-1)% @

b6 la phuong trinh séng ddng (van t6c nhém = 0). D6i véi sOng nay cdc
nguyén tir canh nhau chuyén déng nguoc pha nhau do cos(sn) = # 1 phu thude vao
s0 nguyén s chin hoac 18. Séng khéng truyén vé beén trdi ciing khang truyén vé bén
phdi. Tai bién clia viing Brillouin séng bi phan x4 nhu phin xa Bragg; diéu kién
phin xa Bragg 12 2dsin6 = nA. Néu 8 = n/2, d = a, K =2a/k, n=1suyrai=2a

Vdn tdc nhdém: van t8c bé séng 1a van téc nhém:

do

v, = K hay v, = grad ;w(K)
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Trong khong gian 2 hodc 3 chiéu grad; 1a gradien theo K. vin téc nhém la

van té¢ lruyén nang luong trong moi trudng. T hé thic tin sdac (3.10)

(4(:! ]uz
oy = A
WYl

Nhu trén di rd de?/dK = 0, & bién viing Brillouin vin tdc nhém bing 0. Kei
gua nay ciing ding cho séng
ding (hinh 3.5).

172
. Ca’ .
sin E‘ ldy dao ham theo K taco v, = @ cnr)ecE .
2 b M 2

{0

Ving séng dar hay gdn
ditng lién tuc. DO v6l séng cd .
budc séng dai (A >> a), cd thé Tgapiz

coi tinh thé 1a moi trugng dan

. . . 4 .. 05 n
ho1 va lién tuce. No ding do6)
voi pKa << 1, ta ¢6 cospKa =
1 -1/2(pKa)?, dinh luft tin sic
c6 dang: o !
[ xz il
al F2) o
ILI\}2 = Kz —M—'szcp &
p=t Hinh 3.5, Sy phu thudc van t8c nhém vao
C véc t¢ séng K. Tai bién vang Brillouin,
hay w? =] T g2, van tdc nhéom béng 0.
M

Theo dinh luét lan truyén séng trong méi trudmg dan héi va lién tuc (2.5) ¢6:
o® = (do rin din héi/mat do)*K?

Trong biéu thdc trén, s6 hang ding trong ngodc chita dai lugng vé& hé s dan
héi cha tinh thé.

§5. MANG VOl 2 LOAI NGUYEN TU TRONG O NGUYEN THUY

Néu trong 6 nguyén thuy clia mang tinh thé ¢6 mét 36 loai nguyén tir, phd
dao ddng s& cd cde dac tinh mdi. Vi du NaCl, dac tinh @-K ¢6 2 nhdnh: nhdnh am
va nhdnh quang nén ¢6 cdc phonon tweng ty nhu sau:

LA - phonon 4m dgc; LO - phonen quang doc;
TA - phonon 4m ngang; TO - phonon quang ngang.

Néu trong 6 chifa p nguyen tir thi trong dinh luat tin sdc cfia phonon s& ¢6 3p
nhinh: 3 nhdanh 4m va (3p-3) nhanh quang.

Bay gi® x£t tinh thé 1ap phuong trong &6 cdc nguyén tir khai lugng M, tao ra
mot mat mang va tinh thé khéi lugng M, tao ra mat he khdc. Hai loai nguyén ti
khdc nhau ca vé khai luong i4n luc twong tic (hinh 3.6).
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Ta xét séng truyén theo cdc phuong dai Xtng, m&i mot mat clia phuong nay
chi chda 1 loai nguyén ¢, Vidu [11 1] cha NaCl

LS
=
-+
-
Ve
+
-

——
p
M, My,
' QO
| A
[ o
Hinh 3.6. Mang hai loai nguyén t:
Dich chuy€n cta cac nguydn tlr khéi luong M, 1a: Ug.y, Us, Ug,q.
Dich chuyén cia cac nguyén tir khéi lugng M, la: Vg1, Vs, Vg

a la chu ky lap lai theo phuong vécto song - phuong vuéng géc cdc mat
mang.
Gia thi€t 12 mdi mat chi tuong téc véi cic mat bén gan nhat, hé s6 hre la nhu

nhau déi vdi tat cd cdc cdp mat gdn nhau nhat. Phuong trinh chuyén dong ¢6
dang:

d?.

M, L;S =Clvg + vy, —2uy)
dt G.11)
dzv5

M, e =Clug,, +ug ~2v)

Nghiém cha cdc phuong trinh nay s& cé dang séng chay vdi bién d6 khic
nhau clia u va v d6i vdi cde mat lién 1iép;

“s: UelSKac-J’mt \-"ﬁ VS= VelSKae-:ml

Thay chiing vao phuong trinh trén ta c6:

d’ug oty v N
dt2 AT *
~o’M,U=CV(+e™*)_2CU
hay: ) (3.12)
-0 M,V =CU(l+e™ )20V _

Day la h¢ phuong trinh tuyén tinh déng nhat déi véi U va V, ching ¢é
nghiém dong nhit néu dinh thitc d6i v6i cdc 4n U, V béng 0:

2C-Mo? —C({l+e7*%) 0
—C(l+e™*) 2C—M,0’
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Trién khai ta cé:
(2C—M,0°)2C - M,w* ) —Ci (1 +e™ )l +e ®)=0
M M,0' —2C(M, +M,)o” +4C° -C’(1+e ™ +e™ +1)=0
hay
M M, -2C(M, +M,)o’ +4C° -2C* (1+cosKa)=0  (3.13)
C6 thé giai phuong (rinh (3.13) theo . Ta xét céde trudng hop dac bigl cou
vimg Brillouin tho nhit: Ka << 1 vi Ka = £ 1.
Triwdng hrop thir nhdr, khi Ka << |:
VaicosKa = 1 - I/2Ka) + ... tacéd:

MM, 0" —2C(M, + M, )0’ +(CKu)* =0

A =CY{M, +M,) -M M, (CKa)*

JA_':C\/(M[ +M,)* —M M, (Ka)’ =C(M, +M,) 1—M
. B (M, +M, )"

~CM, +M3)[1—'_4__M‘M2(K"‘}‘1

2 (M, +M,)*
CM, +M,)2C(M, +M2)[1_%1\%§?);]
1 2

n- =

MM,
Thu duge hai nghi¢m:

, 2C0M, +M,)
0w —————
MM,

I 1

=2C| —+ nhianh quang  (3.14a)
Ml s

Trong (3.14a) dd bo qua thanh phin chita K’a’:

5 CK2a?

= ——————— nhdnh am (3.14b}
2(M, +M,)

o

Truwéng hop thir hai: tai bién viing Brillouin thd nhat K, = + n/a; cosKa = 1:
M,M,w* —2C(M, + M, )Ju’ +4C* =0
MM.e* -2CM,0° -2CM, 0" +4C° =

M,° —2C)M,a’ -2C) =0
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Ta duge hal nghiém:

., 2C
W=
M, (3.15)
, 2C o
®w =
MZ
Trén hinh 3.7 14 dé thi clia him o(K) theo k&t qua (3.14a, b) va (3.15)-
T2
(¢
wled) | ,
1 (20/4,)™
1
M,
My > ] l(_zc{%)”z
|
L |
@ |
I
I
l
= K
=4

Hinh 3.7. B4 thi ham »{K): a 1a hang sG mang va M, > M,.

Cdc dao dong cia cac hat & cdc nhdnh 4m ngang (TA) va nhénh quang ngang
(TO) trinh bay trong hinh 3.8

Hinh 3.8a. Dao déng quang ngang. Hinh 3.8b. Dao déng 4m ngang.
D61 véi nhanh quang khi K = 0, ¢c6 o = 0:
- o'M,U =2CV - 2CU
- w’M,V = 2CU - 2CV
Cong hai phuong trinh va don gidn o’ ta duge M,U = - M,V hay:
u M,

2

Z__ M (3.16)
v M,

- K&t qua nay cho thdy cdc nguyén ti trong dao déng quang chuyén déng
ngugc chiéu nhau, Cdc ion mang dién trai ddu chuyén déng nguoc chidu nhau
dudi tac dung dién truding cla séng dnh sdng, vi vay nhanh trén duge goi la nhdnh
quany.
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Néu tinh thé hip thu mét photon hinh thanh mét phonoen thi diéu kién bioe

toan vécta séng din tdi k

phomoe — kph\'mm .

Tir hinh v& vé nhdnh yuang vh nhédnh &m (hinh 3.7) cho thdy khong cé
nghiém cia phuong trinh déi vdi soéng lan truyén trong mang 2 nguyén ur khi tdn

s0 nam gida JEC;"MI va \/2CIM2 . Thuc té€ nay la dic tinh ti¢u bifu cda truyén
séng dan hdér trong mang nhiéu nguyén 1r. C6 thé ndi ring trong trudng hop nay
cé viing cdm vé tdn s& ndm & bién K, = £ n/a cia vang Brillouin thi nhit. Trong
viang nay khéng tén tai nghiém ddi vai cdc gid trl thye cia K v vécto séng 1a da
lugng phic, nhu thé hit cd xéng ndo ¢o6 tdn s6 trong viing cdm déu bi hip thuy rat
manh.

Ngoai ra cdn ¢é nghiem khi K rat nho, trudng hop nay cdc nguyén o ¢o
1) = V. tam khéi cua ching chuyén dong cing nhau nhu trong dao dong am sdng
dai (3.14b) do d6 goi la nhanh am.

§6. CAC TiNH CHAT QUANG TRONG VUNG PHO HONG NGOAI

Xé1 tdc dong ciia séng dién 1t & phdé héng ngoai hay tiac dung clda cac photon
héng ngoai 1€n tinh thé gém 2 loal ion v&i dién tich + c. O cdc gid tri bude séng
dai hay K = 0, sy x¢ dich vy, vg khong phuy thuéc vao chi 3 s phuong trinh:

—o’M,U=CV(l+e™™")-2CU
~0’M,V = CU(e™ +1)-2CV

Trong dién trudng dinh x¢ Ee ™' phai cé thém phén tac dung cia dién
truding. Khi K tién t&1 0, ta cé:

.—sz]U =2C(V-U)+eE
"U)EM?_V =2C0(U-Vy—¢E
Chia hai v& phudng trinh trén cho M, va phuong trinh duéi cho M, duge:

—mzuziC(V—UHLcE
M

! I
2
S0V = 2 (U= V)~ ——cE
M, M,
Trir phuong trinh dudi cho phuong trinh trén ta ¢6:

o (U-V)y=2C(U-V) L+L —¢E L+L
M M, M,

2 |



' , SN ] 1
hay U=V o —ZC‘ —+— || =B — 4 —
M, M, M M

N t 2

1 e . .
lay —:L-t» vi wg :—C duoge (U—-V)(w* —cu{):—ﬁ,
oMM, & u
Vay: U-Vv= e?’{“__‘ (3.17)
W, —w

# 12 khoi lugng hicu dung cia doi ion, w, 14 tén s6 dng vdi K -» 0 dai véi
nhdnh quang. Nhu vay khi o = o ta thdy ¢6 cong hudng. Tic dong cua dién
truong E lam cédc ton khic ddu dich chuyén vé 2 phia khac nhau va lam phin cuc
tinh thé. M& men phéan cuce dién moi P dude xdc dinh nhu 12 mo men ludng cuc
cta | thé tich don vi.

Néu trong | don vi thé tich ¢6 N ton duong va N ion am thi phan dong gop

.\ . N Ne* . . .

vio phin cye do xé dich trén i P‘:NC(U—V):—q—fuTE néue @ = w; thi cé
Wy —w”

cong hudng. Dién wrudng E & day )a di¢n trudng dinh xid, né khong nhat thigtl

tring v6i dién trudng vi mo trung binh trong phrong trinh Maxwell, Phuang trinh

trén dén 161 sy phu thude clia hdng s8 dien moi vio tdn s5:

bl

£{w) 18(®}+——(§Th—2ls((})—-s(w}| {3.18)
W —o

€(0) - hing s6 dién moi tinh: e{xc) - hing s6 dién moi thn s6 cao (quang) giy bai
x€ dich cdc may dién 1.

K&t qui thue nghiém trinh bay trén hinh 3.9.
E)

Hinh 3.9. B3 thj sif phy thudc
cia e(w) theo biéu thic trén véi
e{x} = 2 va £(0) = 3. Hing sd
dign modi am trong khoang tan s§
tho=w, d8n o = o, = {3/2)" %0,
nghia |a gilra cyc cGa ham s{m)
va di€ém khéng clia ham do. Cac
. song dién tir (chiéu 1én bé mat
2wy cla mdi trydng} ma cod tan sé

“r trong khodng or < © < «, khong

lan truy&n vao trong mai trudng
ducgc ma phan xa khéi bé mat

cla né. Cac gia tri cla ham dign
mdi £ i1a cac gia tri lvong déi.
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§7. DIEM KHONG VA CUC CUA HAM DIEN MOI

Ket qui it ngdr v him (3.18) 14 séng dién tir khéng lan truyén trong mot
> ()

T

viing tdn 86 cdm ©; <05 <0;, = .
£(=)

Thay gia uri w, trén vio ham (3.18):

o 5
slm ) =g {oc) 4+ s E(UJ_“U)T £ (o0}

(u.l." —(:)?

£(0)w — c_(cao)u.\2 +o, e (0)-0, 8 ()

S

Wy -

3 E(')ﬁ) 9

w, = ——(-elcin”

) )
(:).].? —
W waZ
elw)=g (o) T2 (3.19)

W —o°

D6i vé cde tdn $0 trong khoang tir @ d&n o, ham dién moi dm. Nhu viy cd
Khoang tdn 0 cdm. trong ving do séng dién tir khong di qua tinh (he duge. Né bi
phan xa, phin xa nily (phdn xa héng ngoai) khong lién quan dén ciu trlic tuin
hoan cla tinh (hé.

§8. DAO PONG CUA CAC PHONON BINH XU

Pho phonon trong tinh thé ¢6 thé thay déi do trong mang ¢6 sai hong hoac
céc nguyén 0r 1ap. Néu thay 1 oion nhe hon vio chd cla ion ning hon (vi dy H
thay cho CI" trong KCI), ta duoce sai hong goi 12 tim tap. Ta thay | hinh anh sau:
1on H' dao dong véi tan s cao trong su bao boc cua cée ion K* nang. Dao dong
do teo ra md men ludng cue dién. Mang tinh (hé & gan H- dé bi bign dang do qui
trinh chuyén dong, nhung gid tri bién dang gidm nhanh khi khoang cich t&i H-
tang lén. Dao dong nhu vay goi 1a phonon dinh xd, phonon dinh xr duge nghién
¢t bing thye nghiém hdp thu quang hoc.

Bii todn don gidn nhit 1 dao dong cta chudi cdc nguyén 1o irong dé tit ca
céc nguyén tir ¢ khoi lugng M, chi 1 nguyén tir ¢é khéi lugng M < M.

M M’ M M
L

Hinh 3.10. Chudi cac nguyén tlf ¢& 1 nguyén tlr nhe.
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Xét trong tde cta cic nguyén tir gdn nhit, 14n 6 dao dong chudn tic tai ion
nhe cao hon w,,, cha mang khang ¢6 tap.

He 6 lue wong tic gita céc ion gidng nhau. Hé phuong trinh dao dong:

a
cdoug,,

M — = C{u, +u_ —2u,)
di-
(3.20)

-
2

d u,
M——=C(u, +u, -2u))

0

de~

Ta tim nghiém dudi dang exp tdt dan, do di xa khoéi s = O khi M - M thi
ti€n t&i ham dao dong chuin (ic vdi tin s6 cue dai 4ot véi mang khong ¢é sai
hong. Nghiém & bi¢n gigi ving déi voi mang khdng kich thich ¢é dang: sk
s

[FES

u; = UO)cosme™' = UO)~1) e
trong dé U(O) 14 bién do.
Béi vdi mang bi vi pham: u, = UO)(-1)e®'e 5= 214 tri oo cdn phai drge xic
dinh.
Bay gio thay ug vao phuogng (rinh dao dong:

1%y

4 )

5 2
=W US

dt-

Vdi cde gid tri s khde nhau: s = 1, - 1, 0 ¢6 cde ham dich chuyén tuong ting:
u, = U-Ne™e™ = —U(he™'e®
u = U0}-17"e ™™ = —U0)e e
u, = UO)-N"e “'e” = UO)e ™"

pl

dh -y {1 2 i1
va d—‘j& = U(O)(-D"e™"e" (%) = ~2UO)e
t
13
Thay viio phuong trinh: M'—% = C(u, +u_, ~2u,) trong (3,20}, c6:
at

~Ma’U)e ™' =C-U0)k ™' ¢ ~ UlG)e ™ © =200y ™"
-Mae' =-C2c™ +2)

2

hay: ) 25—‘(2+2c_“) {3.20a)

Vdis=1vais=2c¢céd
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Thay vao phuong trinh: M

d1

l.-'
¢ I"ll _ mEU(U)C—leI c—u

T =

u, = LI(O)(_l)Ee i|||l\:_:|‘q

d’u,

7 =C(u, +u, —2u)) trong (3.20}, ¢6:

Ma? Ui0)e '™ = ClUM)e ‘e ** + U(0)e ™" + 2U(0) 'e *|

Mo® =Cle “ +e% +2)

Hay o’ =£(2+a'“+e“) (3.20h)
M
. . s . . . e 2M-M' .
be 2 phuong trinh (3.20a) va (3.20b) tring nhau ldy: ¢ =_-M'—- Tir
(3.20a) ta cd:
© _C M s M*
M‘ 2M _ M' mMux MM|-M|
172
, 4
Yi¥l 07 may =[_C
M
o Cor M
NEuM' << Mthi ©° =@ | — |, suyra o> .
M’
Tén 36 cta dao dong dinh
xit 1én hon 14n 8 cua phonon
trong tinh thé sach. 1 A
Trang thai trung gion: Tdn [;C(f? +M1)J I
s¢ nam gitia khodng nhdnh am o |
va nhanh quang vi du thay U (ZC/M){R
viio chb cla Cl trang KCI. = 4
Trang thdai céng hudng: g glan - |
khi thay | nguyén tr nang vio | 1"
chd nguyén tir nhe, vi du thay M >H I(ZC/ML)
Ag® vao chd K* trong KI. :
. ) vy huting |
Bién dé dao dong cua
nguyén ur tap ting manh. Tén [
%6 cla n6 nam trong viing cho g E:-r K

phép cta tdn 6 phonon tinh
thé hoan chinh ban dau.

Hinh 3.11. Vlng trung gian v ving cdng hudng
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1 5 hip. tha (on™)

Neng letdng photon (V) 02
Hinh 3.12. Ph8 hdp thu photon héng ngoai.

Thye nghiém do phé hip thu photon hong ngoai ¢d dang trén hinh 3.12.

Vai hv, =he/d, ->h, ~21.107%cm khi chigu héng ngoat vae tinh thé cé tap
{(H trong KCl} cdc phonon dinh xid sinh ra do hip thu nang lugng cila cic photon

hiéng ngoai ¢6 tdn 56 v, .
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Chuong IV

CAC TINH CHAT NHIET
CUA BIEN MOI

Trong chuong niy tu s& trinh bay Iy thuyét gdn ddng v€ nhiét dung cua
Einstein va Debye (rén co s nghién ¢du cdc dao dong cla mang tinh thé, savu d6
s€ xem xét mdt1 6 higu dng lién quan d&€n tuong tic phin diéu hoa trong mang.
Viéc nghién ciu chi gidi han dé&i vai chdt dién moi. Tinh chét nhigt cia kim loai
khéng dé cap trong chueng nay, vi chua xéL dén phan déng gép cha khi dién 1.

§1. NHIET DUNG CUA MANG TINH THE

1.1. Mdt s6 didm chung vé nhiét dung

Khi néi dé€n nhiét dung ta thuding nghi 16i nhiét dung & thé tich khéng déi C,
la dai lugng co ban han 14 nhiét dung & 4p suét khéng d6i C, ma C, thudng xdc
dinh duge bang thuc nghiém. Trong nhiét déng hoc ta cé:

C.-C,=9a’BVT

o 14 hé 8¢ gidin nd nhiét tuyén tinh, V - thé tich, B - mé dun nén thuy tinh. C, vi
C, néi chung khong khdc nhau nhiéu & nhiét d6 nhd hon nhigt 4o phong.

Khi th¢ tich khong déi nhiét dung duge xdc dinh:

- -
c. T( a8y (8E
& T), LaT),

rong d6 S la entropi. E - ngi nang, T - nhi¢t do tuyét doi.

Tir thye nghiém dai vdi nhidu vat ran vo co, ngudi ta da tém tal 3 diém nhu
sau:
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. Tai nhiét do phong cédc gid tri nhiét dung chia hdu hét céc vat ran cd 3Nk,
l'lghld la 25 Jun/mol.dé hay 6 calo/mol.do; k, 12 hdng s6 Boltzmann.

2. 3 nhiet dd thdp nhiét dung giam manh va & viing géin dé khong 1uyét dsi,
nhiét dung ti€n t&i O theo T' d6i v&i dién moi vi theo T d6i véi kim loar. Néu kim

loai bi¢n thanh siéu din (trang thdi siéu din) thi dinh luit gidm nhiét dung nhanh
hon T (hinh 4.1a).

3. Trong cdc vat liéu tir thé rin & t4t ca moi viing nhigt do cd (60 tai 1rat o
hod coa  hé cde moémen tir thi phin déng gop do trat ty tif vio nhiét dung 1a ddng

ké. Dudi 0,1K trat tr hod cdc momen tir hat nhan ¢6 thé cé déng gép rat 16n vao
nhiét dung.

Cic dao dong chuén tic cla mang la déc lap, n€u déi véi vat rin di cho cd
thé tng dung dinh luat Hooke. Néang lugng cda dao dong chudn tic cia mang

Irong trudng hop nay chi phu thuac vio tdn s6 @ cla né, vio s6 lugng nr n cua cic

trang thidi phonon va khéng phu thuée vao su dién ddy cdc trang thdi riéng khic

nae dé coa mang.

I
&

Ge

/_5_ , /////
/ ////
i .- ] ;/
A L
L/ A

t

=+

G, calpmol K

e

s
s
o 1 2 1 -
o o 200 300 a kp TV
Hinh 4.1a. Sy phy thudc cla Ce vao nhiét d8. Luu y Hinh 4.1b. B3 thi ham Phén bé
doan d nhigt d5 thdp {c0a Ge va Si). Planck: C nhiét 4 cao s8 lugng td

trung hinh n phy thudc tuyén tinh.
Busng gt 13 gi6i han ¢ dién.
Trong trang thdi cin bing nhiét & nhi¢t 46 T gi4 tri trung binh cia 56 lugng
te n xdc dinh theo céng thitc Planck:

.

1 h
<N>=-———— hay <n>+ — =— ctanh o

!
ehmfkﬁ'r -1 2 E 2kRT

déng thai la ham phan bd phonon theo tin s6. O ddy ky hi¢u < > la gid tri trung
binh ¢ trang thii can bang nhiét (hinh 4.1b).

£ —-X X C K

e e —¢ ¢ +e
Cha ¥: tanhx:—x-—_——; ctanhx =———; X = kg T/hiw.
e’ ye™ et —e™
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1.2. Dan dit ham phan bé Planck

Xét hé cic dao déng (I gidng nhau & trang thai can bang nhiét. Ty s8 gida s8
lugng t& & trang thdi lugng th kich thich the {(n + 1} va tha n theo phan bd
Bolizmann;:

N | ko
prl —@ThOIT o | T
N ( nl}

n

Lic dé ty s6 dac dang 1l & trang théi lugng tir thit n d6i véi téng s6 dao dong tir:

il
N, __c
X o
Shalt
2Ng e
S0t 5=f1

Tir ddy ta thiy ddi vdi hé cac dao dang tlr gid tri trung binh cla 8 lugng 1 n
tmyg vadi trang thdi kich thich Ia:

Z SC—SMJ.-’T

<Ny ==

Z e—S.’rm#t

5

1

Thyc hién ldy téng & miu bing céch 14y téng cda cip s6 nhan: » X° "1 x
< _

trang d6 X = exp{-ho/t). D& dang thyc hién 14y 1éng & (i

> sx® =)(in5 :_X_2
5 dX 75 {(1-X)
Tir day c6 phan bd Planck:
X 1
<n>= = (4.1)
1-X ehe/T )
. = . N v hult ho
Hinh 4.1b cho thay khi b <<k Tthi <n> =k, T/hw vi e =l4+—+...
T

O day su dién ddy trang théi 1a ¢6 dién v6i ¥ nghia 1a nang lugng mébi dao.
dong 10 bang <n>hw = k;T. Gin didng thd clng dat duge khi ho/k,T = 1.

G nhiét do thip 1y s6 ho/k,T >> 1 ta cé:

<n> s e "
k. T
Chii y: <n> s 1 = £
I+ hw 1 hw

A



Suy ra <n>ho~k,Tding véi gia tri c¢é dién. Con Khi O

- Tt
e

1.3. Md hinh Einstein

Nang Iwgng trung binh ¢0a dao dong 1 phu thude tuyén tinh vao tdn 88 o v
bang <n>ha. Nang luvyng E cda hé tir N dan dong 1o 1 chiéu cé cing 1 tdn s6 cong

K - . N . Nhi
hudng w bang 18ng nang luong cic dao déng tr: E=N <n > o = -

frmdit
c —

— va nhidt

dung cia hé cac dao dong ti:

f & E é Nho )
C\" = = oo kgl
WO T o The -1

=
% v

ch o/kpgT (-;ff:))_

(T)E fi'UJ 2 ehc\."‘.
=Nig) —— e | = Nk | — PR
(e -1y ke T (e"™" -1
ho Y ghenm e Fied
C, =Nk, ey = Nk X vl X =
ko T ) (e _1y (e* -1 kT

G nhiét do cao:

h .
X = khw << ) tie kK, T>>ho nén ™ 51 + 22 hay e* = 1+ X
T
o

€6 3 bac tr do nén nhan véi 3 va hod qua X d ter 56;

C., =3Nkf,x2—li7==3NkH (4.2)
(1+X-1°

2,

O nhiét dp thap:  k,T<<ho, suyra =X> 1. Vi ¢¥>>1 nqeén

R

Cy ~e™ hay C, ~e™" C, = Nk, X% ™ (4.3)
C6 the tinh ngdn gon bing cich |am 2an diing ham phan bs Planck nhu sau:

Tai nhiét d6 cuo: kT =>ho thi:



kT k,T
an>=—"_ vi E=N-—"L_ho=Nk,T
Ao Ao
. d E
Cy == =Nkg
V@ ba bac ty do cd: C, =3Nk,

Tai nhiét 4o thap: &k, T << hw thi:

“bokgl s kT
<nmxe OFBL vy B =Ne "B An

. )
L = Nhw o "omeT ha _k, =N iy ke featk g T
¢ T (k,T)” kT

. —henkgT
CO C\!He r‘HB

Su phu (hude cita nhiét dung vao nhiét d6 duge v& trén hinh 4.2. V&i nhidt do
dic trung: Bp = hwg/k, = 1320 K cho kim cuong.

)
a #or_____q._
5 — —
///
ﬁ FA I’,
g A
3, b
g # v
S g
¥
o
f q
o/
-
087 0z 03 04 o5 05 07 08 o7 +a
i3

Hinh 4.2. Nhiét dung C, theo md hinh Einstein.

Nhur vy theo mé hinh cia Einstein sy déng gop cia N dao déng tiv 6 ciing
tan s dirge xde dingt theo (4.2 va 4.3). Néu Idy 3N thay cho N vi méi dao déng tir
c& 3 hde ur do nlie viy gid tri gici han & nhiét dé cao la: Cy = ANky hdng gid 1ri
gan ding theo dinh gt ciia Dufong-Petit.

Khi & nhiet do thap C, ~ ¢™ Nhung thuc nghiém cho thiy & nhiét da thdp
phdn déng gop cia mang C, ~ T, k&t qua niy trung v6i miu Debye, con méu
Einstein khong giai thich duge trudng hop nhiét do thép.

Nhuge diém cila mév Einstcin 1% gid thiétl 1dn s8 cla t8t cd cdc dao dong 'a
nhu nhav.

Bidu ma Einstein lam dugc 13 di chidng minh rdng phai lugng tir hod dao
déng co cia cde duo dong 1T nhur Planck di 1am d61 véi séng anh sdng.

h
L



L'J’ng dung ciia mé hinh ch4t rin Einstein da gidi thich thuyé&t phue tai sao khi
T tién 16i O thi nhiét dung gidm nhanh t6i 0. Mé hinh Einstein phi hop vai vigc
tinh gan ddng ddéi v6i nhanh quang ciia phonon (chuong {11,

§2. TINH SO DAO PONG CHUAN TAC

B¢ ¢6 cdc y&u t6 cén thiét cho mo hinh Debye cdn phdi tinh s6 dao ddng
chudn tic. O trang thai can bang nhiét, nang luong E cia tap hop céc dao deng 1
¢ tdn s6 @, khic nhau bing téng cita cdc nang lrong fa,:

E=)<n, >, (4.4)
X

Trong d6 méi gid tri <n,> gén véi mot gid tri o, ndo dé trong phan bé
Planck. Thong thudng d€ tién loi ngudi ta thay lay téng bang 14y tich phan.

Gia thi€t cho s6 dao d6ng chudn tic trong ving tdn s6 w vd o + do la
D(e)do lic 46 nang luong 1a:

E = [deD{®) < n{w,T) > ho (4.5)

Khi biét E, dé dang tim dwoc nhiét dung bang cich 14y dao ham E theo 7.
din t6i viéc 18y dao ham <n(w, T)>. V4n dé chinh con lai la tim D{®} d6 1a ham
cho s6 trang thdi trén don vi dai coa dai t4n. Ham nay duge goi 14 friam mdr do
trunyg thdi.

2.1. Ham mat d¢ trang thai trong trugng hap 1 chidu

Gid tri cho phép cia vée ta séng k trong diéu kién bién ¢8 dinh:

4
f L3
& dink . o m“ & ctnh
= —r— o :_fui -~ oo il
s=0 4 2 .. = A
T ©Or
v 2 junti
° % Z
K-——-

Hinh 4.3. Chudi hat dan hdi gém N + 1 nguyén i va cac gié tri véc to sdng cho phép.
Ta xét bai todn séng dan héi cha chuéi hat (hinh 4.3). Gia sir s§ hatla N + 1.
Trong d6 a la khoang cach giira ching, L = 10a 1a 46 dai clha chudi. Gia sir cde
hats = 0, s = 10 ndm & hai ddu cia chudi va bj gim chat. Mdi mot dao dong chudn
tic 14 séng diing ug = U(0)e ™K' sin ska khéng lan truyén duge. Trong d6 @, phu

thude vdo k tuong dng véi dinh luat tén sic:
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2
0’ == 3% C,(1-cospka)

P=lb

O day cdc gid tri cho phép cha k gidi han va xdc dinh bai diéu kién bién c6
nn

dinh: u, ~ sinJ0ka =smbka =0, suy ra 10ka = nr. Vay: k = ™™
ol

o 3 N-
no2m dr o NEDT o ng dé L= 10a,

—_— - Y

Nhing 14 tri k cho phép la: k=—, S
gL ! phep 'L L

Ham mé ta su dich chuyén va cho nghiém k = n/L ¢6 dang: ug ~ sin(sma/L).
NG bang 0 khi s = 0 vd khi s = N nhu 12 diéu ki¢n bien doi hoi. Ham

cos(sma/L) khong dap dng difu kién bién, nén khong dugce chon.
P6i véi k = Nn/L = t/a = K., ta ¢6: ug ~ sin sm. Trong trudng hgp nay khong

¢é sy dich chuyén nio d6i véi bdt ci nguyén tir nao, vi sin(sn) = 0 dd1 véi bt
¢l s ndo. Va nby vy ta ¢6 N - 1 gid tsi k khong phu thudc, s8 nay bing s6 hat

cé6 thé dich chuyén. Méi mot gid tri k nhuy viy dng v6i nghiém dang:

ug = U(0)e ™K' sinska.
Trong truéng hgp trén chudi | chiéu cha cdc hat (mang 1 chiéu hiang s86 mang

a) ¢6 1 dao dong chudn tic trén mdi doan gid tri k bang Ak = #/L, do d¢6 58 duo

dong trén mot don vi cdc gid tri k béng L/n d6i vai k< — va bang 0 doi v&i
a

kK > mfa.
Tinh ham mdt d6 trang thdi:
Ta cin biét ham D(w) 12 s6 dao dong trén mot don vi dai clia dai tdn 88. S5

trang thai D{®)dw trong khoang dw & gdn ® c6 thé viét duéi dang:
k L do (4.6)

d
Di{w)do =£’—.——dm =—.
n de n do/dk

Van t8c nhom deo/dk cé thé nhan duge tir dinh luat tén sac w(k). Ham D(w}
¢6 diém dac biét trong cdc trudng hop khi dé thi ham s& o(k) ndm ngang nghia la

trén doan nim ngang vin t6c nhém bang 0.
Trong gin ding Debye coi mdi trudng la lién tyc, 1a cho w{k) = vk do dé

dw/dk = v 1a van t6c khong déi cha 4m thanh. Trong trudng hop 1 chiédu ta ¢6:
L .
D(w) = — khi 0, £ = ¢4.7)
v a

vd D(w) = 0 trong céc trugng hop cdn lai, phé bi cit § w, = va/a dé téng s6

cdc dao dong chudn the la ding, nghia 12 bing s6 hat N. Bidu thitc DHw) = Li(nv)
55



la mat 4o trang thai d&i v6i mbi loai phan cuc. Néu d6i véi mdi

dong (doi v6i 3 loai phan cue) thi biéu thite D
V&1 méi loai phan cye ding cic pid tri van 18¢

gid tri k ¢é 3 dao
(@) phéi ldy (4ng theo 3 phan cue.
am thaoh v.

C6 thé dng dung cdch (inh trén cho Mt so truding hop sau:
* D61 vdi N dao dong tir Einstein ¢6 tdn s6 Wy ta cd:

D{w)=N8.(0-0,) (4.8)

Ham & 13 ham Delta Dirac, né ¢6 tinh chit sau:
+x
[dxf(x)8 (x-2) = £ ()

D6i véi bt ki ham f(x) nao. Trong

8161 han ¢é thé xét ham 8 ciia Dirac nhu
mot ham véi cyc rat nhon.

* Ham tdn sic vai chudi cdc nguyén tir kh
clia cdc nguyen tif gdn nhat c6 dang dusi day:

) b

D41 véi cdc tuong tdc cla céc 16p song song: 0 =@

dc nhau khi chi 1inh dén tugng tic

- . vOioa la

sin l ka
2

Khoing cich gidta cic nguyén ti, W, - 14N 86 cuc dai. Tinh theo k:

2 .
k = —arcsin
4 o)

Ly

dk
da

2 1
-a-(wzmux —032)”2
Theo bidu thire tinh mat do rang thai: D{w) = L/nv ta co:

Ldk 2L ]
Dy =222 — —_—_— 4.9
(@) ndo  ma (o —0?)? “
Hinh 4.4 cho thdy ham méit do trang thdi c6 diém dac bigt vi do/dk = 0 tai
k = n/a.
* Néu chudi gém 2 loai nguyén tr thi dinh luat tin sic cho phuong trinh
(3.13y:

MM, 0" -2C(M, +M, o’ +2C*(1-coska)=0
1 2 1 7

Khi tinh teong tdc giita cde n

guyen to gdn nhat ta thu duge nghiém dng vdi
nhdnh &m va nhénh quang. '
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D61 v6i nhdanh am ham mat do trang thii:

D(m_l}i_-il—— (4100

12
Ta (0 —@" )

2 | |
*‘gi T tribng | khong bér tuc) o
5 | | Bidngior vung Sriffouin
£
2 | Chudi tac . . .
Si at nguydn ti ( Moy trudng lién fuc)
= gidng hou
2 AN o
2t | 7oy cf‘wgg Deége
Déo)
| ////
0 b5 15 12 &

Hinh 4.4. Mat d6 trang thai DO(«) ddi véi phonon trong trucng hgp mau ta chudi nquyén g
giging nhau, chi tinh dén tuong tac cua cac nguyén td gan nhau nhdt. Gan dung Debye pha|
bi ¢4t & vip = w2 vi $6 trang thai cho phép bang sG cac nguyén tr (chi tach 2 16p gén
nhat efer ., = 1 khi k = n/fa).

boi véi nhanh quang ham mat dé trang thii ¢é cac dic thy & cde gid tri lan
O it han trén va dudi. Néu khéi Jugng cta mot loai nguyén v 16n hou nhidu so
Vi Khoi Tirong cda loai kia, thi ta thay 1dn s6 dao dong cha nhanh quang gidn nhuy
Khong phu thude vao vectd saug. & day dao ham do/dk gdn téi 0, vi mat 4 trung
thii trén nhinh quang c6 thé 14y gdn ding bing ham §. Tuc 1a khi M, >> M, b

172 142
3
thé lam gin diing ZC(EI—-+L) ,,(_%9

= @y tuong Ung véi khodng tin
(M, M, WM,

cta nhdnh quang va chinh trong truong hop ndy ta cd | vi du vé kha nang st dung
mo hinh Einstein. Nang lugng nhi¢t & nhdnh am cé thé liy gdn ding theo md hinh
Debye con nang lugng ciha cic dao dong quang tinh theo mo hinh Einstein, Nang
lugng cling nhu nhiét dung cia 2 loai dao déng nay cong véi nhau durge.

2.2, Mat d¢ trang thai trong trudng hop 3 chigu

D¢ tinh ham mat do trang thdi cta tinh thé 3 chiéu ta tinh cdc gia tri cho
phép cha vécto séng trong didu kién bién tuin hoan. Trong thue & tinh (h¢ 1A edt
l6n x0 v3i mo hinh chudi nén ¢6 thé coi didu kién bien 14 tudn hoin sé pha hop
hon.
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Tinh 56 dao déng ti véi diéu kién bién tudn hoan

M6 hinh cho trutng hop didu kién bién tudn hoan 1a mét chubi vdng dan hoi
clu ¢cidC nguyen tir (hmh 4.5). Sy dich (,huyen coa nguyén tor thd N + 5 tring vdi
cla nguyén o thi

Nghia 14 u,,, = u, bay u(sa) = u(sa + L). Ham sdng s& dung vdi cd ham
sin{ska) va cos(ska), vi nghiém ciia song chay 1a ug = U(D).expli(ska - o wOH. Tai
bién ham khong bi triét tiéu. Trong d6 chid¢u dai cha chudi 13 Na = L va tng vdi
sin{ska) va cos(ska) [a sin{Lk) v cos(Lk).

Vay: Lk =2nn hay k= 2n

. . . 2 4n bn N
n la sé nguyén, ta ¢d cic gid tri: k ={) i—n —_ — (4.11}

L] L] = [BERER ]

L L L
S6 dao dong tir cling gi6ng nhu trudng hop bién ¢& dinh tire 12 bing s& hat
dao dong, nhung & diy ding v6i cd ham cos nén cé gis trj + k. Hai gia tri bién chi
¢6 ¥ nghia d6i vdi ham cos ma thai.
Trén méi doan Ak = 27/L ¢6 mot gid tri k vi viy trong trudng hgp bién tudn

hoan 56 dao dong tr trén 1 don vi vécto séng k 13 L/2n d8i véi - n/a < k < mtfa va
bang 0 n&u & ngoai ving d6.

g
{3

Hinh 4.5. Chudi vong dan héi clla cac nguyen t va cac gia tri véc 10 séng cho phép.

Madt do trang thdi trong truong hop ba chiéu

Xeét trudmg hop 3 chidu ma ma hinh tinh thé 1a khai lap phuong ¢é canh |3 L
chita N* 6 co 56 va ung dung duge diéu Kién bién tudn hoan. Cac gid trj k cho
phép trong trugng hop nay dugce xdc dinh theo didu kién:

explitk, x+k,y+k, 2] = expfilk (x + L)+ k (y + L)+ k (z+ L)]}
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Tir day ta 6. k .k k. =0 % — + —: . — (4.12)

Cees

R L L L
Do dé ddi vai thé tich (2n/L)" trong khong gian k ¢6 1 gid tr] k cho phép va
nhu vay s6 gid tri k che phép trén 1 don vi thé tich trong khéng gian k, ddi véi
méi nhinh trong phan cuc di cho bing:

(L] -V (4.13)
2n b

trong d6: V = L* - 1thé tich cila tinh thé,

Trong gin ding lién tuc Debye, van td¢ am duge coi la khéng déi oik) = v.k.
Téng s6 N cdc dao dong véi vécta séng k trong (4.12) bing tich cda thé tich cdu
ban kinh k via 56 dao dong ¢6 trong 1 don vi thé tich, nghia la v&i (L./2n)". Nhu
vay déi véi mébi loal phan cuc ta cd:

3 5 ) 1
_ e v
Nelo | e ) e L2 g
2m) 3 2n 3v- 6n v

Tu day mat dé trang thai D(w) d6i vdi mbi foal phan cuc bing:

dN  Vo?
D(w) = — = o
do 2aov

(4.15)

N&u miu chda N & co ban thi (6ng s6 dao dong (trang thii) phonon im bing
N v tan s6 Debye o, tai d6 pho lign tyc bi cét xdc dinh bai 1y 8

l
67N |
(,UD:\" V 3

NERNTE
va véclo séng Debye: kp = 2o {6RVN] (4.16)
¥

chi ¢é cdc dao dong véi k <k, cic gid tri k > k, bi loai.

Né&u van tdc cla cdc phonon la khong déi thi khi 4y tich phan trong khong
gian k theo cau Debye (hinh 4.6a} ta duge ving gach chéo, con khi 14y tich phan
theo viing Britlouin thit nhitl d6i v8i mang lap phuong don gian | loal nguyén tir
tar @ = o, khong ¢é gidn doan ma thu duge ting mdnh nho (hinh 4.6b).

LYy 4 e s .
N :(Z_J —;—kj dér véir mdi loai phian cye, mat do trang thay 1a:
)

dN
D = =
) dey [

2
S 1$ (4.17)

272 Jdw
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55 chig
Debye
Theo £ phn
Vg Briifown
/ th’gm‘;é’é

1 U

Hinh 4.6a. Cdu Debye. Hinh 4.6b. Ham mat dé trang thai D{a).

§3. LY THUYET NHIET DUNG MANG THEO DEBYE

3.1. Nhiét dung theo Debye
NoiI nang cha khi phonon trong tinh thé d6i véi méi phéan cue:
E= Idm D{w) < n{w, T) > ho = Idm D{wini o )fio

" v h
ol o )

1" |'\2T[AV1

be don giin 1a coi van toc phonon d6i v&i 3 loai phan cue 13 nhu nhau va do
d6 dé thu duae nang lugng todn phan ta cé:

3VH R w’ VKT
E= « - =—F _ |dx—~ (4.18)
2y {',“ e™ -1 2ntvh {',{ e* —1
Vai: x = ho/kT = haoft v x, = o, = Bi trong dé:
kT T
R 113
hu, hv{6n’N
91) T
ky kel V)

61N

143
duge goi la nhiet do Debye va o, = x{ ] = vk, la tdn s& Debye.
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s Ty 2
T\ :
Vay. E:t)NkHTLH—] Jax— (1.19)
3]

a1
N 14 8 nguvén o coa miu, x, = 8,/T.

Bay gitr tinh duge nhi¢t dung bing cdch 18y dao ham I trong (4.18) theo
nhiét dao:

~pe ~ f . 2] i E M v 4y
E & | 3vh " o IVHT 3 e
C. :{rﬂ” = H—l — | do— ; Cp=—7 [d{:) - IL—
eT) o fT |\21r“v’ 0 e 2nv kT (e’ =1y
I T ~ gy X;C‘
hay: C, =9YNk, -—J fx —— - - (4.20)
\81) " (EA -1y
Ta lam tho mat phép tinh
doi vai vécto séng ky,, ng vdi
' Ly 2“;| ! !
@, la co; N ( /,_’_r_d_,,,._.—-—
PRSP l‘. / |
k= U)i__| O N ""g Fiel 4 '
o v '\ W =
g
v =310 cm/sec, o »
N/LY = 107" nauyén tifem’ 0
NEu o, = 1.10"dd/see
ky=2.10"em™ 5
= 2.10"m". /
. B 0+ 48 08 10 1z 14 16
3.2. Pinh luat T° cla o e '
Debye

Hinh 4.7. Su phy thudc nhigt dung Gy cla chét ran
("j nhi¢t d& ral l]'li:{p bléu vao nhiét dé. Khi T tang cao thi G, tién tagi 24,943
. T J/mol.do (gia tri cd dién).
thite gan dung d6i véi nang
lugng c6 the tinh theo tich phan cua E cho gidi han trén bang vo cang.
Nehiald T—0, x|, > =, vay:

¥ .\ 1 r | ,‘,.E""
dx = |dx.x’ u — ==
.';[ e - f.[ PO El;b 15
. 3n'Nk, T
Tinh theo bang tinh tich phan ¢6: Ex ———>— khiT << 8
50,

Bai var nhigr dung C ta e
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- 12,
(_.\,. = ?HJNkR["é_

3 1
T ] :234Nkn[l}
6,

[¥]

D6 la dinh luat gan ding T cta
Debye (hinh 4.9). G nhigt do di thép
dinh luat gan ding trén do cdc dao dong
nhdoh am duge kich thich dng véi séng
dai, cdc dao dong nady duge hiéu |i céc
dao dong dan héi cha mei trudng dian héi
lien tue duge mo ta bang cdc hing s dan
hict vi mo. C6 thé giat thich dinh luat T
bang lap luén don gian sau:

(3 nhiét do thip chi kich thich 1
khdi lugng déng ké cdc dao dong mang
ma nang lugng he < k,T, dac tinh kich
thich cla cdc dao déng nay 14 gdn nhi ¢
di€n vi ndng lugng gdn bing &, T va bidu
dién boi diuh luat <> = k,T/he. Thé
tich khéng gian k chia cdc diém g vai
cac trang thai (dao dong) dugc kich thich

(4.21)
A
ﬁ% =$|}&,a%9
hob=kKT
K>
K
KI

N

Hinh 4.8. C3u Debye, chi ¢cé cac
phonon vai véctd séng ky d6ng gop
vao nhiét dung. C6 thé coi hvk, = k,T.

chi€m phin ~(k./k;)" = (0f0,)" = (T/0,)" cba 1hé tich khong gian k tdac thé tich

qua cdu bdn kinh k, (hinh 4.8},

ky, [2 gid 1ri vécto séng dac trung cho gén diing Debye:

ho, =hvk, =k, 0

oy =hvk; =k, T

pd

v

Q, mlmalt K71

8.5 "/!

3,33} — /

e

444 +

&

4

0 433 Zi4 399

532

4é5  74g
) k2

Hinh 4.9. Sy phy thude C, ~ T? cGa argon rdn d nhiét dé thap, 6, = 92.0 K,
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S& duao dong bi kich thich ~ N(T/@,)°

Nang lugng médi trang thai ~ k,T.

Noéi nang ~ NkT(T/0,,)".

Nhiét dung ~ 4Nk,(T/8,)". Tinh ca 3 bac tu do €, = I2NkH('I‘f9D)a_
C, = 234Nk (T/0,)".

234 xudl hién la do thira s6 (67°)""* ¢6 trong dinh nghia nhiét d6 Debye.

§4. CAC TUONG TAC KHONG DIEU HOA TRONG TINH THE

Khi xem xét 1y thuyét duo ddng mang bén trén ta chi gidi han bdi ham dich
chuyén dang sin hoac cos v trong hé s& din héi chi dé ¢ dén thanh phin ty 18 vai
binh phuong dich chuyén. 6 ta Iy thuy€t didu hoid, nd chia dung mot & dac thi
va hau qua la:

1. Khong ¢é gidin nd nhiét.

. Céc hing s6 dan héi dang ap va dang nhiét bing nhau.

(PSR LV

. Cdc hing s6 dan hoi khong phu thude viio ap sudt va nhiéo dé.

. Nhiét dung & nhigt d6 cao trd thanh khong ddi.

h

. Hai séng dan héi khéng luong tdc véi nhau, méi séng rigng biét, khang bi
phan 1y va khong thay déi hinh théi theo thai gian.

Chinh xdc 1a 5 diéu ké 1rén khong didng véi linh thé thyc. Nguyén nhan 13
trong phép gdn diing da bd qua cdc 6 hang phan didu hod lién quan dén su dich
chuyén khéng diéu hoa gilia cde nguyén tr. Dudi day s& xét d&n mot sd tinh chat
don gian nhat ¢é lién quan d&€n twong tac phan diéu hod cla cdc nguyén 1.

Gidn no nhiét

Nguyén nhén gidin nd nhiét rdt dé hidu. Néu ta xét cde dao déng 1 ¢é dién cd
tinh dén s& hang phan diéu hok trong bidu thac thé ning duge viét & dang céc dich
chuyé€n trung binh cla cdc cip nguyén tir & nhiét do T. Goi x 14 dich chuyén cia
cic nguyén tir khoi vi iri can bang & OK. Ta ¢6 thé nang: U(x)=cx’ —gx' —fx*
lrong d6 ¢, g, f la cdc hdng s6 duong. Thianh phan chira x* mé t4 (inh bél d6i xing
vé tuong tic ddy clha cde nguyén tir, x* thé hién dao dong & bién do cao.

Gia tri dich chuyén trung binh tinh dugc biang cich dung ham phan bé
Beltzmann, nd cho phép tinh cdc gid tri x ¢6 thé ftng vdi nhiét do cha ching:

+x
Idx xe--umh

*

R
o
J‘dxc—Ut.‘:J."(

-

{4.22)
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trong do 1 - kT, NCu sy dich chuyén & mac mi cac <6 hiang phan didu hod duoc
cor la nho so véi kT tht haom dudi ddu tich phan cé thé phan tich thanhk chudi;

. 1 .1 R ST .
de.xc b, _[L{xc T —ext Ly = = T
T T 4 ¢
p e
r s > L P LT
_|d>\c R Jd\c T \
Loy

Trong trudmg hup co didén 461 vai <x> la coo <X > o= ;—;E-kHT duge coi la do
c
gilin né¥ nhiét,
Ta chd § rang trong bicu thite tich phan tha nhat s hang ex? [4 mit ham exp,
ta chi phin (ich: cxp[l(_gxf‘ +ixT)] = 1+%g,~gz +lfx4 +.. Can luu y ring trong
T T
trudng hap nay ta khong cin khi phonon 1y tudng nita:

7 1 &
u:i(i‘j]z—(’—,' (4.23)
a, \ T

a ~ Ly, nghia la o ~ 17§ nhiet do thap theo mé hinh Debye v ¢ nhigt do cao
khong doi theo mé hinh Einstein.

§5. DO DAN NHIET

5.1. Hé s& dan nhiét
Xér dong nhigt khong déi qua dam tao b gradient nhigt 4o dT/dx, ta ¢6:
dr
I, =-K—
dx
rong Jdé I, la dong nhi¢t lugug tic ning lugng di qua thiét dién thing cla diam
trong [ don vi théi gian; K - hé s6 din nhiét. Tir cong thic trén cho thay qué trinh
truyén nhiét 14 qud trinh ngdu nhién. Khong phéi nhiét tir ddu nay di qua thanh tai
ddu kia mot cdch thang sudr, ¢d thé thdy qud trinh nay ciing tvong tu nhu qus
trinh khuéch tin, nghia 13 trén dudng di ciing ¢6 cic va cham nhidu 1n. Chinh vi
vay ma Q phu thude vae gradient nhiér 4o dT/dx ehit khéng phai phu thuse don
thuin vio su chénh lech nhict do gifra 2 dau AT,

Trén co so 1y thuyét don gian dong hoc cta Khi ta thady dong hat (phan ti)

chuyén dong & phuong x bing She |",

>, trong d6: n - s phan 10 trong don vi

thé tich. O trang thai can bang dong khi & phuong xudi vi nguge bing nhau. Van
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10c hat < | v, > la gia tri trung binh. N&u ¢ 13 nhiér dung déi véi mot hat thi khi
chuyén dong (ir viing thé tich ¢é nhiét 4o dinh x& T + AT sang viing nhiét do T thi
hat mat di nhiét nang c.AT. Hiéu cba nhiét d6 dinh xu AT trén 2 ddu khoang din
bing bude chay tu do:

T, - th&i gian trung binh gifta cac va dap.
Péi vai dong ning lugng todn phéin tao bdi dong cdc hat 2 diu ty do

¢ 2 dT 1 2 dT
Jy=—n<v ¢ —v 1, =-n<v, >¢l,—=——-0D<V >cT, —
' dx dx 3
Trong trudng hgp phonon ciing vay khi vin téc ¢ dinh ta ¢6 viét biéu thirc
1

. 1T .
trén duéi dang: T, = —;Cv ILd— , trong dé | = vi,, C = ne. Do dé ta thu duge:
K X

K :%Cv.l (4.24)

C - nhi¢t dung mot don vi thé tich;
v - van tée trung hinh cda hat;

| - do dai budc chay trung binh gitta 2 va dap.
5.2. Nhiét trd cda mang

Gid tri trung binh ctia bude chay tu do 1 ciia phenon duge xdc dinh bdi 2 qua
trinh: tdn xa hinh hoc vi tdn xa bdi cdc phonon khdc. Néu twong tac giita cic
nguyén tir chi ¢6 56 hang diéu hod thi khéng ¢6 tén xa bdi cdc phonon ma chi ¢é
tén bdi bé mat tinh thé va cdc sai hdng clia mang tinh thé. C6 kha ning ¢6 nhimng
trang thdi ma cac hiéu ing ndy chiém uu thé. Néu trong tuong tdc ¢é thanh phan
phan diéu hoa thi tweng tdc phan diédu hod giita cac phonon 1am han ché budc chay
ty do 1.

Bay gidr ta xét nhiét trd gay ra bdi mang, day 14 vdn dé phic tap. C4 cédc 1y
thuyét gdn ding cla Debye, Peieres vé nhiét tré.

G nhiét d¢ cao | ~ 1/T. Cé 1 s& phonon wang tdc vai | phonon. Va 8 phonon
duoce kich thich 1a: '
I kT

> = ———n
e v - hw

<n> ~ T, suy ra Ldn s6 va dap ty ié vdi s6 phonon do vay budc chay tude | ~ 1/T.
Dé ¢6 sit din nhiét cdn phai ¢é co ¢hé dam bdo va xic lap cian bang nhiét

dinh x& trong phén b6 phonon. Cé co ché nay méi co can bang nhiét ¢ mot ddu cé
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nhigt do T, va d4u kia c6 nhiét d6 T,. Do dén nhiat phu thudc vio | va co ché xdc
1ap phan b6 can bang thue sy cac phonon.

Va dap cda phonon véi cdc sai hodng tinh va bién gidi tinh thé chuu dam bao
xdc 1ap can bang nhiét vi cic va dap nay khéng lam thay d6i nang lugng cila céac
phonon riéng bié¢t w, = ©, (v, - tdn s6 cla phonon bi tén Xa, o, - tin s6 cia
phonon téi).

Trong qud trinh va dap 3 phonon vécto séng bao toan:

k, +E;,_ = E]
s€ khong xdc 1ap duge can bang vi khi va dap dong lugng téng cong cha cé khi
phonon khéng thay déi. Téng dong lugng cha cd hé phonon |a: 3: Zﬁf(nE duge
k
bio todn khi c6 va dé4p, vi khi c6 va dap sy thay d6i cha j lai tinh theo téng
I_(] —Ez —E, =0, n; k2 56 phonon ¢6 vécto séng k.
Do vay ma j khéag déi.

Néu ¢6 trong thanh din phan b6 cdc phoron “néng” véi j # 0 thi phonon lan
truyén trong thanh véi j = const va nhu vay khéng ¢é nhiét tr& nao ca. Hinh 4.10
cho thdy su twong tu trong dén nhigt bai khi 1y tudng va phonon.

Béu néng Ddu tanh
AT v 5 -
~» ~a 7 ~a -~

Hinh 4.10a. So 46 cac nguyén tir (phan 1) trong 8ng hé 2 ddu. Va dap cia cac hat
vdi nhau khéng 1am thay d8i dong Iugng t8ng. Nhidt tai di do tai vat chat: ludng khi,
su dan nhiét khong phai do gradient nhiét d&. Nhiét trd béng 0.
Ddu néng Pdu tank

—V
O e ST

Hinh 4.10b. &ng bit kin 2 dau, khong c6 sur tai vat chét, cac hat khéng di ra ngoai &ng.
Khi c6 gradient nhiét 46, cé va dap, tam cda céc hat cé n&ng luong I8n han di vé bén
phai cén cac hat cé van tdc nhd hon di vé& bén trai do do nhiét din v& dau lanh.

Dong phonon: Qud trink N
g ¥
N —> T - T
\A — W —V Ty

_—V

Hinh 4.10¢c. Mét dau tinh thé phat phonon, tr d8u nay tai dau kia cé dong phonon. Néu
trong tinh thé chi ¢6 qua trink va dép binh thuong cla phonon (qua trinh N} ma

k, +K, =k, thi dong phonon bao toan tdng ddng Iuong khi va dap, phan phonon chay
suét qua tinh thé gidng nhy truang hop hinh 4,103,
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Qud trinh 7 X, +I:2 = ]2_1 +G,G=0

Hinh 4.10d. Béng lugng tdng cia phonon thay ddi trong qua trinh va d4p,
déng phonon thit cdp khi chuyén déng vé bén phai s& giam di nhanh chéng,
cac dau tinh thé co thé |a cac ddu phat déng thai la dau thoat chuyén nang

lugng t8ng cdng gidng nhur trén hinh 4,10k, déi v&i cac hat.
Qud trinh nhay ngicoe: Phonon tuong tdc véi phonon v nhudng nang lugng
cho mang. Thee Peiers qud trinh 3 phonen cé dang; fq +E1 = ]23 +G, trong d6 G

la vécto mang dao; khi G = 0 d6 la qué trinh nhdy nguge (hinh 4.11b), G =0 13
qua trinh binh thuedong (hinh 4.11a).

i
T ok
|

Hinh 4.11a. Qua trinh N. Hinh 4.11b. Qua trinh U.

Khi k, +E2 dugc mot vécta c6 diu o ngodi ving Brillouin thit nhat thi xdy ra
qué trinh U. Cdn mdt vécto mang nghich G dé §3 cé diu miit trong ving
Britlouin thir nhdt. Nhu vay vécto séng téng cong k. trd thanh am.

Nhiét tro cling con do phonon va dap véi céc sai hong clia mang nhu:

» Cdc hiéu tng hinh hoc trong mang méng hoic mau cé kich thude ¢ budc
chay tu do, trong trudng hop nay s& ¢ va ddp véi bé mat miu. Nhitng va dap dan
hoi Khéng gy nhigt trd, cdn cdc va dap khong dan hdi s& gay nhiét tré. K = CvD,
trong d6: C - nhiét dung (phu thudc nhiét d6), C ~ T* & nhiét 46 thap: D - dudng
kinh ctlia miu khi budc chay 1y do 1a khong déi

¢ Va dap vdi cic sai hong diém nhu déng vi, tap, ndt khuy&t ... 1a cdc va dap
khéng dan héi.

* Va dap vdi cdc sai hong khic nhu léch mang, song tinh ... ciing gay nhiét

iro.

Céc va dap vdi sai hong diém déu twvong ty nhu va dip véi céc phonon khic
trong qud trinh U lam nhiét tro tang 1én.
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Chuong V

KHI BPIEN TU TU DO FERMI

Trong cde kim loai dac trung nhu Kim loai kiém, kim loai quy nhu Au, Ag,
Cu cde di¢n tir hod tri cha ching duge coi nhir téch khdi nguyén t&r va tao ra trong
tinh thé moét khi dién tlr, con tai cdc niit mang chi c6 cdc gdc 1on. Cdc khi dien to
nay dugc coi Ia 1 do, nghia 13 budc chay ty do clia ching lon (10" - 10° khodng
cach gifra cdc nguyén ). Hon thé niia sy va cham gira cic dién tir cing khong
c6. Mau dién tlr ty do t6n 1ai dugce 13 nhi cac 1y do sau:

1. Cic dién tir ddn khong bj tac dong cla cic ion, vi cic ion phén bd theo
Mol mang tuén hoan ding dan, & d6 cdc séng (séng dién ty) tan truyén tu do nhu
trong mot cfu tric tudn hoan 1y tudng; hay ¢é thé coi thé Coulomb ciia cdc jon
Ux} = 0.

2. Cdc dién tr dan rdt it va cham v6i nhau do ching phai tuan theo nguyén by

Pauli. Khi dién tir khéng tuong téc tudn theo nguyén Iy Pauli duogc goi la khi dién
te tr do Fermi.

§1. MUC NANG LUGNG VA MAT PO TRANG THAI TRONG TRUONG
HGP MOT CHIEU

Ta xét truong hop nay theo thuyét luong tir c6 dé y dén nguyeén iy Pauli. Gia
su dién tif 6 khéi fugng m chuyén dong gidi han trong doan dai L, & 2 ddu ciia
doan ndy ¢6 hang rio thé cao vé6 clng. Hang rao nay thay cho cic tuong tdc giit
dign 1r & trong tinh thé. Ham séng cla dién ti ¥ (x) duge xdc dinh béi phuong
trinh Schrodinger : Hy = ey,

Ta b6 qua the nang va vi thé todn tir Hamilton 1a H = P?/2m, trong dé P la

. \ , ,od .
toan tr déng lugng. Trong co hoc lugng tir todn tir dong lugng P=—in O ta ¢6:
dx

2 2
HY :_i_ng\p (5.1)

" 2]’]’] d){ 1 won

(3%



trong d6: g, - nang tugng cua dién tl & trang thidi n mo td bdi him song y,. Didu
kién bién ¢& dinh: ¢, (0) = 0 va yw (L) = 0, vi ¢6 cic rio thé & 2 ddu.

Diéu kiér bién trén duge ddp dng ty nhién néu ham séng ¢é dang hiim sin,
con n la s6 nira bude séng dat trén doan L.

L 2L
Thue vay: vy, ~ SiI{A_XJ: En?\n =L hay A, =—. Vay ta ¢d ham soéng:
. n

W, = A sin[E x]
L

trong d6 A 1a hiing s&. Ham y, phai ddp ang phuong trinh Schrodinger :

d d? iy
dx L L dx? L L

Thay w, vao phuong trinh (5.1)

n

suy ra gid tri riéng cla nang lugng
trong trudng hop mot chiéu:
2 R
R (omY s
- - wll = Eﬂw" wﬁ's
Zmy L -
T
2
B (nom @
hay g, =—| — (5.2)
Y 2m [ L ] ‘§
4
Nhu viy niang lugng 14 ham bac 2 L i b bt £
cud s0 lugng tor n. N L
M4éi mitc nang lyong dng v&i mot Hinh 5.1.
irang thdi hay ham séng. Néu sd ham --- mfc nang lvdng; — ham song; s4
. . o P . s lugng tur n bang s& nifa sdng trén doan L;
sGng ang vél mat p1d tri cho trude cia A
s . 2
A F . . L n
n?ng h{rqng n!‘l]él;] hclm 1 ta cd nh]éu mic nang Iong bing ——| -
him sdng mé ta cdc trang thdi <¢d Zmi 2L

cing nang lugng goi k3 muc suy bi€n.

Gia sir ¢6 N dien t trong hé trén doan (0, L). Theo nguyén 1y Pauli: khong
‘thé ¢6 2 dién 1 trong mot trang thai ¢6 cling céc s6 lugng tir gidng nhau, nghia la
méi md1 him séng mo td mdt trang thii ¢6 thé bi chi€ém bdi khdng qua mat dién
tr. Diédu nay ding véi ca hé dién tr clia cdc nguyén tl, phan tlr va vat rin.

Trong vat rdn mét chiu s6 lugng tar cha dién tir 12 n va n la cdc s6 nguyen,
con mg = + 1/2 dng véi dinh hudng cua spin. Trong mot cip trang thdi cé s§ fugng

(¢ n chung thi cé | dién tir ng v&i spin quay 1én va [ dién tir &ng v&i spin quay
xudng,.
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Abng Luvng ctey vy
&

1 1 i i L 1

o 1 2 3 4 £ & n
Hinh 5.2. Su phy thugc nang ludng vao s& iUrgng tir n.

Neéu h¢ c6 8 dien tly thi trong trang th4i co ban ciia he¢, vigc chi€m cdc trang
thdi riéng cda dién tir s& tuan theo bang dudi day:

n 1122334455
mgTdTITitlt]
Dientirchiém1 1111 111 00

Ta kf hiéu ng 14 s6 luong tir cha mic ning luong bi chiém cao nhit. Cich tinh
cdc mitc tir n = 1 cho téi khi 14t ca N dién tir déu chiém mitc nang lugng. DE tién
lgi ta 18y N s& 1a s6 chin thi s6 n d6i v&i mac bi chi€m trén tinh theo 2n, = N.

Ndng liwong Fermi €. 13 nang luong cua dién tlf & méc cao nhat bji chiém,
nghia la khi n = ng. Trong trudng hop mot chidu:

2 2 5 2
2m{ L 2m\ 2L
§2. SU PHU THUQC VAO NHIET BO CUA HAM PHAN BG FERMI-DIRAC

Trung thdi co bdn cha céc hé la trang thdi & d¢ khong tuyé&t d6i. Con khi
nhiét do tang tén, day 12 bii todn chuin eda vit ¥ thdng ke, 181 gidi clia né 1 ham
phan bd Fermi-Dirac.

Déng nang cha khi dién tir tang lén khi nhigt 4¢ ting, khi d6 mot s6 miic
nang lugng bi d€ tréng & 4o khong tuyét d6i nay bi chiém va ddéng thdi mot phén
cic mic bi chiém o 46 khéng tuyét d6i nay trd thanh tréng. Diéu nay duge mo ta
b&i dd thj cha ham:

70



i

fley= ST (5.4)
42
" f-.‘;a-t"“\. T & S00k "\
RN
08— N~ N N
€ ‘3%\\ \\\
0.6 ‘\\ \\
— |
04— T i \x\\
1\

e

Mh_____’a‘o% _‘“—--———————_.Ahﬂ?
\"\

a f 2 3 4 5 H &k, d&v;«ﬂk
Hinh §.3. Ham phan b3 Fermi-Dirac d cac nhiét dd d8i val truang hap: Te = eclka = 50000K,
khi dign tir 3 chiéu, s hat c¢& dlnh khéng phu thuéc vao nhiét da.

Ham Fermi-Dirac cho thay xéc sudt dién tir chi€m trang théi ¥ng véi mic
nang lugng ¢ & nhiét 4 T trong trang thai cAn bing nhiét cla khi dién tir Iy tudng.

Dai lugng p 13 ham cbGa nhiét do, trong bai todn cu thé p duge xdc dinh tir
diéu kién khong thay d6i s6 dien tir trong he, nghia 12 58 dién t&r bang N. O do
khang tuyét d6i u = g, vi khi T — 0 ham f(g) thay d8i bang budc nhay tir gid tri
béng 1 (mitc dién ddy) dén gid tri O (mifc tréng), khi d6 € = g, = p.

( bat c1f nhiet 46 T > 0 nao khi £ = p ham f(e) = 1/2 vi méu s6 bang 2. Dai
lugng | goi 14 thé hod hoc, & dod khong tuyét dsi the hoé hoc bang ning lugng
Fermi. O nhiét d¢ thap gla tri p gan vdi gid tri gp.

|
Mo T Wi khe'c8’ ctrin
B AR '\\
Hinh 5.4. Sy phuy R
thuéc vae nhiét do RERE f:;’iﬁ utng tu \
clia thé hoa hoo A& o
vili khi gém cac hat  -2p—n - =

Fermi (Fermion)- - e \
khdng tuong tac. Sl '

A
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Tir day ta dinh nghia ndng twong Fermi ta ndng lugny caa trang thii cae
nhdt 6 dién i chiém ¢ khéng do tuyét déi. Ving ham phan bé (phén duéi cha
phan bé) twong dng véi gid tri nang lwong 1én. Khi ¢ - p>>k, T tabdquass |l a
mau va f(e) = expl(p - €)/k,T]. Him ndy gan vdi ham phan b6 ¢d didn cia
Boltzmann.

§3. KHI BIEN TU TYY DO TRONG TRUSNG HOP 3 CHIEU

3.1. Bai toan ba chi8u bién ¢& djnh

Phuong trinh Schrodinger d6i v6i hat 1 do trong truong hop 3 chidu cé dang:

B[ a* 8? - -
Gt LR "

Néu dién tir bi giéi han trong mot thé tich hiu han cé dang hop canh L thi
nghiém cha phuong trinh nay cé dang twong ty nhu ham séng trong trudng hop
mét chi¢u bién cé dinh:

g, (ty= Asin[gl’i—ﬂ x}sin(%’:—ﬂyjsin(%z] (5.6}

Ham (5.6) ddp dng didu kién bien c6 dinh trong dé n,, ny, n, 1a céc s6
nguyén duong. Séng bj dp tit tai b& mat cita khsi hop.

3.2. Bai todn véi digu kién bién tudn hoan
Tuong tu nhu pﬁonon, dot hoi 1a ham séng phai tudn hoan theo x, ¥, z v&i chu
ky L, nghia 1a:
Wx+L,y, 2)=yx, vy, z)
va diéu kién tuong tu déi véi bién y vd z. Him sdng ddp dng phueng trinh
(5.5) d6i v6i hat w do va didu kién bién tudn hoan 1A séng phing chay:

(1) = ekt Trong diéu kién céc thanh phdn vécto séng k nthédn cdc gid tri:
Wy P 8

k, =0+ 2%, & 3% (5.7)
L L
va tuong 1y nhu vay d6i véi ky va k, tac 12 bat k¥ cdc thanh phén nio cla vécto
séng k déu ¢é gid trt dang 2nn/L trong dé n 13 s& nguyén 4m hodc duong, cdc
thanh phén ciia k 12 cic s6 lugng tir cila bai todn dang xét cling véi s6 lugng tir

My, mg cho hudng cha spin. Vi cdc gid tri trén cha k terang tu nhu vdi phonon
di¢u ki¢n bién tudn hoan thod min khi:
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cxplik (x + L}| = cxpliZomix + L)/L}
= expliZnux/L).expliZnn) = exp(iZnnx/L) = explik x)
Thay ham séng v (t) vio phuong trinh (5.5) ¢

g, A :r’—'(k\%k\:’ Fk,) (5.8)
2m 2m :

Day la gid r1 riéng cia nang lugng €, cla trang thdi véi vécto séng k-

D¢ dai cla vécto séng lien hé véi bude song i theo hé thie: k = 2a/a. Ung
vl dong lugng p trong c¢o hoc lrong tf ¢6 todn 10 p = —iAV . N&u tic ddng toan

tir nay 1én ham song v, (Fy=e™ ta ¢é:

Py, (F) = —iAVy, () = ik, (T)
Tir day 1a thdy réng séng phang w, 13 ham ri¢éng cda todn tir dong hrong P,
cung vai cde gid trj riéng cla todn 1r déng lugug p 1a Ak . Van tée hat trong trang

thdi vdi vécto séng k duge xdc dinh béi hé thic:

&

v =Hhk/m (5.9)

(3 trang (hai co ban cla hé gém N
dién tir ¢ thé ghi cdc trang thai bi
chiém bing cic diém bén trong hinh
cau trong khong gian k. Nang lugng
¥ng v&i bé mat cla cdu 12 nang lugng
Fermi, cidc vécto séng cé do dai bing
ki ti ddu lén bé mit cdu, cdn chinh
mit nay duge goi la mat Fermi (trudng
hop nay goi la mit ¢du Fermi).

Mc_ff fermi
o reing s

e L . £,
bsi véi nang luong Fermi g, ta =
cd:
Hinh 5.5 Hé& N dién t tu do & trang thai
noo, ¢d ban, cac trang thai rigng biét cla dién
€ = %kp (5.10) tir bi chiém (cac diém trong khong gian k).

Tir di€u kig¢n (5.7) cla tap hop cdc gia tri k,, ky, k, ta thdy ring ung vdi he 3
gid 1ri c@a ¢dc thanh phin vécto séng k ta ¢6 1 thé tich (2n/L)°.
Bdn Kinh (trong hinh 5.5) k. dugc xdc dinh tir:

g[_ '_—ﬁ?sz I2m
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£, 14 nang luong clia dien 1 voi véclo song ¢6 do dai k; (midi nhon & mit Fermi).
Do d6 56 cic trang thdi cho phép bang:
,4m k,'/3 v

3

=— k.
(2rn/Ly  3n° ©

=N (5.1

$6 2 chi rang ¢6 2 gid tri spin my d6i véi méi gid tri cho phép k. Téng 56
trang thdi cho bing s6 dién tir, ta ¢6:

3 2N 1/3
kF:[““ ] (5.12)

\Y

Ta thdy rang bén kinh cfu Fermi k, chi phu thudc vao néng do hat N/V ma
khong phu thuoc vio khéi lugng m, thay k, vao biéu thic (5.10) tinh €c ta co:

LA (amN) 5.1%
Foml v

D6 1a bicu thire bidu dién su phu thuéc clia nang lwgng Fermi vao néng do
dign 1t N/V v khdi luong ciia né. D&i vai van tc dién tit trén mit Fermi ta c6:

Wk, A [31121\']'”

(5.14)

v = =
m mi{ V

Céc gid tri ke, v¢, € duge tinh d6i vdi hang loat cdc kim loai.
Nhi¢t 4o Fermi: T; =g, /k, 12 nhiét d6 biu kién, nd khéng hé ¢6 § nghia ia
nhiét dé cda khi dién tk (khi dién 10 khéng c6 nhiét do).

Vi dy: Cu & nhiét d6 phong ¢6: N/V = 845 em™; k, = 1,36.10° em';
ve= 1370107 cm.s s .= 7 eV T, = 8,12.10° K.

3.3. Mat db trang thai

Mat d6 trang thdi D(g) 1 s3 trang théi c6 trong mét khoang don vi nang
luong &. D€ tinh duge D(e) ta di tif cong thic tinh nang luong Fermi (5.13):

oo faeNYT v (ame )
T o2mi vV Y 3t K

Mat d¢ trang thdi tai mic nang lwgng Fermi 1a:

A
v
D(eF):£Ii=——[2—m} g (5.15)
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Ta cé thé thu duge k€t qua don gian hon:

3
InN= 5 Ine, +const

£ L

hay:

aN 3 dey

N 2 s,
Vay: Diep)=

dN 3N

de,

2e,

(5.16)

Nhu vay véi mic dé chinb xdc hé s6 la 1 (thay cho 3/2), mat dé trang thai
hay s6 trang thdi trén mo6t khoang don vi niang lugng gan mifc Fermi bang ty s6

cla s6 dién tir din v&i nang legng Fermi.

Két qua (5.15) ¢é thé dp dung cho khi dién tir tv do khi tinh mat d¢ trang thdi
2dn mat ding nang & bal ky. Nang lugng ¢ ty l& véi k7, méi trang thdi lugng tir tai

mire £ duge xdc dinh b&i vécto song k va s6 lugng tir spin m,. K&t qua nay ciing ap
dung cho c4c hat dan trong ban din nhu trong chuong 8 §3.

§4. NHIET DUNG CUA KHi BIEN TU

Theo thuyét cé dién khong 9%
thé giai thich duge phan nhiét
dung chOza khi dién tr vi méi hat
ty do ¢é nhiet dung 3ky/2, kg -
hing s6 Bolizmann: néu cé N
nguvén tir, mbdl nguyén t& déng
g6p 1 dién tir vao khi dién tor thi
nhiét dung dién tir la 3Nky/2, két
gud nay gdp 100 lin cha thuc
nghiém & nhiét 46 phong.

Mt 29 trang Théi

kT

ik

e

N

~

Chi sau khi ¢6 nguyén li
Pauli va khi dién tif Fermi ra dén
cho thdy khéng phdi tat cd cdc
dién t0r c6 nang luong la k,T.
Khi ta nang tr 0 K 1én nhiét do
T, chi €6 cde dién thr & cdc trang
thdi nang luong trong khodng
kg1 gin mdc Fermi méi bi kich
thich. S6 luong dién tr bi kich
thich nay thé hién trén hinh 5.6.

&

Néng Luding P

Hinh 5.6. Mat 44 trang thai D{c} |a ham nang
lvgng e 38i vai khi dién t tu do trong trudng hdp
3 chiéu, phan gach chéo trang thai chiém & 0K
(1 nang luong 0 dén g:). Vach 4t ¢ng vdi ving
nang lugng bé rong keT trong dd mat d¢ trang
thai bang f(e, T).0{¢) va mé ta dac tinh dién déy
cla cac trang thai bdi cac didn tir & moét nhiét 45
gidi han T > 0 va kgT << g. Khi nhiét d6 cia hé
ting tir 0 t6i T n&ng lugng trung binh cda dién ti
tdng do kich thich nhiét tr ving 1 sang vung 2.
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Biéu nay cho phép ddnh gid dinh tinh nhiét dung cua khi dign td. Néu N la
tong <0 dign ti, khi nhiet do tang tir 0 1&n T 46, chi phian T/T, s6 dién tir dugc
kich thich nhigt, cho nén chi ¢6 ngdn Ay phédn dién tir c6 nang lugng trong viing
kgl @ phian trén ¢l phan bé nang lugng. Mdi mot dién tir treng 8 NT/Tg di¢n t
c¢6d mot nang lugng nhi¢t dv ¢d kT va tédng nang lugng AE kich thich nhiét clia
cac dién nr la:

NT
/\E’-‘:—'—kHT
I,
Nhi¢1 dung coa dién tir: Ct_h,zc;/ErEkaRTi. Bi¢u thic nay cho thdy
o

F
C.. ~ T diing nhu thue nghi¢m va nhod hon gid tri cha ¢ dién khodng 100 1dn néu
T, ~ 5.10°K.

Ta tim biéu thie chinh xdc hon d6i v6i C,,, & nhiét dé thdp k,T << gq. Su thay
déiténg cong ndng heong AE cha dién tr khi ting tir O len T d¢g la hiéu cua 2 phén:

AE = r]f(s)a D{e)de - Ej;f: D{eXle (5.17)
& 0
((£) 14 ham phan b& Fermi-Dirac, 1ai 0 K, ey = 1; D{e} 13 ham mat dd trang thii.
S& hat trong hé: N= ]f{a}D(s)ds {(5.18)
n
Nhan 2 v& (5.18) véi g ta cd;
EFstF]f(E)D(s}da : (5.19)

1l

Lay dao ham AE va N trong {(5.17) va (5.19) theo T cé-

-? Y Q
Cm=6fE=jammﬁids (5.20)
aT . a1
&N af
vi: =g, — = |e.Die}—de {(5.21)
FoT fer ‘ot
Trix (5.20) che (5.21) 1a duge:
¢ AE 3 af
C,. = = He—g.)-—DHe)de (5.22)
“oeT !( e

3 nhiet do thap (kyT/e; < 0,01) dao ham 31/8T chi 1dn khi € gln & vi vay vdi
ham (g} ¢6 the 1dy £ = g, v dua ra ngoai dau tich phén:
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] ’ gf .
C,, = D(sF)“j(e—sF)ﬁds (5.23)

Va trong ham {{e) 1dy gén dang {0y = g, ta cé:
A _en ele-en) /kyT]
AT kT fexple—eo )/ K, TI+ 1
Ky hiéu x = (£ - g, )k, ta cd:

Co =Dk T [ x) " dx (5.24)
€f ThpT (e” + 13"

Vi bidu thace ¢f rat nho khi x = - £/k, T v ¢ nhiét do thdp gidi han dudi cla
I x 2
. N - . € T N ] » 2
tich phan thay bang - =, (a ¢d; sz ———dx=— . viy C =—-7"1Xe. )k, T.
S {et+ 1 3 3

3 3
Ta lai cé: D(gﬁ;)zd—N—i= 3N

= s kT, =8
de, 2e.  2K,T, PR

Thay vao (5.24) ta duge:

K& qua nay phi hop véi k&t qua dinh tinh teén.
Nhiét dung cua kim loai
Nhigt dung t8ng comg cia kim loai ¢6 2 phdn. O nhiet d6 T << T va T << 8, c¢6:
C=vyT+ T
v, o H cde hiang s6; yT 1a phdn nhiét dung cia dién tir (ddng gép cha dién w);
aT" 14 phan nhi¢t dung cua mang (déng gép cua Phonon).

Phan nhi¢t dung coa dién o

tuyén tinh vdi T nén chiém uvu thé o —?—.— o "
nhiét do thdp (hinh 5.7): L= fral
C
?:‘y+aT) (5.26)
ik
Xdc dinh y bang ché cat wye |-~
CiT, o = tgo.
Gid tri v, do duge bang thuc g b=
nghiém khong tring vdi gia wti 1§ Hinh 5.7. Su phu thudc G/T vao T2 cha

kim loai (5.26).
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thuy€ttrong €, =—7 Nk, — . d8i vdi cic dien 1 ¢6 khoi luogng m ta cd:
T2 T,

F

2 2
TNk 7

1 2 a
Yhee = =T DEL K, = ;
rlfI\L _%n (I') R 28

E

L 3N . P .

Trong dé lay Die )==—: N, I s6 Avogadro; z - hod tri cla nguyén 8.

2e,
* . - B . .. . o
Thong thudng nguvi ta thay m, khoi lugng di¢n nr nhiét hicu dung che khi dién
*

. . ..m ¥ b
tr din trong kim loap: —& = Labe
) Y Yl'zcc

- . - - @ g * - - -

H¢ thide nay la ding vi € ~ 1/m nén y ~ m, con ty 56 m /m khdc 1 vi cidc
nguvén nhin sau:

L. Tuong tdc clia dién i ddn d6i véi the tudn holn cia mang tinh thé bat
dong. Khoi lugng higu dung trong trucng the nhu vy goi la khéi lvong higu dung
viing (xem chuong suu),

2. Tuong téc cha cic di¢n tir ddn d6i véi cde phonon. Bién tir hudng (&0 vige
phian cwe hod hay lam bien dang mang tinh thé quanh né. Duésng nhu dién tir
chuyén déng mudn kéo theo cdc ion ma né gap rén dudng va lam tang khoi lugng
hiéu dung. Trong cdc tinh thé jon hién tugng nay duge goi 13 hi¢u tng cuc phd,
khi lrong 0 hod ta duoc Polaron.

Tuong tdc cua cdic dién tir dan v6i nhau. Dien tir din chuyén dong va tac
dong lén cde dign tlr ctia khi dién tr quanh né lam cho khéi lugng hiéu dung cia

né tang lén. Cic hi¢u ing tuong tic gilta céc dién ti thudng duge viét trong khuon
kho ly thuyét chat 16ng Fermi.

§5. DO DAN DIEN, DINH LUAT OHM
Béng luong cia dién 1 tu do lién hé vdi vécto s6ng bdi bidu thire:

mv=hk hay V=hk/m
. , . - = 1_ =
bien rudng E va uir truong B tédc dung l&n dién tir mot luec F=-e(E+=vxB)
c
vit vi vdy theo dinh luat I1 Niuton phuong trinh chuyén déng clia dién (r cé dang:
- v - 1. =
F=m—=h—=—¢(E+-vxB)
dt c

Khi khong ¢6 va dap thi dién trudng ngoai xé dich d6éng déu tat ci cic diém
cva cdu Fermi trong khong pian k, 14y tich phin bidu thire trén (khi B = 0) ta cé:
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K(t) — K(0) = —iﬂ

?

Néu truimg E duoc dong trong thoi didm t = O thi cdc dién (& cla khi dien €@
& thii diém d6 dién diy cdu Fermi, sao cho t&m cla cdu ndm & géc toa do trong
Khong gian k ciing giong nhu trude khi dong di¢n trugng; sau thii diém di déng
E, cdc dién (& dién ddy cdu nhung tAm ciia cdu Fermi dich khdi gde toa dd mot
doan & K:

5k = —E— (5.27)

Né&u thdi gian trung binh gifra 2 va dap 1a 1 thi sv dich chuyén tinh cla céu

: - . C =5t e,
Fermi trong trudng hop ndy 12 8 k duge xdc dinh: 8k = —eE-F—T—. Pai v 86 gia cua
van téc BV ta cd:

m

&% =—~cEt/m

v

- . v _ F —eE
F=ma=m£\i hay dv=—28t= eESl
dt m m

Néu trong moét don vi thé tich ¢6 n dién tir. Mai mot dién i ¢6 dién tich
q = - e, thi trong di¢n trudng déu E theo bidu thdc trén, mat do dong gdy ra do
dién trudng E la:
J=ng89¥=ne’tE/m {5.28)

trong dé ndv la s6 hat qua don vi thiét dién trong don vi thdi gian. Céng thitc nay
¢6 dang cla dinh ludt Ohm. D¢ dén dién o theo dinh nghia 14 hé s6 ti 1& gitra mat
do dong | va dién trudng E: j=c E do dé:

ne’t

o= (5.29

m

Dién trd sudt p theo dinh nghla 13 dai lugng ty 1€ nghich coa do din dién:

(5.3

C6 thé hiéu cong thic trén nhu sau:

e Bién tich dich chuyén 1y 1& véi mat do dién tich ne.
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* 54 nhan ¢/m xudt hién 1d do giw to¢ cha dién tich ne trong dién trudng da
cho ty 1& thuln v61 gid trj caa dién tich vivty 1@ nghich vdi khai luong,
-

Thong «8 1 get l& thdi gian héi phyc, dac trung che khodng thoi gian ma
dién trudmyg tac dung lén hat @i diéo tich 1y do, sau méi va dap dién
quén di trang thai trude do.

Tinh (th¢ Cu tinh khict § 4K ¢6 do ddn 107 1dn so véi 6 ¢ nhi¢l dé phong, thai
gian héi phue 1= 210 " see.

Bay gid (a dva ra khdi niem do dai trung binh bude chay tu do 1 ¢ta dién 1 ddn:
f= vt (5.3

ve [& van t6c¢ dién th trén bé mat cdu Fermi. Hinh 5.8 cho thdy 14l cd cic va
dap chi xay ra dé1 v&i phin cde dién (v trong khong gian k nim gdn mat Fermi.

Gid st v = 1.57.10% cm/sec thi I(300K) = 3,10 ¢cm, 1(4K) = 0,3 cm. O nhiét
do Heli 16ng gia tri | cta nhiéu kim loai tinh khiét dat t6i 10 em.

to 1%

s ue s s Bt

N

Hinh 5.8 Cdu Fermi 2 chiéu:

a. Cac diém trong khong gian k |a cac trang thai cho phép bi dién t chiém. Téng toan bo
déng lugng bang 0 vi cac trang thai vdi vécto séng k va - k ngang bang nhau; b. Trong
khi déng dién trudng, fue F téc dung trong thoi gian &, cac dién ti trudc khi ca luc & trang
thai cé vécta sbng k , nay tang lén thém 3k = F (3t #) didu nay tugng Ung vai viéc xé
dich cdu di doan &k . Tdng déng lugng bay gid 12 Nrdk . NEu s8 dién tir cé trong hé 13 N thi

nok)'
vide déng dién trudng bén ngodi {luc F) lam ndng lugng tang thém 1&n N(r J=.
2m

Két gua thuc nghiém vé dién tro cua kim loai: Trong da s6 kim loai ¢6 dién
trd & 300K 14 do va dép cia dién to ddn v&i phonon mang, con & nhiét do Heli

léng (4K} do va dap vdi cdc nguyén 10 tap chdl vi cde sai hong eiia mang nhu nit
khuy¢t, 1éch mang...

Bi¢n 1rd sudt p cia kim loai chida tap chdl ¢ thé viét dudi dang:
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P=p+ P

ser
p. & dién 1rd sudt do dao dong
mang. g, la dién 11d sudt do tan xa Qﬁ
cua dién tur trén tap chit, ncu tap it @507
thi p, khéng phy thuée vio nhiét do, %
khing dinh nay goi 1d nguyén ly “‘,'g ‘ol
Matthicssen (hinh 5.9). §‘1,
Khi ngoai suy 46 thi tdi T = 0K !
- L ... . RBso}
ta duge dién trd sudt du, gid tri nay 5
im.
twong duong v p, vi p. = 0 khi §
T— 0K 201
p.~ T ¢ nhi¢t ¢ cao =
pL~ T  anhi¢t do thap T << 9. 0 = - - =
.4
s . » Hinh 5.9. Su phu thudc dién trd tuong gai
§6. DO DAN NHIET CUA KIM LOAI chia Kali vao nhigt dé dudi 20K:
. ) N Dién trd suat du (tdn xa trén tap chat) khac
Trong chuong trude ching ta d&  nhau d6i véi mdi mau. Bién trd sust do dao

thi€t lap duge h¢ s6 din nhi¢t dong nhiét nhu nhau déi vai tdt c& cac mau.

K=—-Cvl, trong dé v 1a van tdc hat, C 12 nhiét dung riéng cia don vi thé tich khi,

I la dé diai trung binh bude chay ty do.
Cé thé nhan duge 4o din nhigt cua khi dién tir wr do Fermi tix ¢onrg thic:

a1 T a i
C Z%:n:“]'\fkH Ky :in‘Nk i

B

e 2 Te
kT =g,

. . ] . . . . P
Neu ta ldy g, :Emvi, ta cd hé 56 ddn nhiét (dién () 1a:

2 2 2
kT
toviek, =% v =1 T
3 2

e (5.32)
! 3 mv. Im

trong d6 1 = v.1, con 1 14 thdi gian trung binh giGa cdc va dap, n - néng dé dién
T,

(a1 gi 14 hat 14l chu yéu trong kim loai, dién tir hay phonon? R& rang kim
loai dan nhigt (61 hon dién méi 10 + 10? 1an do 46 phén hat ddn chit yéu trong Kim
loai tinh Khi¢t s& 12 dién tir. Trong kim loai pha tap thi 2 phdn ndy ¢6 thé cing c&
vidi nhau,
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§7. DINH LUAT WIEDEMANN - FRANZ

(3 nhigt do rar thap ty 50 gifra i¢ s6 din nhi¢t va dan dien riéng cia kim loai
ty 1€ thuan véi nhiét d6. Heé s6 1y I¢ ctia bicu thic nay 1a hang s8 chung, khéng
phu thuge vio tinh chat hod hoc riéng c¢ha kim loai. Diéu nay minh ching cho wu

the cia thuyét khi dign ti. Tir (5.29) v (5.32) tu cé-

s) ne’t/m 3 .\ e

K 7'k, Tnt/3m _ [k ]ET (5.33)

. s 1s . K
He s6 1y 1€ goi 2 hing 56 Lozenz L= —;
oT

? k z
L :%[—"] =2,72.10"" don vi linh dién/ do?
3le

=2.,45.10" WQ/da®.

L khéng phy thude vao n, m, t.

Thyc nghiem cho: L, (0"C)=231.10 *WQ/dg’
L, (100°C) = 2,37.10" WQ/do?
L,.(0"C)=1235.10" WQ /do"
L., (100"C) = 2 40.10"WQ/do*

G nhigt do thap (T << 8) gid tri L ¢6 xu hudng gidm vi & nhiét do thap quid
trinh va dap dac trung cho din dién va nhi¢t khdc nhau do dé thai gian héi phuc

T,, va 1, khde nhau.

§8. PHAN UNG DIEN MOI CUA KHi BIEN TU

Néu khong cd va dap thi phwong trinh chuyén dong cua dién e ty do trong
1
di¢n trudmg cé dang: m

X . - N s .
- =—el, trong dé £ 1A dién trudng xoay chidu; x va g

phu thude vio thei gian theo quy luat tudn hoan ¢’ theo: x = Xe “' E=Ee ™
thay vio phuong trinh trén ta cé:
¢E

—o'mX = —¢E hay X = -
o™

Mé men ludng cuc p cha dién 1

bl

e'E

p:-ex:— )
med
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T

——, trong 46 n 14 ndng
iy

con md men phian cue cha dem vi thé tich: P = —neX = -
do dién .
Su lién he gita dién lruf:_mg v cam tng di¢n la: D=¢g e (E+P)khico phan cuc.
Hing s6 dien mon:

Do) s Piw) i ne?

B} = = = -
£, E(w) £ E(o) g, me°

g 1a hing =8 dién moi.

. k) ne . . » .
Goi @, =~— la tdn 50 Plasma, ta cé:
£,m

g(w)y=1- "’2 (5.34)

L}

@, - tdn 50 Plasma:

a [§150

£,m - /
Su phu thude

cua hang 0 dién //,

Mmool vao  tin  sé

7

Vung phan xa Virgg truyén qua

dién  (rudmg  cha
mat ke khi dién t 4
dugce trinh bay trén
hinh 5.10. Séng &)
dién ur chi lan
truyén  vao  moi

-y
=
™
o

trudng khi e(m) >
0. Kht (&) < 0 thi
song dign (o bi
phan xa hodn toan
khol bé mat cla
MG Erusng.

e

A

Truyén song
dién  tr  trong L
plasma (dao diong

quang ngang) Hinh 5.10. Su phu thude cda ham dién méi e{e)

. L. . vao tan sd.
G moi tén 50
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nho hon o, thi e(w) < 0. Dinh luat tin sic ¢6 dang:
w'e(w) = ¢k’ (5.35)

{5.34) khéng cho bat ¢ nghi¢m séng nao & gid tri am cla hang s6 dién moi

Agi v6i séng dién rir. Nghiém cé dang exp(-iklx) trong viing tin 6 0 < 0 < o,

Cic sbéng vdi tin s8
trong khodng trén 16i
méi trudng nhu viy bj
phan xa hoan toan. Khi
di¢n tr hoat dong nhy
mot mang loc tan.

Khi dién tr tré
thinh trong suét dai
vt s6ng cd tdn s6 o >
Oy, Vi trong ving nay
him dién moi duong,
Két  hgp (5.34) va
(5.35) ta c6: 0! = 0,2 +
k.

Dinh luat ¢ dang 1 <k
ndy ding v6i séng dién Hinh 5,11, Binh luat tan sic 481 v6i song dien tr 7
tr ngang trong Plasma ngang trong plasma. Van téc nhoém ug = de/dk. vé gia
(hinh 5.11) tri bang 4% ddc cla dudng cong tan sic. Mac dd ham
o ' digén moi nhan cac gia tri gilta khdng va mét, nhung
Duéi dday cho mot va@in t8¢c nhém nhd hon van t8c anh séng trong chan
80 gid 11l cha 1in s6 khong.

plasma @, va budc séng A, = 2nc/w, tng véi ndng dé dién tir n:

n (s6 dién tifem®) 1022 101 19 10"
0, (dofscc) 5710 5710 35,7100 5.7.1¢°
Ay {cm) 3,310 3.3.10% 0,33 33

Bitc xa dién 1ir $& lan truyén trong méi trudmg chi trong trugng hop néu trang
khong gian tu do bude séng clia né nhd hon i, Trong trudng hop nguoce tai s¢ xay
ra phdn xa.

Tir két qua trén suy ra:

e« Anh sdng thudng va séng radie bi kim loai phan xa.

+ Anh sdng 10 ngoai, birc xa ron-gen... di qua duge kim loat.

* Tang di¢n li clia khi quyén phan xa séng dien tir vo tuydn tdn s8 cao trd

xudng.
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Gia oy 2, cia cdae kim logi kiém, cic sdéng €6 A < A, truyén qua duwge cdc
ming kim loai nay.

Kim loai Li Nu K Rb Cs
hpltinh) A 1550 2090 2870 3220 2620

A, {thue nghiém) A 1550 2100 3150 3400 2620

§9. HIEU UNG MAN CHAN

Né¢u ta nhiin mot dién tich di€m q trong trang thai tinh vao trong kim loai thi
nong do dién L gdn dién tich g bi kich thich, két qua 13 dién truong cha dién tich
bi ron viio mot treong khi, Tredng kh ndy sinh ra do su vi pham d¢ déng nhat
cia noéng do dién tir. Trong tredng hop nay ta nodi dién tich g bi chin bai khi dién
wr. D€ mo & hién tuong nay ta dua ra motL thong s8 goi 1a “chiéu dai chdn™. O
khodang cich nho han chiéu dii nay hiéu @ng chian khéng thiy 8, con & khoing
cdch 1on hon hi¢u dng cing thiy ré cho téi lic chdn hodn 10an.

Bay git ¢o thé phan tich gin ding hieu Gng chin ftinh, tit phueng trinh

P

Poisson Vp—— =0 trong tinh dién hgc ta cd:
£

Vo=——|n(f)-n,| (S) hay V¢ =4ne[n(f)—n,}(CGS)  (5.36)

£
trong dé o(r) 1a the tinh dién, n{r) - n, che thdy sy chénh léch so véi néng do dién
tar trong phéin b dong nhat.
2

. ) i I _
Tai 0 K ta ¢6 thé dién hod p va lay n=g." =E—(3n2n(,)”-‘, chi s6 0 1 tinh
m

dién khi chua ¢6 q. O viing dién tich mu ¢6 thé tinh dién biang ¢(r) ta c6:

2
u =SF(r)—c(p(?)rz%[371211(?)]2” —ep(F) (5.37)

Pay la bifu thic gin ding clia thé dién hod vd dugc goi 13 biéu thic gin
ding Thomas-Fermi. Gin ding Thomas-Fermi cho ring th€ hod dinh x{ cé thé
duge xdc dinh nhu ham clia néng dé dién 1 tai diém d6. N6 c6 thé 4p dung cho
the tinh dién, néu nd it bién déi trong khoang cdch ¢ budc séng dién 1. Néu the
dién hod gitr nguyén gid tri khi (he€ finh dign thay déi thi ta cé:

h’ 3 =23 - _'hz 2 EYE _
— 3 n(r}" —ep(r) = —[3n"n, " =g, =4 (5.38)
2m 2m

Coi {n(r) - ny| 14 s& gia cha n va phan tich biéu thic trén thanh chudi Tayler:
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d - _
-i{n(r) =1, = e
dn,,

3

hh 3 R
& = —{3n'n,}"
o om

. I de,. 2g.
Lay duo hiam hai vé, ta oo Ly =&
dn, 3n,
- 3 g
Suy ra: n(ry-n, =—n, cQr) {(5.39)
2 Ep
Thay (5.39) vdo (5.36) ta ¢6 phuong trinh Poisson:
a 3n, e’ N , 5 67, o .
Vop= P=L70 (Sh hay Vip=—""_¢=12p (CGS) (5.40)
2e,8, £y
: 2 173 1
= ST dmetn T 3 an " dme*Die, )
&r k* T i,
JA—
4, - bdn kinh Bohr. ¢ z
Fhwong trinh rén cé
nghiém dang: ek
ofy =2 (541
_0'2.-
Thé nay dudc goi |a the
Coulomb  bi  chin  (hinh , '
L The' khing bichin
5.12). Bé dai chan bang 1/x -0.3r & Wi
ty 18 nghich véi néng do n, —hr

- = - e
Hinh 5.12. Thé bj chin o(f} = 3

r

§10. VA PAP DIEN TU -
PIEN TU khéng bi chin off) =

I

Mot diéu ding ngac nhién 1a cic dién t¢ din cdch nhau tir 1 = 3 A, nhung
ching chuyén dong trong kim loai trén quiing dai ma khéng va ddp vio nhau. Vi
du & nhiét d¢ phang do dai bude chay trung binh clia va dap dién tr - dién (& 1a
10*A, con & 1K thi 1¢én hon 10 cm. Nguyén nhan cua né [a;

1. Nguyén 1y Pauli, day l1a nguyén nhan chinh.

2. Hiéu tng man chin cua tuong 1dc Coulomb gita 2 dién tar.

Nguyén Iy Pauli han ché€ va dip ra sao?

Xétvadapdién i 1 +2 5 3 + 4. Cic 56 chi trang thdi cha dién 1 véi vecto

song k (hinh 5.13). Dién trang thdi kich thich 1 & ngoii cdu va 2 trong cdu
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Fermi, dé tién ta lay mitc Fermi biang 0 (p = 0).
Vay g€, > 0 va g, < 0. Do nguyén ly Pauli nén
sau va dip trang thai 3 va 4 & ngoai cau Fermi
(vi trong ciu déu bi chi¢ém) do dé &, va g, déu
I6n hon 0. Va dap chi cé thé xay ra khi lg,l <
€,, vi phdi tuan theo dinh luit bao toan nang
luong €, + &, = €, + €,> 0 cho nén dién tir 2 chi -‘E-
nam trong 16p vo ¢6 bé day g, (hinh 5.14a).

4
Vo

]

Hinh 5.13. So dé va dap cia 2

Ngay déi voi nhitng dién tir nam trong 16p d‘w*n tfrtrujccl ST R v‘ectd’
vé d6 cling chi ¢6 mot phin nhé dip ing duge sc‘mg k1_ ¥3 Ka1 80,14 440,90
dinh ludt bdo toan nang lugng va bao toan dong ubsidanng kg VA K MEIIAR

. o oo Iy Pauli chi cho phép khi cac
lugng déng thoi dip dng nguyén Iy Pauli (hinh -

b o - trang thai v&i véctd song k ; va
5.14a). Nhu vay yéu 16 nay da lam giam luong

o k , trudc luc va dap con tréng.
va dap cho phép di s6 lan la g /e..

&R Férm!

Qﬁ( Qc'di
han trang
ﬂm;' saw
va cgp

Hinh 5.14a. Cau Fermi va 18p vd chi cac Hinh 5.14b. Chi cac trang thai gidi han
mic nang lugng cho phép cac trang thai clia trong cdu nhd dugng kinh néi 1 va 2 va
dién tu. ngoai cau Fermi méi cho phép sau va dap.

Hinh 5.14b cho thdy trén mat cdu nho tdt ca cdc cap trang thdi 3, 4 trén hai
ddu ctia dudng kinh dép ing dinh luat bao toan, nhung chi ¢ céc va ddp ma 3, 4 &
ngodi ciu Fermi m&i c6 thé xay ra. K& qua 1a h¢ s6 lam gidm va ddp bang
(£,/6.)>. Néu g, tng véi 1K, g Gng véi 5.10°K thi (g,/e,)> = 4.10"". Gid tri nay dac
trung cho do giam va dip do nguyén ly Pauli.

Lap luan tuong tu khi & nhiét do thdp kT << €. N€u €, ¢ nang lugng nhiét,
nghia la ¢d k,T thi viéc giam tdn s8 va dap dién tir - dién tir so v6i 1y thuyét c6
dién giam di (k,T/ €¢)? va thi€t dién va dap hiéu dung la:

2
Outer ® [E] gy (5.42)

E
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Oy la thi€t dién man chan tuong tdc Coulomb. Su tuong tac cta | dién tir voi
bét ¢ dién tir nao khéc trong hée déu c6 dé dai man chan 1/A.

Viéc tinh todn cho thdy thiét dién va dap hiéu dung (c6 tinh dén man chan)
¢d 10""cm? hay 10A? d6i véi kim loai. Thié€t dién va dap hieu dung cé dé y dén
hi¢u &ng man chan nho hon nhiéu so véi cong thire clia Rutherford (Rodefo), khi
tinh dé€n nguyén Iy Pauli lai giam di (kg T/er)* ma k,T/e; ~ 102 & nhict do phong.

Thiét dién chan o ~ 106, ~ 10"%cm? vi G, ~ 10 em?.

Do dai trung binh cla budc chay ty do cia va dap dién tir - dién tr 0 nhiét do

phong trong kim loai ¢& 10“cm, thue vay 1, , =~ —1—- ~107*em .
nc
Gid tri nay cta l,,_, it ra I6n hon gid tri do dai trung binh cta buée chay tu do
d6i v6i tuong téc dién tir - phonon & nhi¢t d6 phong 1a 10 ldn. Diéu dé cho thay
dién tir va dap chi yé&u vé6i phonon.

Céc cong thitc cho thdy & nhiét do Heli Iong dién tro ty 1é véi T2, diéu nay

2
phu hop véi biéu thire tinh thiét dién va dap hi¢u dung: cz[-kB—J G, . Do dai
E-'F'

trung binh budc chay ty do trong Indi & 2K 13 30 cm.

Tir day thdy rang nguyén 1y Pauli gidi thich dugc van dé trung tam la tai sao
dién tir lai chuyén dong trong kim loai nhitng quang dai ma khong va dap viao nhau.

§11. TAN XA NHAY NGUQC (VA DAP DIEN TU - PHONON)

Tan xa nhay nguoc dién tir do phonon dugc coi 14 nguyén nhan chinh cia
dién tro trong kim loai & nhiét do thap. C6 qua trinh tan xa dién tir - phonon & dé
vécto mang diao G dugec dua vao
phuong trinh vécto séng. Dong lugng
di¢n tir thay déi trong qua trinh nay c6
thé 16n hon trong qud trinh tdn xa dién
ti - phonon théng thuong & nhiét do
thap. Trong qué trinh nhiy nguoc vécto
séng cua mot hat c¢6 thé bj “gdy nhe

[én” nho viéc cong thém vécto G .

.|

Xét mat cat cdu Fermi vuong géc
véi [100] qua 2 ving Brillouin trong Hinh 5.15. Hai mat Fermi trong 2 ving
Kali (hinh 5.15). canh nhau, cau tric cho thay vai tro cla

qua trinh nhay ngugc phonon trong dién trd:

Phéin nira duéi cia céu cho thdy va

Koo ’ - k - truc va dap; k' - sau va dap:
dap cta dién tir - phonon binh thuong

q - vécto séng phonon.
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K'-F 4. trone khi phdn nia trén cho thay K= T4 3+G dan ddn va dap phonon
két thde i dicon A bén ngoin vang Brillouin thir nhat. Di¢m niy chinh xdc twong
duong vai dicm A’ bén trong viing Brillouin diu tién, trong d6 AA™ 1 vécta mung,
nghich G Sy dn xa nay [ qua irinh nhay nguge, weong e nhye déi véi qua trinb
U ¢ia phonon.

Su va dap nhu vay ¢6 (heé coi 12 do cidc tan xa tir manh, vi géc dn xa ¢6 (hi
dat 131 T va MmOt va dap don gidn ¢6 theé héi phue dién Ur v& qu¥ dao 26 cla 1o,

Khi mat Fermi khang cat bicn ving Brillouin, ¢4 mal s¢ viécto séng q, cue
tiéu cua phonon dai vdi qud trinh tdn xy nhay nguge. tai nhidt do A thip ¢
phonon ¢d kha nang tan xa nhay nguge tuan theo ham exp(- 8,/T}, trong do 8, La
nhi¢t d¢ diac trung ¢ thé tinh duge 1r hinh dang mat Fermi bén trong ving
Brillovin. Trong trudng hop mat Ferim vdi 1 quy dao dién td bén trong ving
Brillouin mang LPTK, ngudi ta tinh duge g, = 0,267K,.. Két qud thue nghiém vdi
Kali cho 8, = 23K so vai nhi¢t d¢ Debye 8 = 91K, O nhi¢t do rat thap (dudi 2K
doi vl Kali) sé hang cia qui trinh nhay nguge o6 thé bd qua duge va dién trd
mang chi do bin tin xa goc nhé. dé 14 tdn xa binh thudna,

Block dii thu duge ket qua gial tich doi vdi tin xa binh thudmg véi p, ~ TH0"
tai nhiét do thdp. D6 i k&t qui gidi han <o dién. Nhimg qua trinh binh thudng
nay thiy rd doi vai bt o kim loar ndo, vi cdac hi¢u wng dp dao coa 140 xa tap
chatl, tan xa dién tr - dién 0r vii 1dn xa nhay nguge:

p=m+p

q, L& gid (ri cyc tidu clia véctg song phonon.
§12. CHUYEN DONG cUA DIEN TU TRONG TU TRUGNG

Khi tinh duge d6 xé dich cau Fermi 5k = —eE3t /1, ta coi la cdc hat bi téic
dung mat lue F, ket qua la tit ca cde diém cia cdu Fermi bi dich di trong khong

gian k doan § k. Phuong trinh chuyén déng ¢6 dang:

" d 1Y . .
H —+— |5k =F (5.43)
\dl T/.'

S3 hang A(d/d0dk bidu dién gia t6c cha hat ty do. hdk /1 dé y dén hiéu ing
va ddp (tang o nhu ma sdt). v 14 thei gian gida 2 va dap.

Bay gitr xét chuyén dong trong tir trudmg déu B, mdi dién 10 bi lue Lorentz
tiac dung:

I P
=—¢| E+- vxB| trong hé¢ CGS

|\ 'S S

el
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F= —C{-[:: -F'Fx‘ﬁ) trang hé 81

_ - . d - . o
Vi mév =78k nén phudng trinh ¢é dang: m(é-— +i]bv = —e(E + l5\: x B
8 t T, :

trong hé CGS.
Dai lugng vén (6c 5v & bén phai (v€ lyc) ciia phuong trinh [a 214 (ri trung
binb v lay trén mat Fermi.
12.1. Tdn s8 Cyclotron
Ta x¢t phuong trinh chuyén dong d6i véi trudng hop tir trrdng B doc theo
truc z. dé don gidn ta coi 1= o v E = 0.
Phuong trinh duge vict dudi dang thanh phan:
d eB d B
m-—8v, =-—3d,; m—8&v =8 (he CGS)
dt ¢ dac 7 ¢

Nghiém ciia chiing 6 dang:

i B o ,
—L—5v‘ = —--5"—5\-\ Va1 OV, =v,coswl; v, =v, sinm.t
dt me ) i ’
_ B B
véi: 0. =—— (he CGSY: o, = (hé SI) (5.44)
mc m

Tan 36 @, gol 1 tén s6 cyclotron d&i vai dién wr do.

Gid tri bién d6 van (¢ v, khong phai 14 van tée Fermi. Do chi la gid tri ban
dau cha vén (8¢ tréi dat Fermi nio d6. BSi véi dién tir ty do & trugng 1 Tesla cé:
we = 1,76.10" rad/sce. Néu thai gian hdi phuc déi véi Cu tinh khigt bang 2,10
0 300 K v 2,107 s & 4K thi wet = 3,5.107 v 3.5.107, ching 16 réng khong thé
hmh thanh duge quy duo Cyclotron & nhigt do phong. con & nhitt do Heli trudc
khi va dap di¢n ta thyce hién nhi¢u vong theo quy dao.

=3510°

RIES] 4

T
diéu kién ot > (2m) hay (1 > 1 thi dién n chuyén dong
et =35.10°
theo vong xoan. Nhin day c¢é nhan xét i bai todn ciing giai duge d8i véi 1 hitu
han. Bigu ki¢n t16n 1ai coa dudng cong hudng 1o rang khi fot > 1.

12.2. Tir dién trd tinh

Truésng hop quan trong nhat 13 6 iruimg 1 chiéu B hudng doc theo true z. hic
d6 phuong trinh chuyén dong 163 vdi cic dign tir ¢é dang:
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110, B, ]
m| == Dv, :—L| E +- dv
L o' L cC
’ 1 f B
m| b (v, = —e F_——S\«‘] (5.45)
vt T ) L ’ J
P,
ml o~ 4 |0y, = —eR
a1
Trong h¢ CGS (con trong he ST thay ¢ bing 1.
Trong didu kién tinh dao ham theo thai gian bang O. Ta cé:
2T ..
ov, =-£ E, —@.1dv,
m :
“ =T -
dv = —t'—EY + WOV, (5.46)
: m
G Ot !
o
Giai phuong trinh theo 8v, vi 8v, ta dugc:
< T/ m
dv, = —Lj(E\ —a.TE }
l+{we.ty o
{(5.47)
. T
Ov :—Lm,(E} +w.TE )
' 1+ (1)

Mat da dong déi v6i dién t tink theo bidu thic j:n(—e)&ﬁ. Bl van cde -

thanh phdn vécta mat dé dong dién toong tng la:

ja = U\‘GE‘C +0—J<\Ev = “-_GJL—#T(Ex _mCtE’y)

' R I (VP S
j,=0, B 46 E, =—— _(E_+0.1E,) (5.48)
’ ’ R I O P%S  M

jf :GIIEI = GHE:‘

trong 46 o, = nc’t/m. Thinh phdn mit do dong theo truc z 16 ring 1a khong ddng
k¢ néu tir irudmg doc theo truc 7, nhung dé ddy du ta ciing viét né & day. Mat dé
dong ¢d (hé viét dudi dang ma lrin:

J. 1 o, O E,
i |- 1 T, S| 0T ] 0 E, {5.49)
i) O 0 00 1rwen \E,
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trong do6 o = ¢BAn (he S

Tir h¢ phuong trinh trén ta thiy. cde phén dudng chéo cia tenxo din 1a o,
viv oy, dac trung cho hi¢u wng rir dién oo, khi giam gid tr tr truding B (hay o) tir
dign trer gidm don diéu. Cdc phin ti khéng phai [a duémg chéa c,, va o, khi tang
Lr truong B daw tien ching tang sau d6 lai gidm. Vay nén khi do tir dién 119 biing
thye nghi¢m phai d¢ ¥ d¢n hinh hoe phép do.

12.3. Hiéu ng Hall

X¢étmau ¢6 dang tdm (hinh 5.16), cé dién trudmg E, tde dung doc theo miu
va i truimg B tic dung vuong géc, vi dong khong thé chay khoi miu theo phuong
y nén suy ra j = 0. Theo hé phuong irinh (5.48) 1a ¢é thé vist:

:Br . B .
SSE, (06 CGS) va B, =-PLE (he sDy
c : m

E =-0.1E =-

’ m

Gia tri dién trudng ngang E, 6 thé duge xdc dinh bang cich do hi¢u thé tren
2 mat bén cda tam (vudng gée véi (rue x). Hicu dién thé E, duoe goi 1i the Hall.

Cou dal luong R, :_‘f} got la hé ~6 (hay hiang sd) Hall. D& dinh gid dai lugng

Jy

. o, . < . G, - . .
Ry trong mé& Nhinh don gian (hinh 5.16) ta thay j, = LB, ~o.tE ), ma

I+ (w.1)
J .
IR .
l
1 - - ____] i a—

3
. ;o — &
Mot vubng goe vais =
brucz vén 16 &5 - - -~ _
.:rc N . / ,,--' /- _'__"'Jx.
b3t d5y Vs - ~
&)
—_— E.\’_

Me¥ viong goe vor +
true 2. Y f65¢ trs ’ -—

LA T S

* ¥
= O
F-

trong 2ha; Ain g |

- —g- -

Hinh 5.16. So d5 hiéu (ng Hall:

a. CO6 dong j, va ti trydng B vudng géc mat mau; b. Chidu chuyén
déng cla dién tir; ¢. Thé Hall E, xudt hign theo phugng y.
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E E

RH:’EI_M'U._W L
J\ i , ({".\ _U)[-TE\ ]B
I~(wet) ’
E.‘
- o, “mek,
- o T+o.E TR
I+ (w1 | eBr :

G a
- o)

1 +{w. 1) 0,.T
eB
n,.T T 1
R,=-——=-"C _—___ (CGS)
g, B ne-T nee
m

vii ©e = ¢B/me; o, = nelt/m,
Vay: R, = - I/nec (he CGS)
R, = -l/oe¢ (h¢ SI) (5.500

Nghia I&d R, dm néu coi ¢ 1i dién tich duang, ndng do hat din cing nho (hi

hing s6 Hall cing cao. Vi viy do Ry, ¢6 thé xie dinh duge ndng do hat din.

Két qua nay ¢d duge la do gid thiée thot gian hoi phuc t© nhu nhau doi véi

c& cde dién tir khong phu thude vio vin téc. Néu 1 phu thuode vio van tée thi hidu
thire tinh Ry, cé thém mot hé s8 gin 1 trong truang hop €6 2 loai hat din 16 vi hat
Nén ¢6 thé xdy ra trudng hop thu duoe cde R, duong & mat s6 kim logi chuyén

tidp. chinh gia tri duong cta Ry, ta bang ching cua su (6n tai

a

167, Co mot 58 pid

tri clia hing x§ Hall nhu sau:

Vit din R, (10* dv CGS) Vat dén R, 107 dv CGS)
Li 1.89 Ag -0
Cu -0,6 In 1,714
Au -0,8 As 50
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Chuong VI

LY THUYET VUNG NANG LUONG

§1. M3 PAU

Mo hinh dién t ty do da néi & chuong truée giai thich dugc nhiéu tinh chat
cua chdt ran, dac biét 12 cta kim loai. Nhung n6 khong gidi thich duge cédc tinh
chét khdc nhu: tai sao mot s6 tinh thé cia cic chat lai 1a kim loai, ban din hay
dién moi; tinh chdt cua ban din lai phu thuoc nhiéu vao nhiét do. O nhiét do thap
mot s6 kim loai ¢6 py,, 1, ~ 107" Qem con ciia mét s6 chit dién moi pyiyy mai ~
10** Qem (161 10" Qem), the nhung céc tinh chat vat 1y khac lai khong khae nhau
nhiéu dén thé. '

Bat cit vat ran nao ciing chita dién tir, van dé chinh lién quan dén tinh chat
dién cua vat ran la dién tlr c6 hanh vi thé¢ nio khi ¢é truong ngoai tic dong? Ly
thuyét vung nang lugng cho rang dién tir trong tinh thé phan b6 theo céic ving
nang luogng (hinh 6.1).

W

Dién moi Kim loai Ban kim Ban dan Ban dan
Hinh 6.1. C4u tric viing nang Iugng trong chat rén:
Trong khung la céac trang thai cho phép, viing cé gach 1a cac trang thai da dién day, khong
gach la con tréng. Giita hai viing cho phép la viing c&m.
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Xen giita cdc viung cho phép la nhiing ving cdm, tic 1a ving trang théi khong
cho phép. Pay la két qua cia tuong tdc gitta dién tir va cdc géc ion.

Cic tinh thé dién moi c¢6 cdc viung nang lugng hoac 1a dién ddy toan bo boi
cdc dién tr hoac trong hoan toan va nhu vay dién tlr khong thé di chuyén khi ¢6
trudng ngoai tic dong.

Tinh thé la kim loai n€u mot hoac 2 ving duge dién didy mot phan (tir 10 +
90%).

Tinh thé la ban kim hay bédn dén (Bi - bdn kim, Si - bdn din) néu mot hay 2
viing ctia né dién ddy mot phdn rdt nhd hay nguoc lai dién diy gidn hét (< 10%
hay > 90%). Tuy nhién c¢dn luu ¥ ring su dién ddy nhu vay clia ban ddn phu thuoc
vao mot s6 diéu kién, dac biét 1a nhiét do va pha tap.

Dé giai thich su khdc nhau gita chat dién méi va chat din dién cin phai chd
y rang tinh thé c6 cdu tric tudn hoadn va diéu nay lam xudt hién trong vat rin cac
khe nang lugng. Duéi tic dong cia trudng ngoai dién tor ¢c6 mot khéi lugng hiéu
dung m” nao d6, khoi lugng nay 16n hodc bé hon khdi luong cta dién tir ty do, doi
khi con 1a dai luong am.

Theo mé hinh khi dién tir trr do cde gid tri cho phép cla nang lugng phan bé
lién tuc tir 0 dén v6 cung (hinh 6.2), nang lugng duge tinh theo cong thic:

hz 2 2 2
£, =%(kx +ky +kz)

V6i diéu kién bién tudn hoan tinh thé khéi lap phuong canh L, ta ¢6 cdc gid
tri thanh phan cta ham séng cho phép:

=0; +—;

Ham s6ng cha dién tir din c6 dang séng phéng: v, (F)=¢'*". D6 la séng chay

c6 dong luong p =K. Vung cho phep
c thi hai
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Hinh 6.2. Su phu thudc Hinh 6.3. Su phu thudc cla nang lugng vao vécto
nang lugng vao vécto ham ham soéng déi vdi dién tir trong trudng tuan hoan
séng k déi vai dién tir tu do. mot chiéu. E, - bé rong viing cam, - n/a dén n/a la

ving Brillouin thr nhat, tai k = + n/a c6 phan xa
Bragg. Cac khe nang lugng khac hinh thanh khi
k =+ nn/a (n - sé nguyén, n > 1).



Trong ma hinh truéng tuin hoan ¢é nhitng vang nhii dinb cla nang hrong o
do khoéng ton 14 nghicm cia phvong trinh Schrdinger duéi dang ham séng. Chinh
nhing ving nang iuvong nay sé dong vai trd quyét dinh (inh 1hé 1a dién moi, kim
ioai hay bdn ddn (hinh 6.3).

§2. MO HINH DIEN TU GAN NHU Tif DO

Mé Jtinh dign tr gdn nhu w do diing de mo 14 edu tric vinyg niang lhugng cia
linh thé, Trong mo hink ndy trudng thé tdn hoan y&u cta cic jon téie déng lén
cde dién wr. Trén co s clu mé hinh nay <6 thé giai thich nhitng nét chinh cia cdu
tric ving ciing nhu cdc chi et tinh t& cia mal Fermi. Vé mat dinh tinh 6 the
gial quyét dudge 14t ca moi vau dé lién quan dén hoat dong cla dién tir trong kim
loai. Nhung ciing ¢6 truong hop 1y gidi viing khaong fng dung duvce,

Nguyén nhan vat Iy ciia su tén tai cdc vang cdm: Xét miu tinh thé 1a chudi
¢idc hat cach nhau khodng cach a. C6 the coi cic dien (o haw nhu 1y do nghia 1 ta
¢6 the Ay két qua ham song 13 song phang chay. Téc dong y€u cua trudng the
tudn hoan thé hicn qua nhiéu xa Bragg,

Khe nang luong (hay viing cdm) tén tai & k = + n/a. Dicu ki¢n Bragg doi vai
di¢n tr ¢ dung (E+G)-‘- =k’ va mé td nhiéu Xa séng dién (o dai va vécte sOng

K. Trong trudme hop mot chidu didu ki¢n Bragg cho tap hop cdc 214 tri:

G =+ 2nn/a dé dii vécta mang dao, 0 - 56 nguyén. Phin xa ddu tién va khe
ning luong diu tién 6 tai k = + w/a (khin = I) ti€p theo cic khe khdc s& tai n
bing 2, 3.4 ... Phan xa v k = 1 mfa xdy ra khi séng dién r cila mot nguyén
cua chudl tuyén tinh giao thoa vii song cia cde nguyén ti bén canh. Hi¢u pha cia
2 séng bing + 27 d6i vai 2 gid tri k ndy. Khoang cic gid 1ri k gilta - w/a vi w/a
801 la ving Brillouin thi nhit (d6i véi mang mét loai nguyén 10 mot chidu).

Khi k = £ a/a, ham séng cha dien 1 khéng con la séng chay dang e "™ yv3

i T
L

nhu 4 d6i vdi dien i tu do. Sau day s¢ thdy lia nghiém & nhiing giad tri k nay
ta tap hep cde <4 séng hing nhau lan truyén vé bén phai v& bén trdi, nghia 13 séng
ding.

Biy git 1a danh gid bid tedn mét cdch dinh tinh. Khi didu kién Bragg thoa
man thi ¢6 séng chay vé mot hudng va s6ng phin xa Bragg ctia séng do chay theo
budng nguoe lai, vay hinh anh dé 13 cla s6ng ding 1ai bién ving Brillouin Tir

- i F = S TA - ot . -
somg chay '™ vd e "™ 1y ¢6 (he tao ra 2 sénu ding:
2 1 d 8 g
T X
Wity =e'™" e TR 22 g —
i
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imxfa inxfa X

y(-)=e g = 2isin

(6.1)

d

Cic song ding bén trdi cdu tao tir séng chay bén phai, ddu (+) hoac dédu (-)
biéu thi ham chén (khong ddi ddu) hodc 1é (déi d4u) khi ddi x bing (-x).
Thé' tusn hoan

b)
Hinh 6.4. Phan b6 mat d6 sac xuét p ~ |y|? d6i v6i ham séng
W Va y,, trong tinh thé mét chiéu:
a - Thé tudn hoan; b - Mat do séc xuat p.

W, l* ~ cos’(nx/a) va ly 1> ~ sin’(nx/a). Bung séng Iy ,)* ng véi géc ion -
dién tich cha cdc dién tir 12 gidm thé nang. Bung séng ly 1> img véi giita céc ion -
dién tich cdc dién tir 1am tang th€ nang. Pay chinh 12 nguyén nhan din dén khe
nang luong.

Nguén géc ciia khe ndang lugng: Hai séng ding Gng v6i mat do dién tir tinh
theo vi tri ctia cdc gdc ion trong khong gian, do d6 suy ra ching c6 nhitng gid tri
thé ning khdc nhau. D6 chinh 12 nguyén nhan sinh ra khe nang lugng.

Trong co hoc lugng tir, | wi(x) |2 cho mét d6 xdc sudt p(x) cua viéc hat tén tai
& di€m x. DSi v6i séng chay ham y ~ ™ va p = ¢**¢™™ = 1, nghia 1a mat do dién
tich la dai luong khong déi.

Nhung d6i v6i té hgp tuyén tinh (6.1) cla séng phing mat do dién tich theo
khong gian khong phai la hang s6. Xét séng ding y(+): p(+):|'u,1(+)|2 ~cos? 22X

a

mo ta tap trung dién tich am quanh cdc ion do d6 & céc ving x = 0, a, 2a... the
nang nhé nhat (hinh 6.4). Nguyén tir mat mot dién tir thanh ion duong va thé nang
gitta dién tr va ion la thé am.
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X

- r L9 . . . . 1 P . .,
Tuong tu: p(—)= |qr(—)| ~sin” cho thay dién tir tap trung nhiéu o cdc vi tri

a
gitta cdc jon. Giad tri trung binh gita p(+) vid p(-) khic nhau. Nén gid tri trung
binh cOa the nang doi véi p(+) va p(-) khdc nhau la E.. Ham séng y(+) dudi mic
khe nang lugng (A) va ham séng yw(-) trén mie nang leong (B) trinh bay trén hinh
6.3,

Bé rong cua khe nang lwong: Cdc ham sdng tai bién ving Brillouin véi

. X . & S Dy - . .
k =mn/fali \/5005— vi \Esm— tinh theo don vi dai. Ta viét thé ning cua mot
dién tu trong tinh thé 1ai diém x:

Uix} = Ucos{2ax/fa}

Su khic nhau vé nang lugng bac | gita 2 trang thdi séng difng la:

3 AX . 4 X
{cos? —~ —sin? =2y=U
a a

1 . .
E, = [0y =) 1=2 fdxUcos Znx
3]

Tir day thdy bé rong viing cdm bing thira & Fourier cla thé tudn hoan trong
tinh thé,

§3. PHUONG TRINH SONG POI VOI PIEN TU TRONG TRUGNG THE
TUAN HOAN

3.1. Phuong trinh séng

Bén trén la ham sdng gdn ding & bién viang Brillouin (k = £ wfa) vdi gin
diing dién 1 hidu nhu ty do. By gi¥ ta tim him séng L& nghiém cia phuong trinh
song trong truong thé tufn hoan.

Ky bi¢u U(x) ld ham mé ta thé nang cua dién 1 trong chudi tuyén tinh {(mang
mot chiéu chu k¥ a). Thé nang khong ddi khi dich chuyén di mot doan bang chu
ky a: .

U{x) = U{x + a)
Bit ¢t ham naoe khong déi khi dich di mot chu ky a déu ¢6 thé bicu dién bang
chudi Fourier véi vécto mang dio G.

Ux) =3 Uge™ {6.2)
{

vai U, giam khi G tang, U, ~ 1/GE

Ux) = 2 Ug(e™ +e7) =23 U, cosGx

Goeil el

Chi lay G > 0, &€ tiégn logi ta ldy U, = 0.



Phuong trinh séng cda dién wf trong tinh thé ¢6 dang: Hy = ey, trong dé H -
todn t Hamilton, £ - gid tri riéng cla niang lugng,
Nghiém y ciia phwong trinh nay goi 13 ham riéng hay quy dao. Ta khai (rién

phuoug trinh:

[ﬁp +U(x)Jw(x>=[—p DI ]w(x)=sw(x)

Lay ¢cd G > 0 vd G < 0, trong d6 th& nang U(x) dudi dang chudi Fourier. todn
1 dong luong p ¢6 dang:

Thay vao phuang trinh Schridinger ta duoc:

Bt
2m dx’® o

Jq:(x):sw(x) (6.3)

Day 1a phuong trinh & dang gin ding 1 dién a4, & day ham song y(x) ma ta
chuyén dong clia mdt dién (ir bar ky trong trudng the coa cdc géc ion vh trudng
the trung binh ¢da tdt ca cac dién ti con lai.

Ham séng w(x) c6 thé d¢ dudi dang chudi Fouricr, tong lay theo a1 ca céc
gid tri véelo séng cho phép béi diéu kién bién:

wix) = Ck)e™ (6.4)
k

trong dé k la gia i thye, k nhan cdc gid tri 2nn/L. Véi cédc 214 tri ndy cta k thi
cdc difu ki¢n bign tufin hodn d6i véi chudi & dang vong chiéu dai L duge thoa

man, n 1a s6 nguyén bit ky. O day ta chua cho rang y(x) 14 ham tudn hoan tinh
(€n v6i chu ky a, nhung sau nay s& dugc lam sdng to.

Khong phii (4t cd cde gid (ri vécto séng irong tdp hop 2nan/L déu nam trong
chudi Fourier q;(x):ZC(k)eik" d6i vé1 nghiém riéng y tuy v coa bai todn trong
trugng thé tudn hoan.

Gia s k, 1a mat gid tri vécto song cho phép, nghia la k, ¢6 trong trién khai
Fourier ¢tia nghiém riéng v, nhu viy cdc vécta séng khic ¢6 trong trién khai da
c6 dang k, + G; trong dé G 11 vécto mang ddo bat ky. Ta cé thé viét ham séng
c6 chita trong tri¢a khai Fouricr thanh phin k,, & dang wyik,) hay wik, + G), vi nen

ki ¢6 trong chudi Fourier thi k, + G cing ¢é trong chudi. Vécta séng k. + G vai

tdt cd cde gid i cda G 14 hé con gidi han trong tip hop vécta séng 2an/L (hinh
6.5y
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%2 * v kBl

l*’...‘....+.i--.ll.0}‘-I...ll.+...l.....+.....I".i........'*..C
=30 -0 - 40 o 1 20 30
k (don 2r/L) —~
Hinh 6.5. Gia tri k trong ham séng: truc bidu didn cac gia irl vécto séng k = 2zn/L d8i vdi
chudi nguyén tir bién tudn hoan chiéu dai L. Cac gia tri k cho phép tir - » dén + =,
Bén trén: Mot s8 gia tri clia vécto séng cé thd cé trong trién khai Fourier clia ham yix),
I8y k, = - 8{2n/L), a = Li20 - L = 20a. Vécto mang ddo nhd nhat 2x/a = 20(2n/L).

21 47 nm

k., ¢6 thé nhan mét trong céc gid tri cho phép k =U; +T +T; T

Cén phai xiac dinh h¢ s6 C trong trién khai Fourier, ddu tién ta dat phuong
trith séng & dang hé phuong trinh dai s& tuyén tinh ddi véi heé s C. Thay

Wix) = ZC(k)Cik" vio phuong trinh Schrodinger voi phan dong nang:
k

1, 1 ay A dhy i .
—pwix)=—1 —ihi— = kCkye™
Zme ) Zm( ”d ]‘P‘() 2m dx? 2mz )

vi phan th¢ nang: D Uge ™ yx) =2 > Uge " Clke™ .
G < K
Phuong trinh sdng (6.3) co dang:

Z;—k Cliye™ +3 3> U Cke™ " =3 Clkye™ (6.5)
Gk k

k

Nhan hai vé (6.5) véi lién hop phic exp(- ik'x} vd |4y tich phan hai v& ta ¢é:

J'___k Clke'™ K .\dx+zz J‘dXUGC(k}ciik—kl+ij :Ez J'dxc(k)ciik—k'lt
b "

(6.6}
Theo tinh chit tryc giao con lai cde gid trl khde khong khir k = k' va
= k' - G, ta cd:

bl

—KkPCKk Y+ Y U Ck' - Gy =g Ck") 6.7
2m G
Day 4 phuong trinh quan trong trong iy thuy& viung nang legng cla chéy
2

ran, cé thé déy k thanh k va ky hi¢u 2, = %Lj—k2 14 ¢d:
m

(A —£)CK) + D U Ok -Gy =0 (6.%)
i
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Day 1& phuang trinh séng trung tdm cla Bethe, né ¢é dang cla phuong trinh
dai 86 tuyén tinh. O cdc tai lieu khde, né ¢6 thé duoc viét dudi dang phuong trinh
v1 phan.

P& tinh C ta ldy biun séng dudi dang:

W ()= Clk -G " (6.9)
G

Phuong trinh trung 1am {6.8) gin h¢ s8 Fourier Ctk,} cua cdc thanh phin
sénge phing explik,x) clla mot ham séng cy 1hé nde dé vai hé cac hé sd Clk, + G)
d&i véi 1AL cd cde sdng phang explifk, + G)x| <6 trong chudi Fourier cua ham
sOng nay.

Ta coi nhu k, cua thanh phdn w nam ¢ trong ving Brillouin thd nhit ctia
mang di cho. Trong truding hgp mot chidu ndé & gita - nfa vd w/a, con tat cd cdc
k, + G s& nam ngoiai ving Brillouin (i 1. Lay k, = 2nn/L tiy day cd thé 1im dwge
ciic heé 6 C cdn (im cta wix). Bidu 1a guan 1am & day 1a nghiém dng véi nang
lugng nho nhat,

Ky hi¢u g I vécto nho nhét cha mang dao G, gia thi€t 1a trong biéu thic cia
thé nang chi chira mot s6 hang, nghia 1a mot thanh phin Fourier: U, = U [ ky hi¢u
{a U, tr phuong trinh (6.8) ¢é:

(&, —E)Ck )+ U[Ck, +g) +C(k, —g)]=0
h o — 80k, + )+ UIC(k, +2g) + Ck )] =0 (6.1
()v K- 'S)C(kn ‘3) + UIC(k“)-!— C(kn - Zg}] =0

Trong hé phuong trinh (6.10} phuong trinh thd 2 va thit 3 thu duge tir phwong
trinh thi nhit bang cdch thay k, bang ky & g. Tiép theo cd thé viét che k, £ 2g,
k.t 3g vh cho dén vo cing. A & ¢6 cdce gid trl Ay, cOn & chi c6 mot gid i va g
cling khong ddi d6i voi 141 ca moi phuong (rinh.

Nhu vay phuong trinh Bethe (6.8) gdn hé s8 Fouricr C(k) did cho vdi nhiéu vo
ciing cdc hé s6 Fourier khidc k bai mdt vécto mang dao.

Khi trir di vécte mang dao G ta ¢d:

(A, —8)C(k-G)+Y UsClk-G-Gy=0 6.11)
G

Trén thuye t€ ta ¢6 1hé han ché s6 phuong trinh vh 58 sd hang cta chudi
Fourier (1 hodc 2 Ug). Thiét 1ap hé phuong trinh va cé thé xdc dinh cdc dinh thic
101 lim C, d¢ ¢6 C khic 0 thi dinh thic phai bing O tir day c6 thé tim dugc €.

Biy gitr gia thi€t 12 ¢4 2 thanh phén séng y 14 dp dao, ta viét:

YUk -Gy

(., —eXCky+» UyCk-Gy=0 suyma Clky=*———
0 E—(ﬁ“k'me)
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hik?

(thay lai A, =

)3

3.2. Banh gia G(k)

2

C(k) s& 1&n néu dong nang clia séng phing exp(ikx) 8dn bang nang

m

lugng \tng v4i trang thdi y,(x); C(k) 160 thi &€ ¢6 hé s6 khéc Ck - G) dng vdi
sdng phang expli(k - G')x] cting c¢é dong nang nhy vay. Ta cé:

k-G n?k?

=

2m 2m

= E

Vay (k - G'Y = Kk?, day chinh 14 diéu ki¢én phin xa Bragg, nghia I3 chinh
Ck - G) clng 16n:

U, Ck-G-G

Clk-G'y=-2_
e-A" (k-G /2m

Do d6 cé diéu kién 1a phan déng g6p dp ddo ciia cdc thanh phdn k va k - @'
vao trang thai ron lan manh ¢é thé viet dugi dang: (k - G')® = k? day 1a diéu kien
d¢ ¢6 2 1hanh phén séng ap dio.

bidu kién teen gidng nhu trong 1dn xa Bragg c¢la tix Rongen, tia dién tir,
notron, ... trén mang tinh thé. Do su trén 1in manh nén fa phéi coi riing ca 2 séng
phang exp(ikx) va explitk - G)x| la cdc thanh phin quan trong cua ham séng
W lx).

3.3. Ham Block

bi tr h¢ phuong trinh trung tAm ta ¢ thé nhan duoc ket qué cuc ky quan

trong, d6 12 ham séng cda bai todn véi the dn hoin. Diu tién 1a chon cdch viét

VGl mdi ham séng cy (hé, ldy mot vécty s6ng trong tap hgp cha chudi Fourier:

W (x) =2 Clle™ . LAy vécto séng dé 1 k - G, ta c6: Yy (x) = Y Clk = Gle™ O |
K ¥

€6 the bi€n déi vé dang:

Y (x) = (3 Clk-Gle™ )™ =™ U, (x)
4

Dat ham: U, (x) =3 Ck~G)e™*, vi ham U,(x) 13 chudi Fourier theo vécty
4]

mang ddo nén né bdlt bign doi vai tinh tién mang tinh thé:
Uy =Uix + Ty~

C6 thé khang dinh diéu nay mot cdch true tigp:
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U (x+T)= 3 Clk =Gle P = e '3 Ck - G)e ™" |
o G

k& rang 1d exp(- iGT) = 1, vay U(x + T) = U (x).
Tir day ta c¢6 thé phat bi€u dinh 1y Block: Cdc ham riéng cua phuong trinh
song trong trudng theé tin hoan cé dang tich cia ham sdng phing exp(ikt) voi

ham U, (7}, trong dé U ( T3 14 ham tudn hodn (rong mang tinh thé:

y, (1) =e* .U, (F) (6.12)

Chi $0 k trong U,( 1) chi ra vang ham phu thudc vio vécto séng k. Ham séng
w (F) & dang trén goi la ham Block. Nghiém cha phuong trinh Schrodimger dang

nhu vay gdm cdc s6ng chay.

Pong luung cia dién ti trong tinh thé: Y nghia ctia vécta k 12 né duge ding
tim chi 56 cla ham Bkock, véctu nay c6 cdc didu kién sau:

1. Khi tinh ti€n vécto bét ky ciia mang tinh thé di vécto T nghia 4 khi thay
T bang T + T & bién cla him y,(r) ta cé:

W, G+Ty=c™ MU F+T)=c My (F)

vi U (F+T)=U,(F) do tinh tuin hoan cha ham U,(T ). Dai lugng exp(ikT)
[a 56 nhdn pha nhan véi ham Block khi tinh tién di vécto mang T.

2. N&u the coa mang bién mét (nghia 13 U(x) = 0) thi phuong trinh Bethe ¢6
dang: (A, -€)C(K)=0, nghia 1a 1t ci cac he 56 C{k—G)trd thanh bing 0 trir
C(k) vi do d6 ham U(F) tré thanh hing 6. Lic dé ham song w, (7)) =¢* 6
diing dang nhu cla dién tir ty do. Nhir vay viéc chon kK 1:‘:1:11 chi &6 that thuan tién.

3. Dai lugng k nim trong dinh luat bao toan d6i vai cdc dién tr trong qud
trinh va dap trong tinh thé. Do d¢ Ak duoc goi la dang lugng cua dién (I trong
tinh thé. Khi dién tr cé véctd séng k va dap v&i phonon cé vécty séng § 1a ¢6
nguyén tac chon: k +3 = k' + G, néu phonon bi hip thuy trong qué trinh va dap.

Surva dap di ddn dén 14n xa ma dién i ti trang thai k chuyén sang trang thi k'

G 1a vécto mang dio bt ky.

§4. NGHIEM GAN BUNG 3 GAN BIEN VUNG BRILLOUIN THU NHAT

Bay gidy ta da ¢6 thé hidu dwgc khe ning lwong c6 tir ddu, khot lugng higu
dung m” cla dién (i trong tinh thé vA vai trd ciia 16 nhy hat tai dign tich.
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Gia st Ug 12 gid tri cia thanh phén Fourier ciia thé nang la nhd so véi dong
nang A7k /2m cia dién tlr tr do trén mal Fermi. Gia thidt nay cho phép han ché

nghi¢n ciu trong (ap hgp tuyén tinh ciha 2 séng phéng thuy cho trudng hegp cdc
hiam séng don gian.

4.1. Tai biégn gidi vang Brillouin

Dau tien ta phdl xét truong hop ddu véceta séng & dudng bien ving Brillouin.
Nghia 14 G,/2 bang 7/a trong mang mét chiéu:

k* :["I'Gljh :(k‘_Gl)z :[lGl ‘Gl]h =(1G1Jh
2 2 2

Déng ning cha thanh phédn séng explikx) va explitk - G)x] 1a gidng nhau:

2 2 2 2
A ek k -Gy =h—(lG]J
m

2m 2 2mi 2
Neuw C(G/2) 1a hé o quan trong trong rién  khat ham song
lpk(x):ZC(k—G}c”k'm" tai bien ving Brillouin thi h¢ 8 C(- G,/2) cling quan
G
trong nhu vay va bd qua tdt ca cdc hé s6 con lai.
Phuong trinh Bethe d6i véi teudng hop k = Gi/2 va 3, =17(G, /2 /2m c6
dang:
h —8)C(G, /2 + U C(-G, /2) =0 (6.13)
Ky higu Ugva Ug, la U,
Khik = - G/2 tu cé:
(., ~e)C(-G,/2)+U,C(G, /2)=0 (6.14)

(6.13) va (6.14) 1a he phuong trinh d8i véi C(G\/2) va C(- G,/2). Dé ¢6
nghiém khdc khéng thi dinh thifc co ban phai bang 0, day chinh la didu kien dé
xdc dinh g, ta ¢6:

Ay—e U, )
=0 {(6.15)

2 2
Khih) =%k tacé: (A, -£)?=U> Dodé: =2 U zf— lG TU, .
1 1 t i ! ' omlg |

Phuong trinh ¢é 2 nghi¢m: nghiém 1 dng vdi nang luong nhé hon dong ning
cua dign tir e do 13 U, nghiém tha 2 1én hon mot gid tri (a U,. Do vay ta ¢d the
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nang 2U,cosGix tae ra khe nang lugng chiéu rong 2U, ngay lai hicu ving
Brillouin thi I. K€t qua nay giong v6i moe hinh dien (r gian nhu tu do.
Ty s& cie he 6 C ¢6 thé thu duge tir phuong trinh (6.13) va (6.14);
Ci—G,/2) -k,

- = 41
G, /2y U,

Nhu vay trién khai Fourier d6i véi y(x) ¢6 2 thinh phén:
Wik} = expliGx/2)y + exp(- iG,x/2)

Cde ham nay tring v cdc ham di néi 6 §2. Mot nghiém 1a ham séngp dai vii
viing dudi coa Khe nang lugng con nghiem Kia dng véi viing trén, gid tri nio nho
han con iy theo ddu cda U, trong biéu thac thé nang.

4.2, Gan bién ving Brillouin

Ta vdn ding 2 phuong trinh Bethe gan ding vdi 2 thanh phan ham séng:

w(x)=C(k)e™ +Ck -G, je" “1™

Phuong trinh co ban cda Bethe cé dang:

(h, —eY(KY+ UGk -Gy =0

{(6.16)
(hy g, — XK =G+ U, C(K) =0

trong d6 A, = A'k" /2m. Phwong trinh c6 nghié¢m dic biét Kl dinh thac:

ho-¢g U, , \
=0 hay & —elh, _; +A)+A, ahe —YU =0

ez
1 . 2 - E I
\/K:i [Z(m-m AT Ay g A Y, J

102
1 . 3 >l
=+ [Z(ﬂ.k_(il A +U, }
Nghi¢m cila phuong trinh la:
i 1 "
e= (g * At (R, =% + U/ (6.17)
2 4
Moi mét nghiém ma (4 mét ving ning lugng nio dé. D3 thi cia e(k) duge
trinh bay & hinh 6.6 duéi day.
Trong so d6 viing md réng, ving nang luong thit nhat ¢d thé v trong ving

Brillouin thw nhit: - G /2 < k < G/2. Ving nang lugng thi 2 v@ trong ving

105



Brillouin thit 2: - G, <k <
“G2va G2 <k £ G, v
gan bién ving Brillouin
nén ta <d thé hidu dién

nang lugng thanh chudi
. G,
theo & nho: & = 5 k

hay k S, 4]
ayk= — -5,
Y 2
Thay k va k - G, =
G, N . .
-8+ —2‘—) vao (6.17), Iﬁy
gdn ding (1 + x)'"* = 1 +

1 o N
T X VOLX << 1, trong ving
2 =

ning lugng A'G 3/2m <<
Ul ¢6 thé viét & dudi
dang:
R DR
g, =— (=G, +6 )t
. 2m(4 : )
h'§*

k=

+UI-‘-)H2

Ir2 1 b 7 .
3%—(1(3! + 6 b=

h'8?
H
m

A

U 1+2—(
UI

(6.18)
biéu nay ding véi 5
nhé vi trién khai dua trén
co 8¢ 12 K*G* /2m >>[U |
Ky higu g,(+) va g,(-)

déi  véi  cac
tvong dng co:

nghiém ¢
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Bién g.»'d; ving Brillouin

1
0
i
i
i}
)
0 a5
- 1
* FAS
Hinh 6.6:

a. Nghigém r bidu dién trang so dé viing md rong, &
chd gén bién ving Brilleuin 18y U, = - 0,45; G, = 2:
niim = 1. B8 rong khe tai bién ving Brillouin 14 0,90;
b. Ty 88 C(k - G,M/C{K) v&i C < 0 phu thude vao k.



h3? 22,

g () =g (+)+ ™ (1+~—U—l—} o ,
véi g (&)= ——(=G,Y +U,.
h252 7 2m 2
g, (-) =g (—)+ (1-=—=*)
) 2m U,

Pay 14 nghiém cha phuong trinh dinh thide trong trudng hop vécts séng & gin
bien ving Brillouin (G/2). Nang lwong phy thude vao binh phuong cia & (hinh
6.6a). Néu U, 4m thi nghiém g.(-) dng v&i ria trén cla 2 viing ning lugng, con
£,(+) (ng vdi ria dudi cla 2 ving nang lugng vai dicu kién A >> | U, |. viet duai
dang 16ng quat:

R . 2
(=g (% 1+ 6.19
e (X)) =g/()+ 2m£ U]} {6.19)

§5. SO PO VUNG NANG LUQNG

Theo cdch 1am trén hinh 6.6 ta thu duge so dé ving mé rong (hinh 6.9a),
nhung cé thé dya vao tinh chét tudn holn ciia tinh thé dé xay dyng so d6 ving riit
gon vi vilng tudn hoan.

5.1. $¢ do ving rdt gon
N6i chung c¢é thé chon duge vécto
séng k ding & chi s& c¢ha ham Block dé

mii cha né nim trong vang Brillovin thd

\ . \ K
nhit. S d6 nhu vay goi 14 sg d6 vung it e —— S
200 ( ] e : \ G: e
o .

Chuyén k',vao trong vang Brillouin /&

e
L 3
thd Fta cé: k, =k', + G,. Al ) 7% A

Chuyén vécro séng tai diédm A vi A’

Ta

Wy

. ) . - . . -7/a
bing cdch cong thém G . Diém A va A’
la ddng nhat d6i vdi ving Brillouin tha L Hinh 6.7. Ving Brillouin th{r | di vai
. mang hai chiéu.
Néu ta ¢ him Block & dang:

=y LiET = PR cahi i } , . e .
v, (ti=¢ UE.(r), trong 46 k' ndm ngedi vong Brillouin tha nhét (hinh 6.7) thi

ham cé thé chon mot véctd mang dao G dé: k=k' — G nam bén trong ving

Brillouin th¢ 1. Lic &y d6i vai ham W, (T)1ta co:
v (=N TUL ([0 =T @Y ()= N0 (B =y (D)
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trong dé U (1) = '["U {1).

trong mang tinh 1hé, do d6 exp(iG r) A () cing nhu vay dé ham

cua him Block.

36 d6 ving rit gon ciing ¢ thé
ding cho di¢n tir ty do (hinh 6.8).

Tir diy ta thay nang luomg &

tng v6i k& ngoai ving Brillouin
thir 1 bang nang lugng e dGi voli k o
ben trong ving Brillouin thi [ 1
k=k -G

T diy suy ra nghiém cia baj
lodn vé nang luong cua dicn 1 ¢ bal
cr ving cho phép nao déu din 16i
bai todn tim cic gid tri ning luong
cho phép ing véi vécto song nam
trong ving Brillouin thg 1.
iwong di

Ving

nang cho i mét trong

nhitng nhanh g, nhu hdm cta k.

T so dé rit gon con thay ing
VO Mot vécto séng 6 nhidu gid tr
nang lugng khic nhau. Mai mot gid
it nang lwgng nay tng  vdi
trong cic ving nang lugng,

not

Hai ham séng dng vdi cling mot vécio song nl

‘nhau thi khong

exp[i(ﬁ — G)?] Vi

Ca bim exp(iG ) va U (fydéu la cdc ham tvdn hoan

y{r} ¢d dang

e T
| g Brtlunl \

Hinh 6.8. Nang luong cla dign tir
€ = i’k¥2m. So dé ving rit gon: CA 12
nhanh t nia dén 2nfa doi Xing qua tryc
song song tai nfa, CA” ddi ximg vai
nhénh tr - n/a dén - 2n/a. Tai A va A' s&
€O cadc khe nang lugng do thé tudn hoan
tinh thé gay ra.

cin thém viao hé 88 C mat chi sd L thanh Cu{k —G).

Ham Block cia trang thdi dién (r vdi vécto song k & vang posé i

Wi =

5.2. 8o do vang tudn hoan

N&u da ¢d (hé rdt gon viing ning lugng & cic v

|1.| M(T)——Zcu(k (J'}eIL Gor )

wng ing véi 2 nang luong khic
phu thude vao nhau. Mdi hiam gdm thanh phdn séng phing

o

hé s (,(I\ -—(}) déil v cic ving khdc nhau thi khac onhau, do doé

ing khic vé ving Brillouin tha

I thi nguoe lai ta ¢o thé chuyén sg dé nang ivong tir vung Brillouin thit I sang cic

ving Brillouin khaic.
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Lic d6 so do nang lugng s€ c6 tinh tuin hoan: €; =¢€; ., nhu vay g o thuoc

cing mot mién nhu 12 €. . K& qua la ta thu duge so d6 vung tudn hoan. C6 thé

xay dung 3 loai so dé nhu trén hinh 6.9.

Hinh 6.9. So d6 viing nang lugng:

a. Sd d6 ving méd réng, trong dé cac ving nang lugng khac nhau xép vao khang gian k
trong cac vung Brillouin khac nhau; b. So dé ving rat gon, trong d6 tat ca cac ving nang
lugng dugc xép vao ving Brillouin thit I; ¢. So dé ving tudn hoan, trong dé mdéi mét ving

nang lugng |ap lai tudn hoan & tat ca cac vung Brillouin.

§6. SO MUC TRONG VUNG

86 mirc: Xét tinh thé mot chiéu v6i hang s6 mang a, tinh thé nay gém N 6 co
ban ¢ do dai L. Dé tinh dugc s6 trang thédi ¢ thé, ta dat diéu kién bién tudn hoan
d6i véi ham séng. Do dai khéi tudn hoan ldy bang do dai cua chudi, cdc gid tri
cho phép cha vécto séng cua dién 1 trong ving Brillouin thit nhat duge xdc dinh
theo:
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k=();igg—;if£‘ -I-\I—E

4oy

L L

Ta gidi han day nay bing gid tri k = N/l = m/a, vi k = n/a la bien ciia viing
Brillouin; ¢dn gid tri - Nn/L = - n/a bd vi né khong phai la déc 1ap (vi - n/a = w/a - G).
Lic d6 tdng 6 cac gid tri k tinh duge s¢ bing N, bing s¢ 6 cu ban.

Vay méi 6 co ban trong mbi vang nang lugng cho mét gid tri k doc lap. Diéu
nay ding v6i ca trudng hop mang 3 chiéu. Bay gid néu tinh méi dién tlr ¢o spin
ung v6i 2 trang thdi lwong tlr khong phu thudc thi tdng s6 cdc trang théi khéng
phu thudce trong méi viing nang luong 13 2N.

Néu mbi 6 cd ban ¢6 mot ngayén ti nguyén t6 hoa tri 1 (1 dién tit ty do) thi
mot nifa s6 miic ¢é thé s& b chiém bai céc dién tlr, con néu nguyén té hoa iri 2 thi
tat ¢a céic mc bi chiém.

Néu mébi 6 co ban ¢ 2 nguyén ti cta nguyén 16 hod tri 1 thi (4t cd cic mic
cing bi chiém.

Kim logi va dién méi: Néu cic dién ti hos tri dién ddy hoan toan mét hay
ohiéu vang nang lugng thi tinh thé d6 1a di¢n méi. Dusi tic dung frudng ngoai
trong tinh thé dé khéng ¢6 dong dién, vi mgt viing di dién ddy hoan toan bi ngan
céch vdi ving cao hon bdi khe nang lugng nén khang ¢é cich nio dé thay déi
dong lugng 16ng ¢ong cha cac dién trong tinh thé mét céch lién 1yc. TAt ca céc
trang thdi déu bj dién ddy. Dién trvdng khong gy ra mgt thay déi nao, didu nay
khdc han so véi cdc dién tir w do.

C6 thé phan tich tinh
trang ndy nh& phuong trinh:

pdk g e c
dt A
Dudi tic dung cla lyc
khang déi vécto séng 1ang lén 0 P . Thoigion
khéng ngirng, nhung khi k(1) A

dat dirge bién ving Brillouin
thi né thue hi¢n phép nhay
sang bién déi dién  (hinh ~ITE c’
6.10), chuyén déng nay cua
lap di lap lai, khéng din dén
gia t6c téng cong. Khong cé

Hinh 6.10. Bi&n tf trong ving dién day hoan toan:
Lic dau véctd song dng vai diém A, dudi tac déng
qud trinh va dap. cla dién truéng dién LU bi gia téc va vécta séng
o - P cla nd 1ang va dat gia tri tai C, nhung C 1a bién
Bt it tinh the nio ¢6 58 viing Brillouin nén né tuang duong vdi C' & bién
dién t0 hod tri chdn déu cé dgi dién, va qua trinh gia téc lai dien lai nhy ¢ do
thé 1a dign moi (loai rir cic d% khéng 0 gia téc tdng cong.
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dién i lién k&l manh khéng mé 3 bang Iy thuyét viing duge).

Néu s6 dién td hod tri trong 6 co bin la chin thi phadi xét 2 wudng hop:
trudng hop cdc vang niang luong pha fin nhau va trudng hgp khong phit [dr nhau.
Néu c¢dc ving nang lugng phd [An nhav thi 1a s€ ¢6 mdt hay nhiédu ving khong
dién ddy va tinh thé cé tinh kim loai (hinh 6.11). Vi du, trong cdc kim loai kiém
vit kim loal quy modt & co ban ¢é6 mét dién 1l hod tri nén chang 1a kim loai (dédn
dién).

Céc kim loai dat higm: ¢é 2 dién t& hod tri cho mét 6 ¢o bin, ding ra chang
phdi Ia dién mdi nhunyg do ¢ sy phil cde ving nang lvgng nén ching lai 12 kim loai.

2 L4 ] z ¢ x

— '] k—n k——
] b ¢
Hinh 6,11, Cdu truc ving ning lugng cla dién moi va kim loat,
phén gach chéo l1a cac trang thai bi chigm:
a. Cach dign; b. Kim loai ¢d hai viung phd nhau; ¢. Kim toai ving trén khéng dién déy.

Cdc tinh thé kim cuong nhu silic, geemani ¢d 2 d&n 4 dién wr hod tri cho mdj
6 co ban, cic viing ning lugng khong phit nhau vi vay cde tinh thé tinh khigi ¢ 0K
14 cdc dign moi.

§7. MO HINH KRONIG-PENNEY

Trong muc nay ta diang

e U(x)l
mot méd  hinh khic dé gidi |
guyél bai todn dién tir trong
truding thé tuin hoan. Mot thé
tudn hoin mi & ddé phuong
trinh s6ng ¢6 1hé gidi duge -(aet} -5 O a o
duéi dang cde s0 hang cla cic
ham den gian, 13 cdc col Hinh 6.12. U({x) - th& tuan hoan dang cot vudng
vuong duovce trinh bay trén thea Kronig-Penney.
hinh 6.12.
. . ; . K’ dzlp
Dang cua phuong trinh séng 1a: —%.Fﬁ-U(x)\u =gy {6.19}
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trong d6 U(x) 1a th¢ nang va € 13 gid tri riéng coa nang lugng.

Trong ving 0 < x < a ¢6 U = 0, ham riéng i tap hop tuyén tinh cua somg
phang lan truyén vé bén phii va vé bén trdi vai ning luong:

y = Ae'® 4 Be ¥ (6.20}

£=h'K*f2m (6.21)
(Luu ¥ trong phuong trinh (6.20) v (6.21) véoto song voi ki wr K 1ém).
Trong ving - b < x < 0 giga hang rao, loi gidi ¢6 dang:

y=Ce”™ +De (6.22)
VoI U,-e=#'Q* /2m (6.23)
Ta tap hop nghiém thinh him Block dang:
y, (T) = U, (Fyexp(ikt) (6.24)
(Luu ¥ trong phuang trinh (6.24), vécta song vat ki tir k nhao).
Nhu vay nghiém d vimg a < x < a + b phai duogc lien hé véi nghiém (6.22)
frong ving - b < x < 0 bang dinh |y Block:
Ya <x <a+b)=wywl-b<x<e* ™ (6.25)
Luu ¥ trong phuong trinh (6.25) nay véclo séng vaéi ki e k nho. Phuung trinh
(6.25) diing d¢é xdc dinh véclg séng k duge ¢oi 1a ¢hi 56 d€ 1am nhin cho nghiém.

Cdc hiing 6 A, B, C. D duge chon sao cho yw va dy/fdx lien tuc tat x = 0 vi
X =4, do la cic dieu ki¢n bicn thong thudng cia co luyng o trong bai todn didn
it a1 the vuong.

T (6.20) va (6.22), cho x = 0 ¢

A+B=C+D (6.26)

vilay dy/dx. cho x = 0 dugc:
KIA-B)=Qi(C- 1) {6.27)
Tar x = a, sitdung (6.25) cho w(a) dudi rac the lrong s& hang cla y(- h};
Ac™ +Be M = Qe L De et (6.28)
iIK(Ae™ —Be ™) = Q(Ce ¥~ D jpiinh (6.29)

He 4 phuumq; trinh tir (6.26) dén (6.29) co nghiém chi trong trudgmg hop dinh
thie déi vidi cac hé s A, B, C. D trigt 1i¢u, sau nhiéu bién déi cd:

Q- K");’ZQK]‘.sinh(Qh)sinKu + cosh(QbeosKa = cosk(a + b) (6.30)



Két qua dugc lam don gian, néu ta biéu dién thé bing ham delta tudn hoan
thu dugc khi tién t6i giéi han b = 0 va U, = oo, bang cach cho Q%ab/2 = p c6 gi4 tri
giGi han. Trong gi6i han Q >> k va Qb << 1 thi (6. 30) duge don gian di:

(p/Ka)sinKa + cosKa = coska (6.31)

(Luu y: Trong 5 phuong trinh tir (6.27) dén (6.31) v6i ki tv K 16n & vé trai,
con k nho & vé phai). _

Trong vang cia k ma phuong trinh ¢6 nghiém nhu hinh 6. 13, véi truong hop
p = 3n/2. Cdc gid tri tvong Wng cla nang luong dugc trinh bay tai hinh 6.14. Chu

¥y céc diém khe nang luong tai bién. Vécto séng k cia ham Block 1a chi s6 quan
trong, khong phai k trong (6.20) ma 14 né lién hé véi ning lugng & trong (6.21).

(P/Ka) sin Ka + cos Ka

Iy % D VY B N i
~dar -2 K ﬁr-\"]/h

Hinh 6.13. D6 thi clia ham (p/Ka)sinka + cosKa déi véi p = 31/2.

20 . T T T
Céc gid tri cho phép ciia
nang luong e d6i véi vang
Ka=(2me/7*)"" ma ham nim sl
trong khoang - 1 dén + 1. Déi
vOi cdc gid tri khéc cha nang
luong khéng c6 séng chay hoac g
khong - c6 'nghiém ‘gi6ng ham T ol
Block clia phuong trinh séng, do %
d6 tao ra cdc khe cdm trong phd ¥
nang lugng. Trong d6: *§
w
h’ Q%ba r
k= ;. p= ; 7
2me 2 o d
~
1 < coska < 1 __:____.:—;rl’/ i B
0 T 2r 3r 4

k8 ——
Hinh 6.14. D6 thi nang lugng theo s6 séng déi
v@i thé Kronig-Penney véi p = 3n/2, Chu vy, khe
nang lugng tai ka = n, 2n, 37, ...
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Chuong VII

MAT FERMI TRONG KIM LOAI

§1. PHEP DYNG MAT FERMI

Trong trudng hop kim loai mat Fermi 12 mat c6 ciing mét gid tri nang lugng
&g trong khéng gian k, né phan cich cdc trang théi dién ddy va c4c trang théi chua
dién ddy & khong do tuyét déi. Phdn 16n tinh chit clia kim loai duge quyét dinh
béi chinh hinh ddng mat Fermi; dong dién sinh ra khi thay ddi s& trang thii bi
chi€m gdn mat Fermi.

Mat Fermi tuy phitc tap song cé thé ding mat cdu Fermi va so dd viing rit
gon dé dinh gid né mot cach don gian hon.

Trong chuong trude ta thdy cé thé rit gon so dé ving nang lugng vé mién
Brillouin th& nhat. C6 thé két hgp k&t qua ciia mo hinh khi dién tir 1y do va so dé
viing nang iugng dé xay dung mat Fermi cho mang hai chiéu.

Cong thicc phan xa Bragg ¢6 dang: 2k.G+G? =0 suyra k=+—G.

B | =

Cong thic nay duoc dp dung khi vécto song Kk ti dfu nhon trén mat phing
vuong goc vdai GI tai di€m giira cOa vécto ndy. Viing Brillouin thi nhé1 cia mang
6 vudng la mot 6 vudng tao bdi cdc dudng vudng gdéc voi cdc vécto mang dio
ngén nhat G, (hinh 7.1).

D€ dung ving Brillouin thé nhat (s6 1 hinh 7.1b} cdn 4 véclg mang dio G 1
Néu chu ky mang 12 a thl 4 vécto dé Ia +(2n/a)k,; £(2n/a)k, , trong d6 kK,

14 cdc véctg don vi.

Ving Brillouin thit 2 dung nh& 4 vécto Gz = %E(ilzx iﬁy) tuong dang gém 4

manh (s6 2 trong hinh 7.1h).
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Viang Brillouin  thr 3

dung nho 4 vécta tuong duang

- 4 . - -

Go=+2%k ., G, =22g
a a

g6m 8 manh (s& 3 trong hinh
7.10).

bé xdc dinh ranh gidi
gifta cdc ving cdn phai xem
xét mor 6 véctg mang dio
tuong duong. Vi du mét phdn
cia vang 3 phai gidi han bé&i
duding vuéng pgoc vai diém
gita cha 3  vécto G:
Qn/ak,, @niak, vi

(2n/a)k, +k,). Phép dung

mat Fermi d6i vé dien
trong trudng thé tudn hoin cé
thé coi nhu dién tif gdn nhu tu
do va thuc hién cdc buée sau:

a. Dung cdu Fermi cho
cdc dién tr ty do vdi mot
noéng d6 dién 1 nh4t dinh.

b. Bt cdu nay vao so 46
vung Brillouin cilia tinh thé
(hinh 7.2).

Ta thdy cdc phdn céu
Fermi & mai ving (viing 2 va
3) lai gébm cdc manh cich xa
nhau (hinh 7.1b) khong tién
loi. Bé tién lgi ta ding so dé

rit  gon: qJE.(?)=e"E.T.UE-(f)
thay k=K +G.

Biay  pi& cic  ving
Brillouin II, TII ¢iing quay vé
trong hinh vuong (hinh 7.3).

o o [ o
@
o ] < o
o 3 o o]
5' 2 3
3__:~ 4 5
&2 a 2 ] a
3 73
N2/
o ] c
o 0 o o
L)

Hinh 7.1. Dung 3 vung Brillouin {1, (1, 11}
ddi vdi mang 2 chigu vuéng:
a. Cac vécto mang nghich &,, G,, G, gidi
han céc ving Brillouin 1, 2, 3; b. Céc viing
Brillouin 1, 2, 3.
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a4~

Hinh 7.2. Ghép "mat Fermi" véi ba viing / 2 \
Brillouin trong mang hai chiéu:

P 113 f
3n°N X . >
k|==[ ] } V6i N = 4 dién t0, V = a®
V

'kF —Raa 1,6—.

(122" 34;_.1 x
a

a

4
%
0 % (4] % (il 3
%
3) b) ¢

Hinh 7.3. Ving Brillouin rat gon:
a. Vlng Brillouin thit nhat; b. Vlung Brillouin thit hai; c. Vang Brillouin thi ba.

Phén mat Fermi s& dugc ghép lai trong so dé riit gon nhu trén hinh 7.4 sau:

X X X

Hinh 7.4. Mat Fermi trong ving Brillouin thi nhat (a), thit hai (b) va thir ba (c). Mat
Fermi trong viing Brillouin thif ba v&i so dé tuan hoan cé dang tan dén (d).

N&u V& trén so d6 tudn hoan ctia mat Fermi trong viing Brillouin thi IIT ta thu
dugce d6 thi tdn den (hinh 7.4d).
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Lam cach nao di tir mat Fermi
cta dién tir ty do sang mat Fermi
cua dién tir gdn nhu ty do. Ta sé
dung 4 yé&u t6 sau dé dung mat
Fermi gén ding:

I. Tuong tac cha dién tlr véi
thé tudn hoan cua tinh thé lam
xudt hién khe nang lugng & bién

S T gradse

gidi cua vung.

2. Mat Fermi hiu nhu luén
luon cit vuéng géc bién gidi cha
vung Brillouin. Hinh 7.5, Hai cach dién day dién t trong hai

) . vling nang lugng:

3. Thé beén trong cla tinh thé a. Vung l1: véc to séng tang tif ngoai vao;
s€ thé hién & cdc géc nhon clia mat b. Ving Ill: véc to séng tang theo chiéu
Fermi ngudc lai.

4. Téng thé tich gidi han bai
mat Fermi chi phu thudéc vao néng d¢ dién tir va khong phu thudc vio chi tiét
tuong tic ciua né vdi mang.

Ta khong tinh dinh luong duqc ma chi xdc dinh mét cach dinh tinh 13 mat
Fermi 6 ving Brillouin 2 va 3 s& c6 nhiing thay ddi nhu trén hinh 7.5.  ving 2
nang luong tang theo huéng K giam, con & viing 3 theo huéng k tang.

Cdach dung mat Fermi theo Harisson: Harisson dua ra cdch dung mat Fermi
nhu sau:

Ldy nat mang dao lam tam
va v€ cdc mat cdu Fermi cua dién
to tu do. Nhitng mat cdu nay sé&
gi6i han cdc khoing khéng gian
riéng. Ta xdc dinh:

Viung Brillouin 1: ndm trong
1 cdu.

Vung Brillouin 2: nim trong
2 cdu.

Viung Brillouin 3: ndm trong
3 cdu.

Viung Brillouin 4: nam trong
4 clu ... (hinh 7.6).

Hinh 7.6. Xac dinh ving Brillouin theo
Harisson cho mang hai chiéu.-
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§2. QUY DAO DIEN TU, LB VA QuY DAO HG

Trude tién ta thiét lap phuong trinh chuyén ddng ciha dien tu trong tinh thé,
ta x€t chuyén dong cha bé s6ng trong tinh thé mot chiéu khi c6 dien trudng ngoii.
Gid st b6 séng 26m cac ham $6ng cla cing met vung nang lugng véi vécto sOng
g4n vdi vécto k. Gidng nhu trong séng dnh s4ng véan t8¢ nhém v, = do/dk. Tdn s
trong ham séng dng vdi nang lugng e 13 w=¢/# nen:

de de
v, =h" 2 hay £E_ 4,
¢ dk Y g ™

tin sac g(k). Cong 8¢ thue hién béi truong E dai vai dién tir trong thai gian &¢ [a:
8e = - eEv,8t. S6 gia nang luong 8¢ ¢6 thé vier dus dang: Saz-zfﬁk =hv 8k.
Két hop hai ding thdc trén cd: -cEvESt:ﬁngk hay 6k:—%§61 Suy ra
R(dk /dt) = —eE .

Ky hiéu F 1a luc beén ngoai, ta c6 phuong trinh chuyén dong & dang:

A= =F (7.1)

e &

. . . , d(Ek) | g
Day ta ket qua quan trong vi trong tinh thé -—(552 bing luc bén ngoai tic
t

dung lén dien . Trong khéng gian thudn luc bang d(mv)/di. BDinh {ugt 2 vé
chuyén déng cira Niuton vin ding d6i véi luc do mang tinh thé tdc dung len dién
t, cling nhir lyc do trudng ngodi tic dung.

Néu ta mo 13 chuyén dong cia dién i bing thuat ngit lwe bén ngoai, that bat

ngd phuong trinh chuyén dong lai khong cé dang don gian F =ma, ciing cé thé tir
khai niém lirc ben ngoai ta thu duge diduy g1 d6 cén thiet.

dk o= , .
hgk- = —vaB(trong h¢ CGS) voi ¢ 1a van 16¢ dnh sdng (7.2)
t €

n -evxB (he SD)
dt

frong d6 v& phdi li uc Lorentz t4c dong lén dign tir,
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d -
Thay v, =h"' EE hay v=hT'grad ="'V ¢ tacé:

dk dk
Ko_ . axB CGS) ha —————V EXB sh (7.3
= e (CGS) hay S (8D )

( day ca 2 v€ cha phuong trinh déu vi€t trong khong gian k. Tir phuong trinh
{7.3) trén ta thay:

e Dién tir chuyén dong dudi tic dung cha tr trudng trong khong gian k,
phuong chuyén déng ciia né vuong géc vdi phuong gradien cua nang lugng &
nghia la dién tr chuyén déng theo mat ddng ning (mat ciing gid 1ri nang luong).

» Hinh chiéu k, cla vécta k lén phuong ciia véctg B cé gi4 tri tu¥ ¥, nhung
né bao toan dai lugng cha minh khi chuyén déng.

e Chuyén dong trong khéng gian k xdy ra trén mét vudng géc véi phvong B
va qu¥ dao cha dign tir xéc dinh boi v€t cdt chia mat nay v6i mat ding nang.

e g
{ ¢
O T
— 8/
a ) c)

Hinh 7.7. Quy dao 18 (a), didn tif (b) va qu¥ dao h (c).

Cic quy dao kin (hinh
7.7a, b) ¢6 2 chiéu npgugc

nhau; cdc hat ¢ di¢n tich _ @__,4___
nguge diu nén quay theo 2 / TN

chiéu ngugc nhau. Mot quy |
dao dac trung cho dign td | . .7, o
goi 13 quy dao dign t&r (hinh |- .- .

7.7b), con quy dao kia Id  [N\-.- /-
quy dao 16 (hinh 7.7a). Nhu T
vay 16 ed dign tich duang.

L& 13 nguyén nhan hing so
Hall duong.

'_“_‘.“_"_

Qu¥ dao h¢ (hinh 7.7¢): : Hinh 7.8. Cach dung quy dao &
. ; ie 4o trong mang vudng hai chidu:
sau khi hat dat téi diém A a. Viing cac trang thai tréng 1ai cac goc clia sa 46
trén bién gidi vung dién wr  vOngrit gon; b. Trong ;d dé tuan hoan cac phén khéc
o P nhau clia mat Fermi gan v&i nhau. M&i mot vong trén
nhay sang dicm B doi dign. tring tao ra quy dao 16. Cac vang tron hoan foan
tugng dudng’ nhau mat d6 trang thai giSng nhau.
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Diém B tuong duong v4i B' vi khodang cich BB bing gi4 tri vécto mang dao. Quy
dao hé déng vai trd quan trong treng hién twgng tir dign tré (xem muc 12.2
chuong 5).

Céc trang thdi tréng & gin dinh cia ving, cdc phin con lai duoc dién ddy din
(61 viée xudt hién cic quy dao dac trung cho 18 (hinh 7.8a).

Quy dao nay khéng nhat thiét phai tron, né chi tran trong tevdng hop mang
¢ d61 xing bac 4.

§3. L6

Su xust hién khai niém vé 1§ 1a mot diém dac biét ly thi cha 1y thuyét viing
nang lugng coa chit rin. N 4t quan trong vi hoat déng ciia cic transistor lien
quan rye tiép téi viee cung ton tai cla dién (ir va 16 trong tinh thé ban din.

Cdc trang théi trong (khong bi dien 1 chiém} trong ving cho phép duoc goi
li cdc trang (hdi 16, Theng thudng 13 mot trang thdi trong & dinh cha ving nang
lugng trong tinh thé bin din. Ciing cé thé sa trang thii tréng nhidu hon s¢ trang
thdi da dien ddy. Cic quy dao con phu thuéc vio chidu coa tir truemg. Thuc
nghi¢m vé cdng hudng Cyclotron cho thdy 16 va dién tir chuyén déng nguoe chiéu
nhau, va do vay 2 loai hat nay cé dién tich trdi dgu. Ngoii ra con x4c dinh dugce: &
mot chiéu phin cuc viing séng dien tir bi hap thy bdi cdc dien tir, con & chiéy Kia

bdi cac 16. Bay gid ta khao sat chuyén dong cia 15 trong dién trudng ngoai (hinh

£
LI e
&, e &
o # 2 #*
& I C £
a8 7 A ra
A & 4 £
5) ' )

Hinh 7.9. Chuyén doéng cta I3.

Lic ban ddu t4t ca cic trang thdi clia viing déu bi dién ddy trir mét trang thai
F trén dinh (hinh 7.9a}. Sau d6 cho mét dién trudng B, tdc dung v€ hudng duong

. ) . . dk
cla true x. Phuong trinh chuyén dong cla dién tir trong dién trutmg h_df— = —eBE

cho thay thanh phin x cna véctd séng cdc dien cang mot iic thay dé; gid i k,
cha chdng.

Néu gia s6 1a am thi teen binh ve ti€p theo s& thdy trang thij tréng sang v tr{
E va 1iép nita dén vi 4i D, © .. Biéu d6 nghia 13 khj mot dién 1 dich chuyén thi
16 s& dich chuyén vé phia - k, (hinh 7 9b, ¢).
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Trong ving nang luong da dién ddy téng cic vécto song cua cic dién L bang
0; Zkz(}, Két qua nay 1a do 1dy (6ng theo hinh hoc, mi ving Brillouin lai déi
xung; tinh bdt bicn ddi vdi moi loal mang co s khi chiu tic dong cla tedn tir dio

¥ — —1 . Nhu viy vang Brillouin doi xdng va s lugng véctd K va- Kk bing nhau.
Ngay trong ving nang lugng di dién ddy méi dign tir thay d6i gid tri k cha

nd vdi van toc xdc dinh theo phuang trinh: }r%l:—: F.

Ta ¢6 thé thay trong chuyén dong
ciia cac dién 1 bing so d6 ving tudn
hoan vdi viéc no luon hudng &1 gia i k
ién hon trong mol ving nang lugng, Tréen A AL/ 1/ 7 -
hinh 7.10 cho thay cde dién tir dat dén
bién ving nhung khonge bi bién ngan ma A
né nhdy sang bién d61 di¢n vi lai bit ddu
"cude séng mai".

T

Hinh 7.10. Chl{yén déng cua dign tl

Néu viing dién ddy gin hé&t chi cé trong sd 4o vung tuan hoan,
mot trang thdi con tréng. Vi du di€ém E (hinh 7.9b), ta néi trang thai E 13 16, Nhu
vay tinh char var 1y cha 16 xudt phdt 1r viéc dién ddy cde dién tir vio cdc lrang
thai cbn lai. Day la chia khod co ban dé hidu vé 15,

Trte tién 1a dung sy khang dinh nay d€ dra ra véctd séng clia 16, Néu dién tr
rist khoi trang thai dac tnimg bai vécto séng k, thi téng vécta cla ca hé bing - E Do
d6 ¢6 thé ky hieu vécto séng
chatd la: k, = — k.. €

That la ]¥ thd vi ngac
nhién khi dién tr rifi trang thai

Vung oan

l‘(c tai diém E va tao ra lrang
thai trong chinh tai E, thé
nhung vécto séng cla 16 1a - k,
tic 1a tai diém G (d6i xiing vdi
E) con 16 vin 5 E. Didn b do dy ——

Quy tic 18y - k, thé hién
trong qud trinh hdp thu photon
nang lugng ko . Sau khi hdp thu
photen dién t& r&i khoi trang
thdi E trong viing hod (ri dién
ddy vao vong din tai trang thii Hinh 7.11. Bién tlf nhay I&n ving trén (diém Q).
Q (hinh 7.11). LS hinh thanh tai ving dusi (didm E). Vécld song

kh cla 16 lai tUong Ung véi vi tri G.
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Vécto téng cha ving hod tri sau khi hdp thu photon 13 - k., vécto nay cin
phai gén cho 16 néu coi ving hod tri b 16 chiém. Do vay K, = - K_. Vécto séng
cha 16 ciing giéng nhu vécio séng cha dien 1 tai G. Dé t18ng vécto séng cha ¢ 2
ving khéng thay déi sau khi hap thu photon ]Zc +ih =0 vi tao ra mdt cip dién tir

- 1&. O day coi véc 16 séng caa photon |4 nho.

Phuong trinh chuyén déng ctia dién tir trong tinh l.hé' cd dang: hdi“ =ld’t_
trong dé F, 1a Iyc tic dung lén dién ti, vi k, = - Ec nén ta cd:
n%z—hdi° =~F,, do dé: ﬁ%:e(ﬁ+%§€xﬁ) (CGS)

fr%:e(]ﬂi+§:xﬁ) sn (7.4)

Piy 1a phuong trinh chuyén dong cha dién tich duong trong dién trudng va
ca trong tif trudng khi van t8c v, = v _.

Dich chuyén cda trang thdi theo tudn v E — D — C gidng nhu né mang dién
tich duong, nhung trén thue 1€ lai do dién ti mang dién tich 4m, nén tng véi dich
chuyén G — H - I (tinh theo k).

v, la van t8¢c cOa dién tir ving mat. Van toc v, clia [6 c6 thé hidu nhv sau:
mot di¢n tir r&i khéi trang thdi E (hinh 7.9) thi tao ra dong dién ] do tai dién tich
trong vang. DS 4 chuyén dong thwe cha dien 1 cip voi 16 O trang théi G:
i =—e¥(G)=¢[-¥(G)], dong nay c6 1hé hidu [a dong do dién tich duong e véi van
téc - v(G). Vi van t6c - ¥ (G) bang van tc v (E) & trang thdi E. nghia 12 & trang
thai ma tir 46 di¢n i chuyén di, dong nly c6 thé 1a: ] = e¥(E).

Vay ta cé v (E) = - ¥(G) vi dao ham de/dk nguge diu nhau tai E va G. C¢
the moé 14 dong dign bing cdch viét them cho 16 mét dién tich duong va mét van
téc bang van tac cla dién tir d3 gay ra trang thdi tréng.

Gia s dién tif rdi trang thdi duge dic trung héi vécto séng k., néu v.1a van
tde cita dien 1t & trang thai k. thi: ¥, =¥, =#"'Ve(k,), trong dé &(k,) |3 nang
luong clia dign tir & trang thédi k.

DE tien Loi ta cho mic nang lugng dién ddy cao nhat bang 0. Lic dé e(k_)sé
€6 gid tr) am o 1t cd cdc diém con lai trong ving. Lo sinh ra khi dién tir i trang

thii k, & cé nang lugng duong s,

g, = —&k,) (7.5)
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N&u vung nang lugng d6i xtng thi e(k)=e(~k), ¢6 thé coi g, nhu £ (k,),
nhung Eh = - EL_ nén:
£, (k,)=-£,(k,) (7.6)

Ning fugng cla 16 ¢6 ddu nguge vai nang lugng cua dién tr 44 i khoi trang
thdi tugng @ng. Qua trinh ddy dién ti tir mirc thip 1&én mic cao doi hoi nang lugng

cao. Trong trudng hop viung déi xung: v, :h"VRhsh(Eh),

Phuang trinh chuyén dong cua 16:

hd—" =e(13:+l:r,1 xBy=F, (CGS)
t ¢ (1.7)

=¢(E+V, xB) =F, (SI)
di
trong dé ¥, =V, =h_]V£E(EL_). Phuong trinh trén 13 phuong trinh chuyén dong cia
hat tai duong, nd giai thich duoc sy tén tai hing s& Hall duong d6i v6i 16 hay bin
dén loai p, hiing s& Hall 4m ddi v&i dién 1 hay bdn din loai n.

Khéi lugng hitu dung ciia 18 1a am, nghia 1a ddu cha né nguge vdi diu coa
kh&i lugng dién tir khi dién 10 ndy r&i khoi trang théi sinh ra 16 trén.

Khéi lugng hit¢u dung cla dién tir & trang thdi k_, van téc v, duge xdc dinh
bévi phuang trinh chuyén déng: m_(d¥, /dt) = —eE
Khdi lugng hiéu dung cla |6 duge xdc dinh bdi phugng trinh ciing dang nhu
trén nhung v4i dién tich duong, nghia la: m, (dv, /dty=¢E, vi v, = v, do vay:
dv_  dv

h
=—— Ssuyra m, =-m,
dt h

(1.8)

§4. KHOI LUGNG HIEU DUNG CUA DIEN TU TRONG TINH THE

4.1. Binh nghia khdi lurgng hiéu dung
Trong chuong trude ta nhan duge cong thice (6.19) tinh mic ning lucm;, gin
dung cGa dién tir & gén bién ving Brillouin thd nhét, cé 1hé viét:

262 gl

24 )
1+ h &)=g,(x
m[ UJ 3y of6)= 5, (2)

e(d)=¢g,(x)+

trong dé 8 14 gid tri vécto séng duge tinh tir bién cha ving (xem hinh 6.9a), con:
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m

3 I
=M o anrday
" Tz, U =G G 2m

T cong thide tinh €(8) suy ra di¢n tir hoat déng trong tinh thé theo cdch |3
khoi ltong m™ ¢la né khéc véi khéi Jugng m ciia dién tir (y do:

* Trong tinh thé khai luong hi¢u dung cla hat din m" c6 thé 16n hon hoac
nhd hon m.

* Khdi lrong hicu dung c6 thé 14 dai lugng dwong, tham chi 13 am.

* Thue & cho thdy m" < 0,01m. Tinh thé véi khgi lvong hidu dung cia dién
e m* < m khong bi mdl mat khai lugng va dich lugt 11 e0a Niuton khang bi vi
pham d3i vii tedn tinh thé.

Diém chi chét & day la dién tr nam trong trudrng thé tudn hoan, khi ¢6 tic
dung cla tir trudng hoac dién trudng né bi gia 16c so vai mang va nhu vay nd cé
mot khéi luong hi¢u dung nao dé nhy ta di ngi trén.

Trong céng thic trén U, dugc chon sao cho U(x) = 2U,cosG x. Ta coi U, 1a
gid tri 4m, cho x = 0 thi U, md ta tuong tic hat. Gia trt U, nhoé tam khei luwgng
hiéu dung gan khe nang lvong nhé.

d - . . . - - - d
BE c6 cang thic tinh m” ta lay dao hiim theo thivi glan 2 vé ¢ia v, =h li:
dv, - die _p d’g dk
dt didt dk? dt
]'(‘ -
hi— =F hay & _F
dt dt h
dv 1 42 z dv
Suy ra —*% = —2—5-21: hay F:_j_fg_z__g.
de A° dk- d'e/dk” dt

Néu &% fd’e/dk?ymé 14 khéi lugng thi ta cé dinh luat I Niuton. Do vay cé
the dinh nghia khéi luong hicu dung theo cang thirc:

2
m"* :——,—ﬁ——2 (7.9)
d e/dk
f s . . " L
Néu nang lugng 13 ham bac 2 el k thi ta cé thé viét: a=-2—7k .
m

C6 the viét khéi luong hieu dung di huéng nhu sau:

2 dv '
[_‘_] S A%, “:(L_J F,  (7.10)
m’ ), hdk dk, dt m

trong do pu, v 1& cde chi s6. doi véi he Dé cdcdd lax, y, 7
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4.2. Y nghia vat ly cia khai lugng higu dung

Cd mot cdu hot duge dat ra [a tai sao trong linh thé, khi ¢é tdc dung cha
trudng bén ngodi, dign tir thé hién su phan khéng bing cdch nhu 12 né ¢é khéi
lrgng m"?

Xét hién tegng nhidu xa Bragg cdc séng dién tir bdi mat mang tink (hé. Trong
truong hop lién két yéu ta ¢é ¢du tric vung néng lugng nhu trong hinh 6.6, 'a
hink vé nay cho thdy gian ddy viing I trang thdi cia dién 1 duge md té weong ddi
chinh xdc bang ham séng gém song phang 161 ~ cxplikx) véi dang luong fik va
thanh phin explitk - G,)x| véi dong lvong Ak —G,) nhd va chi ting cham khi k

- . P L. - - B *
T.El]'lg. Trong ving cac gia tr] k nay com = m.

Su ting thinh phin phan xa expfitk - G,)x| khi k ting dac trung cho su
(ruyén dong lugng tir mang sang cho dién 1. ¢ gén bicén giéi thanh phin phdn xa
twgng ddi 16n va 0 chinh bién giGi nd bing bién do cGa séng phang explikx), con
ham séng riéng mé td séng ding hon la séng phing. Thanh phian déng luwong

= e X 1~
}?(_501)b1 triét tiéu boi thanh phin h(EG,).

]Lum" Ve O | Loy V£
|

Chum dién i tor \huim Gin b toi

Mang tinh hé
a} &

Hinh 7.12. a. Khi chim dién ti tdi ¢é nang iugng gan vai didu kién Bragg va V = 0 chim di
gua mang tinh th&; b. Khi ludi ¢é mat thé nao d6 thi dién ra phan xa Bragg, diéu kién Bragg
duge thoa man. Qua day thay su thay d8i mat chut v& nang lugng clia chim dign tr dan
dén thay d8i dang ké cla dong lugng, didu nay ang véi khai lugng hiéu dung nhd.

Mang tink thd’

Khéi lugng hi¢u dung am, khi chuyén 1t trang thdi k sang trang thdi
kK + Ak, dong lugng truyén tir mang sang dién 10 ddi dau va ¢é gid tri 16n hon lue
do trudsng ngoai 14c dung 18n dién tr. Mac dU k tang thtm Ak la do dién trudng
bén ngoil nhung do phin xa Bragg nén déng lugng tény cong cha dién 0k by gidm,
Néu nhu vay thi c6 thé coi khéi lwgng hiéu dung cta dien tir [a am.

Khi & viing I1 va xa dédn bién thi bién d6 explitk - G,)x| giam vad m’ trd thanh
dai lugng duong nhd, d diy van 18¢ cha dicén (I tang va cing v&i mot dong luong,
van 16¢ ¢0a nd lai 1én hon 1a so vdi van t6c cia dién 1 1o do. Higu hai van t6c do
la do mang ldy i khi bién do exp[i(k - G,)x]| giam.

B¢ thay rd tic dong cla trudng theé mang lén dien tf ta ldy mdt Winh anh
trong (ur khi ban dién U xuyén qua mot ming mong (hinh 7123, Trong thi nghi¢m
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nay khoi lugng hieu dung ¢é thé [a am hodc duong, diéu nay phu thuéc vio gid tri
ban ddu ctla nang lugng nhd hon hay 16n hon nang lugng phan xa Bragg. Con tinh
thé phan xa dién 1 va tham gia truyén nang luong nhuy mo hinh ¢é dién.

Né¢u ning lugng chi phu thuoe chii yéu vao k thi khoi fwong hi¢u dung cé thé
rat 1n, nghia 1a m™/m >> 1 vi dao ham bac hai d’c/dk’ rat nho.

§5. CAC PHEP TINH VUNG NANG LUGNG
Cé nhiéu céch tinh gid tri g,, dudi day <€ gidi thi¢u mot 6 phuong phip don gian,
5.1. Phuong phap lién k&t chat ddi véi viing ning lugng
Gia sit tinh thé gém 2 nguyén ti, cic dién ¢ cé lien ket chat vdéi goc ion

(hinh 7.13). L8y hai ham séng riéng biét ciia 2 nguyén tir A vi B. Ham séng cla
di¢n (i trong tinh thé d6 xay dung theo t§ hop y, + y, va Wa - W

@

_/W
- L] 5)

Hinh 7.13. Ham sdng cda dién tir d6i vai 2 nguyén tit hydro:
a. Trong hai nguyén tlr riéng bigt; b. T8 hop v + wa: © - T8 hap s - We.

Ham sdng theo Bleck:
Vi ()= 2 C0(F~T)

trong dé (T} la trang thdi co ban cda dién tf chuyén dong trong truong U{T ) cha
nguyeén (i rdi rac. DS v6i N nguyén (r vdi cdu trdc tudn hoan:

Y, (F) = N2 3 exp(ik, J(r - 7)
]
Tic dong todn 1o Hamilion 1én ta dvoc:
<klHIk>=8,; ¢, =-0—2y(cosk, a+cosk a+cosk,a) (7.11}

(7.17) tinh cho & nguyén tir gin nhét trong cu tric lap phuong don gian.

V¥l cdlu (rie 1ap phrrong tam khai, tinh cho 8 nguyén 10 gdn nhau nhat cé:
Y alekdc lklos}kd (7.12%
= - —8ycos —k acos—k acos—k .
k Y 2 L8 2 ¥ 2
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a =-[dVe' (F)Ho(F)
trong do:

v =-[dVe’ (F - p)He(7)
Véi 12 nguyén tir gdn nhét cdu tric LPTM c6:

a k.,a k. a k. a
8y =—a—4Y(CDS—~;~—.cos-L+cos - cos—

k a k),a
+cos——.cos—) (7.13
5 > 2 )

Tu cdc cong thic g (7.11) = (7.13)
c6 thé vé duge cdc mat ding nang va noi
suy ra mat dang nang trong céc loai
mang. Trén hinh 7.14 cho thdy mat déng
nang trong ciu tric LPTK theo (7.12).

5.2. Ham séng & vécto séng biing
khéng - phuong phap Wigner-Seitz

Khong ¢6 méu thudn gitta yéu t6
phic tap cua dang ham séng dién tir
trong nguyén tir ty do va trong tinh thé
nhiéu nguyén tu. Cdu trdc ving ning
lugng cha tinh thé cho thdy nhing lgi ich
ro rang. Pay la mé hinh phic tap hon
nhiéu mé hinh dién tr gdn nhu tu do. Déi
v6i phdn I6n ving nang lugng sy phu Hinh 7.14. Mat d4ng nang trong céu
thuoc ning lugng vao vécto séng c6 thé  truc LPTK tinh cho trudng hop 8 nguyén
thu duge bang chinh phuong phép dién ti 4-gn-hiit. Mvcodgng: v - B¥I12|H.
tu do. Thé nhung néi chung ham séng c6 thé khéng giéng séng phang. Ta c6 thé
x4y dung dugc ham séng cling nhu nang lugng véi gia thiét 1a cho dién tich tap
trung tai cdc gbc ion duong, gdn gidng nhu trong nguyén tir riéng biét.

Ham Block: y,(F) =Y C(k-G)e'™®" = U, (¥)e™ la'nghi¢m cia phuong trinh
G

séng: {ﬁfﬂ +U(?)}e"“Uk(F)=eke"'??Uk(?). Vi dong luong p 12 todn tir vi phan:
p = —ihgrad, . Ta ¢6 dao ham cua tich:
pe* U, (F) = hke™ U (F) +e" pU, (F)

~2 ki

pre™ U, (F) = (hk)2e™ U, (F)+e™ U, (F)(2hkp)+e™ p* U, (F)

Do vay phuong trinh séng cé dang:

(‘2'1;(5'”}&)2 +U(F)]Uk(_f):8kuk(i:) (7.14)
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Khik = 0tacéd y, = Uy 7)), trong d6 ham Uy(T) ¢6 tinh tudn hoin ciia mang
vit gén ion thi gigng voi ham séng coa dién tir trong nguyén (& tir do.

Thong thuong nghiém khi k = 0 dé tim hon 13 truéng hop k bat ky. Nghiem
Uy 1) duge dang d€ dung ham gin ding: ¢ = U, (Fle™ .

Ham nay <6 dang ham Block nhung khong phéi 14 nghiém chinh xdc cia
phuang (sinh séng (7.14) vi ta b di su phu thude U vao k. Trong truimg hop nay
gan ding bac khong clia nang lugng ~€ 1a phy thude vao k dang: (k)% /2m. ding

nhu d61 véi hinn séng phing tham chf néu U,(1) cé bi&n d6i manh.
" . , . I, - - - .
Vi Uy(t) la nghiém cha phuong trinh: {Ehp' + U(r)}UU(r) =g, U, (r} ma
m

W= U“(f)c"_"" ing vdi nang lugng e, +(7k)’ /2m , ham Uo(T) & cho mo td sy phan
bé dién tich trong & co ban. Wigner va Scitz da tinh him U, (7 ) cho kim loai kiédm
(hinh 7.15) d6i véi k = 0.
DAL véi k 16n hon c6 thé
laim gdn ding tir ham W ]
U,,(?}c’{" .

Ning luong lién keét:
Khi cdc nguyén tir nam
trong tinh thé thi téng
ning lugng cda tinh thé
phai nhé hon (8ng nang
lugng cua ting dy nguyén
1 ricng bi¢t. Ph4n giam
ning lugng d6 chinh bang :
nang ]qqng-lién ket trong v |
linh thé. B6i voi nguyen tir
tr do dide kién bién cda
phuong trinh Schrédinger

Y um L’a@.r' k=0
—— nguyéntd bl dp

""‘--..

-

Rl T o loa’ k€24 bidn
g Britlowy

=

t '

a

3 L]

Hinh 7.15. Ham séng xuyén tAm déi vai qui dao

a wiry > 0 khi r - = 3s cla nguyén t natri tv do véi didu kién bién
Hiam séng trong & Wigner dyidr = 0, Ham séng w = Uy(r ) khi k = 0 déi véi

kim toai Na mdtc thap nhat khang d8i & 90% thé

- Seitz duge tinh khi sir tich nguy&n tir, w(r) — O khi r - = [1].

dung diu kién bién cia

. . o . N . . o - . F 5 e
Wigner - Seitz ?E =0. Trong dé r, 1a bin kinh ca cdu cd 1hé tich bing thé tich
ar

O nguyén thuy. r, biing 3.95 bdn kinh Bohr hay 2.08A. Cic trang thai khdc dugc

di¢n ddy trong ving din cha Kim loai Na viét gan ding bang ham Block:
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" - hk”
y, =eNUL(FY e =g+ E (7.15)
Mgaydn to ) Kim loar

Hinh 7.16. Nang lugng lién Trang thar Thip nhét Mue Perry
k&t clta kim loai Na bing -§tfef ——— =  ——m——————
hiéu nang lugng trung binh . .
cla dién tif trong kim loai Waing Ligng Lién ket . N
dé (- 6,3eV) va cia trang _63el Neng btong

thai ca ban (- 5 15eV) I8p b
3s cla nguyén (i iy do (do Zrung bink
Wigner va Seitz tinh [1]}.

~82eV __ Treng tha

K&t qua tinh cia Wigner va Seitz nhur sau: %- 0

» Nang lugng Fermi: g, = 3,1 ¢V,
e Pong niang trung binh cua dién tr bing 0,6g, = 1,9 eV;
o Vig,=-82c¢cVtul k =0, nén ning tugng trung binh ¢ha dign tir;

<gr=-82¢eV+19eV=-63eV

5.3. Phuong phap gia thé

Ham séng cta dién to din bién thién déu gifia cdc ion nhung nd trd nén phice
tap & nit mang chia ion, thé nhung thé tich gifta cdc ion 16n hon so véi thé tich
cdc ron chiém.

Trong phin thé tich gitta cdc ion thé nang cia dién ti din nhd, dé 1a he
Coulomb cila ¢éc ion duong giam do hi¢u @ng man chin tinh dién cia cde dién wr
dén khic.

(J ving ngoai ham séng giéng nhu séng phang, & day khong c¢6 anh huing
cla nhitng thay dai manh vé thé & gdn cdc hat nhan nguyén 1, va ca sy anh hudang
cha viee doi hoi vé tinh true giao ( _[’q)'[?)kp“(?}(ix:i =0) cha cic ham séng clha dien
tir trong chinh cde ien cia nd.

C6 cdc nidt ¢la ham séng d vung gin gdéc ion lién gquan dé&n déi hoi vé tinh
truc giao, vi dy hiam séng viing 3s cia Na ¢6 3 nit, do vy khong thé truc giao vdi
cdc ham séng Is, 25 cha dién 10 cha géc jon, ¢én ham ving 4s cla Kali ¢6 3 ndt.

N&u céc ham séng cha cac dién tir ddn & ving ngoai ¢6 thé coi gdn dung 13 ¢é
dang song phang thi su phu thudc ning lugng vio vécto séng phai gin cd dang
nhu &61 v&i dién Wty do: g, =4k’ /2m. Mot vai tdc dong 1én dicn tir ¢ir phia thé &
ving ngoai ¢6 thé hiéu li su kich thich tréon manh cdc séng voi cdc thanh phén
kva k + (3 gdp bién gidi vung Brillouin,

Con vice ham séng khong giong séng phang tai goc ion c¢é the 1dn s& khong

cd anh hudng (& su phu thude trén cda vimg nang lugng, vi khi tde dung 1odn o
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Hamilton 1én hdm séng & bat c¢G didm nao cha khong gian ¢ ving ngoai déu din

dén nang luong cba dién tir ty do.

Néu nhu vay cé thé thay thé thue & ving gén géc ion bang thé hiéu dung nao
d6 goi la gid thé, & viing ngoai géc ion cho ta cdc ham song nhu la thé thyc.

Tai vang gdc ion gia the bang 0 (theo thuc nghiem va 19 thuyét). Tir day gia
the¢ 12 the khong bi chén sé& bing 0 trong khodang R, va ddn dén mo hinh ion réng

v dang thé theo ham sau:

0 khi r<R_

Ulry=3 .-
-— khi r>R,
T

(7.16)

Nhung thé nay phai bi chén, do vay th€ bj chin s& c6 nhu trén hinh 7.17.

2 ]
0.8 ? . 2 ? s
Gis’ the'
i &
aat £ -4
rpda b v e
| Gd thé ifl“"-r‘*w
Lot
£
.’. L]
BT 5 -
a0 '.
)
> N
g > ThéTon
-2k :

Hinh 7.17. Gia thé& trong kim loai kiém:
Theo {7.16) tai gdc ion thé bang khéng. Tai vliing ngoai r » R, gia th& ty 1& nghich v&ir,
phung do hiéu Ung chdn nén dudng gia thé durge thay bang dudng dam,

G gén ngay ion khéng ¢6 dien tir déin, dién tir ddn chi cé & vilng ngoai nén bod
qua the thue & géc ion. Gia thé nhéd nhung ham séng nhan dugc nhd ding the nay
hdu nhu gi6ng ham nhan duge véi the thyc. D€ tinh c4u tric viing nang lugng tinh
the nhdt thi€t phai tinh dwoc gia tri cia ke s6 Fourier U(G) clha gid the déi véi
véctd mang ddo, nhitng gis tri nay cila U(G) thudng c6 trong cdc bang tinh sén.
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§6. PHUONG PHAP THUC NGHIEM NGHIEN CUU MAT FERMI

Pé nghién ciru mat Fermi trong Kim loai ¢é nhiéu phuong phép thuc nghiém
nhu:

a. Hiéu itng Skin bat thudng

b. Cong hudng Cyclotron

c. Hiéu dng de Haas - Van Alphen

d. Phan bs séng siéu 4m khi cé tir trudng

e. Hiéu tnyg tir dién e

f. Phan xa anh sdng trén mat ki loai.

Trong khuon khé gido trinh nay chiing ta xem xét phuong phédp cdng huong
Cyclotron trong kim loai.

Trén hich 7.18a 13 phan b6 trudng bén ngoai so voi mat mau. Trudng dién tir
xam nhép vio miu mot 16p goi 1 [6p skin. Bén kinh cda quy dao dién tif trong tir
trudng | Tesla ¢& Ia 10 *cm. Dién tir khi quay theo quy dao (hinh 7.18b) s& tuong
the véi dien trudng xoay chiéu & mot quing khong 16n cla mot vdong quay, bén
kinh quy dao 16n hon nhiéu so véi bé ddy ldp skin.

,if;r_:_'_/é_ / . Lopsin F“@_"W

a) b)
Hinh 7.18. S0 d8 hiéu iing Azbel - Kaner: E ¢6 tan s& séng vb tuyén song song hodc
vuang gbc vai B, B va € nim trén mit cha miu.
a. Phan bé trudng trén méu; b. Quy dao dién tif va [dp skin.

Dién tir s& dugc gia téc khi qua 16p skin néu pha cha né triing voi pha clla
trudng tin s6 cao. Didu kién cong hudng 13 chu k¥ T quay cla dign tir theo quy

dao phai 12 boi 1in chu k¥ 2n/e cha trudng xoay chidu: T znz—n, n 1a s6 nguyén,
o

ldy © = w¢ tdn s8 Cyclotron:

_2n _2mm.c

T (he CGS) (7.17)

W, eB

me 12 khéi lugng hidu dung d6i véi cong hudng Cyclotron, vi du trong Kali:
me = (1,24 £ 0,02)m. Cong hudng d6i véi dign tir xdy ra & cudng dé dién trudny
phu hgp véi biéu thic:

2nm ¢ 2nn

e¢B o
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Suy ra: B = omcc/en (hé CGS)
B = wm¢ fen (he SI).

Mat Fermi trong kim loai LPTM: Noéng d6 dién tir trong kim loai hod tri |
mang LPTM la n = 4/a°, ¢6 4 dién tur trong mot khéi lap phuong canh a, déi véi
dién tir tr do bdn kinh cdu Fermi la:

143
2 1272 4,
k; = (3n*n)"? =[-%] -
it

Vay duong kinh cdu Fermi 1a 9 8/a.

Khodang cdch gitta 2 mat luc gidc cia bién gigi viing Brillouin thi nhat 1a
EJ_ 10,90

nghia la hoi 16n hon duong kinh cidu Fermi. bay la khoang céch
d

ngan nhdt giita bién vung Brillouin.

Nhu ta da biét cdac mat nay lam giam nang lugng viing gdn bién viing
Brillouin, vi vay ¢6 thé cho rang cic ¢ cua mat Fermi huéng vé phia cic bién
gidi luc gidc nay.

Bién gidi tir gidc xa nhau 12,57/a.

Hinh 7.19. M4t Fermi trong kim loai LPTM: mat c6 8 cé (a) ndi vai
nhau theo so d6 tudn hoan (b).

Tinh chu ky T cha mat Fermi: ‘31—k=— :
t

VEEXEZ ——?(VELL trong doé

Z

h7'(Ve,), 1a thanh phén vin t6c & khong gian binh thudng trén mat vuéng goc véi

trudng B, chu ky T thu dugc bing cdch ldy tich phan biéu thic trén theo vong
kin:
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o 1:
Toda=lSq 98 (7.18)
eB 7 (Ve ),

Tu bidu thire nay cé thé gidi thich duge cic dac diém cla mat Fermi. Mang
nghich ctia mang LPTM 14 mang LPTK trong khong gian nghich. Viang Brillouin
th nhit cua maong nay 18 moL khai gidi han bai 8 mat lue gidc va 6 tid gidc (hinh
7.14}). Theo tinh todn khedng cdch gifta cde mat nhu ttén, & trén mit fue giae cla
bién vung Brillouin thd nhdt ¢6 mot cé, cho nén ¢4 tit ci 8 cé (hinh 7.19). Viée
xac dinh T trong (7.17) va sau dé xdac dinh cdc qui dao (hinh 7.19) nh& vao dinh
huéng cha tir trudng B theo cdc tryce tinh thé khde nhau. O tdn s6 cong hudng
dién trér bé mat cda miu gidm di. Nhing quy dao kin khong gy ra tir dién tré,
con cdc quy dao hd de mit Fermi ndi gitra cde viing tudn hodn 12 nguyén nhan cla
tir dién trdr.
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Chicong VIII

CAC TINH THE BAN DAN

Ciéc tinh thé ban dén tinh khiét & 0K khong dan dien, ching chi din dién khi:
bi kich thich nhigt, ¢6 chita tap chat hay sai hong tinh thé, saj hdong ciu tric hoa
hoc.

G nhiét do phong bdn din cang (3 vat din dién c6 dién trd suat cd 102 dén
10° Qcm nghia 12 gitta vat ddn dien 5t (10°° Qcm) va chit dign moi (~ 10" den
10?7 Qcm), néng do hat din n > 1022 & kim loai, 10" < n < 10°? & bén kim cdn khi
10" < n < 10" 1a ban dén & nhiet do phong.

bién tr& sust cia ban din phu thudc nhiéu vao nhiét dé. Céc linh kién ban
dén truyén théng 13 diot, transitor. Cdc chii bidn din dién hinh nhu Si, Ge, Se la
don chdt, con Cu,0, PbTe, PbS, SiC, InSh, GaAs [a cdc hop chét bin din.

Ngudi ta k¥ higu cdc hgp chat ban din 12 AB nhu sau: Néu A 1i cic nguyén
t6 hod tri 3 va B la cdc nguyén t6 hod tri 5 ta viét: A, By vi du: InSb, GaAs. Con
néu A la nguyén t6 hoa tri 2 va B - nguyén t§ hod tri 6 ta viét; A;By, nhu Zn$ hay
CdS

Trong chuong nay Si s& 14 vi du minh hoa cho ban din don chét. Si ¢6 cu

tric cha kim cuong va duogc sir dung réng rai trong cong nghiép dién ta. SiC thuoc
loat A,,By.

§1. DO DAN RIENG

Do din rieng hay goi 1a ¢ din noéi. C6 thé néi day la d6 din dac trung cha
bdn din tinh khiét. Chat ban din tinh khiét c6 do din khédc v6i chét c6 pha tap.
Bin ddn ch¢ tao ra bao giir ciing chira mét lwong tap nao d6, nhung néu trong rhép
do d¢ dén phy thudc vio nhiét d6 ma ¢6 doan tap khong anh hudng déng ké thi dé
la ving nhiét 46 cda 4o dén rieng.
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Truéce tién ta xem xét clu tric
vilng nang lugng trong ban din. Si ,
c6 hod tri 4 nhu vay ¢é 8 dién 10 Vung <lan trong 100%
lién k&t trong 6 co ban, cdc ving
khong phd nhau nén Si Ja dign moi & €
OK. Ving dién ddy dién tr hod tri I

-

wacé’rg }I%
goi 14 ving hod tri, con viing ngay > ]
trén tréng 100% & OK goi 14 vang /
dan. Gida ving din va ving hod tri ////M
¢6 viing cdm hay khe nang lvgng E,. Vuig hod tri cfién I3y 1005
Bé rong ving cidm bing hiéu cia

diém ddy cla ving din va dinh cha Hinh 8.1. C4u tric viing nang lugng trong
vung hod tri (hinh 8.1). ban dan tinh khiét.

T ] 7T :
o P //
IS aR R ZEl

3
%
A3 /
» F _ §> L §
¥
o' e 0" //
ot 10°
200 248 Fil-] 248 200 5 Mo Jod 2y Fow s ELr] 75 00 4z 4G
Mg s, K Mhigr o8, K

Hinh 8.2. Su phy thudc néng dd dign tif vac nhiét do: néng d$ dién tir cba Si (b) nhé hon
clia Ge {a), 6 300K do dugc Eq = 1.14 eV con Eyq, = 0,07 eV.

Khi nhiét d¢ tang, c6 kich thich nhiét nén dién tit.nhdy tUr ving hod tri sang
ving din tao ra mot 1§ & ving hod tri va mot dién tr & viing din, dién tr va 16
tham gia vao quy trinh dn di¢n. E, cang nhé thi d¢ din riéng cang lon (hinh 8.2).
Duwdi tac dong clia dién trudng dién i va 16 chay vé 2 huéng tao ra dong dién.

3 nhiét do khi 46 din riéng nhd khong déng ké, tinh chit dién duge xédc dinh
bdi cic tap chit va lic d6 ta néi dén 46 din tap. Viing dén rieng tuy thudc vao
timg chat ban ddn, doi vdi Ge thudng & nhi¢t d6é cao hon 350 K.
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§2. VUNG CAM

Gid wrj do din rieng va nong dé hat din riéng treng Gng duge xic dinh bdi ty
s0 B /KT e Iaty so gilta bé rong ving cim va nhiét d6. NEu 1y so niay ldn thi
nong dé hat dan rieng nho vi do dan riéng ciing nho, gia i B, duge xdc dinh
rong nhiéu tai lieu. Bé rang vung cdm thudng duve xdc dinh bang phuong phip
do phé hip thy quang. N&u bién phd hdp thu quang lién tue nam & tin s6 o, thi bé
rong ving cim duge xdc dinh bai: E, =40, . Day la qud trinh hdp thu truc ti¢p
(hinh 8.3). Qud trinh hap thy gidn ti€p xay ra khi cde mac thdp nhat cta dién 1 &
ving ddn va mic cao nhat cia 16 & viing hod tri & nhimng 214 tri khdc nhau cua
véeto séng k. Vi du: Mite thap nhit coa dién 1r & viing dan 1a; ke, con mie cao
nhat cda 16 tai viing hod (ri k = 0 (hinh 8.4). Qui trinh hédp thu gidn tigp s& khong
ddm bao dinh luat bao toin vécta song (tie 14 ddi hoi Kppaon = K ) Vi vy qué trinh

nay doi hoi sr tham gia mot phonon vécts séng K vi tdn s6 Q-

o = ]_(-L_ + ]Z =0 vi hm= EJ: + RO
Hip thu . €
| th;rg
| Ly @ gus e A ]
. 4)
E) ‘
| hoa tri
Bét iy
k& thy

treic b8

Rasg  Waing lasng photon huo 0 ¢
Hinh 8.3. Qua trinh hap thy true ti€p: photon bj hap thu va tao ra cap dién o - 15:

@. 8U phu thuéce hdp thy vao nang ivgng cda photon; b. Cau tric ving rat gon tuong {ng.
#3p bhy ¢

IS ' Baty virn - 1 ~
Bt IS hipthy ‘ Y Vienglin ﬁmif:::g
i 8y S e ks
- Badsy - -,
T AN
T ki -

T I — - 0 3
o s Wiy by phton B B R

Hinh 8.4. Qua trinh hap thy gian tidp:
a. Phé hdp thu; b. Cau tric vung rut gon tuong dng.



Ning lugnyg  cua
o phonon nho han rit nhiéu

so vdh L, Trong trudng

T T 11117

hop nay phonon van véeto
song duge cor Td "ngud
Li€p dong lugng ré (ién”

3
*

cug tinh thé i gid tr) dac

thu (cm™)

trimg  nang  luong  coa

T 11T

¥

phonon ¢d ~ 0,01 + (.03
eV rat nhd so vél khe

fta <’y
3,

niang lugng. E, <6 thé
duge xic dinh 1o su phu

rYT

thuoc ndng 4o hat din
N | vito nhict d¢. ndng do hat
| din ¢6 1hé duoe xice dinh
tr hi¢u tng Hall. M
khic viée xdc dinh E,

T T T T

T

bing phd hdp thu lai ¢6
thé bi€l duge qua trinh la
) i trre tiép hay aidn tiép va

T T

[' quan hé gida cde viang
) i nang tvgng. Vi du: do

[ I phé hdp thy cla @ - Sn,

of 03 v 27 InSb cho thdy do la qui

i how () o rinh true tiép (hinh 8.5),

Hinh 8.5. Phd hdp thu cda InSb, qua trinh tryc tidp. nhung do vér o - Sn cho

E, = 0. con HgTe va

HgSe cho E, < 0 vA nlur vay viing dén vd ving hod tri phi nhau. Qud trinh gidn

1iép ciing ¢6 thé xdy ra nho vitc hdp thu phonon trong trudmg hop nhiét 46 @u IGn
lao ra cdc phonon. Dudi day 1d mot s6 sé liéu:

1

_ B, (cV)
Chat Qua trinh
0K AN0K
Si eidn liép 1,17 1,14
(e glan tep 0,744 0.67
GaAs true tiép 1,52 1,43

§3. NONG DO HAT DAN RIENG

Bé tinh duge su phu thude cia néug dd hat diin rieng vio bé rong viug ciim
phai tinh duge s8 lwong dién 1 chuyeén sang vang dan do kich thich o nhi¢t do T
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nhu 14 ham cda thé hod p. Dé ‘ £
tién cho viéc tinh todn ta ldy e |
mic dinh viing hod tri bang 0. - R Viirg ddn
Trong vat 1y bdn din p duge "
coi la mitc Fermi. Ta tinh nang
lugng tir dinh cla ving hod tri L
o cdc nhigt d¢ cén quan tam, £ o
col trong vung din & - p >>

kT, ham phan b8 Fermi -

Dirac cé dang gdn ding: M

f=ex i I} f(s}
k,T

N

Vang
/:o'a ﬁ"f

L M Fermi

Trong viang din ta ¢é:
2.2

-

., trong d6 m, la

g, =E, +

khéi lugng hiéu dung cha dién
1r, vay theo céch tinh mat 4o
trang thai:

Hinh 8.6. So 46 nang lugng bidu didn cac tinh
toan théng k&. Ham phan b3 Fermi (ban phai)
12 trong trudng hop keT << E,, mie Fermi p nam giita

D(e.) = dN  V (2m 12 2 vung. Néu & = p thi f = 1/2, c4c gia tri f 14 xac
(ee)= de. 22\ R F sudt mat do trang thai dién tir & viing din da bi
F e ‘o A 2
chiém, p 1a gia tri ma f = 1/2.

Ta ¢6 s6 trang thdi giita
mifc £ va € + de trong mot don vj thé tich:

352
1 (2m, 142
Dc(ﬁ)d8=§n—2[—h2—] (E—Eg} de

$6 dién tir trong viing ddn trong mot don vi thé tich 1a:

b b {2m, " o7 2 €

g 2nt K kT
32
k -E
n=2 E‘—BTT exp) ™% (8.1)
2 i k,T

Bai todn chua gidi duoc néu chua biét K- Ta coi néng 46 p cha I8 ciing can
bang, him phan bs déi véi 16 fy bang hiéu cla 1 va ham phan b6 dién tfr, vi xic
sudt 18ng c¢ong bang 1. Vay: f, = I - f,

e

13

Lay tich phén ta duoc:
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kT

f,=1- | = L zcx;{i_{j]
exp[a_u]+l exp(“_sjﬂ B

véi gid thiét I p - € >> kyT.

Néu 16 & dinh cla ving hod tri giGng nhir cdc hat vdi khdéi lugng hi¢u dung

2
\ 1 {2 )
m, thi ham mat 46 trang théi: Dh(e)de=~2?2—[ ;:h} (—e)/*de .

Nang lugng c6 gia tri am vi diém O tai dinh ving hoa tri:

n mthT iz p'
p= _:[Dh(ﬁ')fh (E)da = 2| -—z-;t—h-'i-" Cxp —H (82)

Nhan p va o trong (8.1) va (8.2) v&i nhau ta cé:

k,T Y E
np=4 —° m.m, ' expl - —% 8.3)
P [21153]( <t0a) kT (

Trong c¢ong thite (8.3) khong ¢ mite Fermi p. Biéu thitc nay c6 tén 12 "Dinh
luat céc khoi lugng tdc dung”. Ching ta khong cé gid thiét vé do din rieng nén
cong thdc trén ding v&i LAt cd trudng hop cd tap. C6 maot gid thi¢l duy nhit la:
khoéng cich nang lugng tir mic Fermi tdi ddy E. va dinh E, cba 2 vang phai 1dn
so v6i kT va do vay day i3 phép gdn ding tuyét vdi dé thu duge f, va f,. K&t qua
thuc nghigm & 300 K ¢6 npg. = 3,6.10” cm™; npg; = 4,6.10" cm™®, coi m, = m, = m.

Vi np la dai lugng khong déi nén khi pha tap chét vio, ¢6 thé tang n thi giam
p vA ngugc lai. Ngudi ta ¢6 thé khir duge mét trong 2 loai hat din dé€ tao ra bin
dfn loai n hay bdn dn loai p.

Tir (8.3) thiy rd np phu thudc vao nhiét d6é theo ham exp.
Néng d6 hat ddn riéng (hat dén noi)

Trong ban din c6 do din riéng thi s§ dién t& bang s6 16, vi mdi dién tir khi
rt trang thii & viing hod tri déu tao ra mét 18, Vi vay néng d¢ hat din & bin dén

riéng la:
2
k,T E
n, =p, :2[ i } (mcmh)”"exp[— £ ] (8.4)

2k’ 2k, T

86 hat didn riéng duge kich thich phu thudc vao E /2ksT theo ham exp. E_ Ia

bé rong ving cim:
Eg
n=p~expl -
P Tk, T
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Cho n = p rong cong thiic tinh n va p(R.2)yvais. Iy

o 2 _E LYY
ok an] exp{ 2B Lo maka T
2n k. Lk, T 2nh Lk, T
o 2u W m, N { E, ]
1'a co: exp =| —L ‘ exp| Hf
kT, L, ) Lk,grj
Lay In hai vé¢ ta duac:
I 3
u=—F +—-kBTInEl‘- (8.5)
2 7 4 m,

Néu my = m_ thi u = E /2 nghia 14 méce Fermi ndm giira ving ¢dm. Mé&i nhin
khang dinh trén khong dung véi két qua Iy thuy€t 1a trung binh xdc suat dién diay
muc Fermi hing 1/2. Nhung néu nhu & mize Fermi oo mat mit do trang thai cho
phép nao dé thi xdc suat b1 chi¢m trang thdi d6 thue 1€ cling bang 1/2.

U9 link dong trong vieng ddin riéng

6 linh dong duoe xic dinh nhu 1a van (6c cudn trén don vi di¢n trudgmg
I= }— o day p ky hiéu la dé linh dong (iriing v&i k¥ hiéu cda thé hod), 1a sé c6
e 12 do linh dong cia dien tir vi M 12 d6 linh dong cia 16, N6 6 dau duong cho
ca dién tr va 186 mic do hudng troi eha ching nguac nhau.

Trong ban dan vdi do dan rieng 1¥ Wwong, do linh déng duge xdc dinh boi sy
ldn xa do dao dong mang, nghia [& bdi sy va dap dien 10 vdi phonon (1rong tic
dién tir-phonon). Trong cde bdn din thue ludn ¢6 mot lugng tap nao dé, tap nay
gay tdn xa chi yéu d6i véi dien 1o & nhi¢t d6 thap, khi tdn xa trén phonen cé thé
bo qua. Nhung & nhiét do cao tan xa trén duo déng mang chiém uu thé.

Do dan dien khi ciing ldc cé dién tir va 16 duge xde dinh bai tong déng gép
cla mdi loai hat din: & = {(nep, + pepy). trong dé novap la nong do hat din tuong
ng ¢ha dién tr va 16, So cong thitc ndy vai do din tinh 6 = net/m ta c§:

et et,
He = —% by =—=
m, m,
o k,T ;
Vi thiet dién va dap o, z[—-ﬁ— G, Ma 1t~ o nény,, ~T1-°
8}"

Nhu viy do linh déng phu thuge viio nhiét do theo ham mi. Trong vang dén

ri¢ng sy phy thuoe néng d6 hat din vao nhict do duoc xic dinh chd y&u theo ham
mi exp(- E /2k,T). Thue & nay cho phép dung cic sa lieu vé dd din dé tim bé
rong vung c¢im. Trong cdce tinh thé ¢4 ving ¢dm hep, dién r c6 dé linh déng cao
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hon, vi khéi lugng higu dung nho hon. C6 thé xdc dinh 4o linh déng p(H) bing
phép do dua trén hi¢u dng Hall goi 12 do linh dong [all nhu sau:

Hiang <6 Hall d&i v&i vat dan di¢n binh thudmg 13 R, =— — - Khi bdn din
enc

da dan di¢n & mot nhiét do ndo dé thi trong d6 phai ¢6 cdc hat ddn nhat dinh.
Nhin hé o dan dién vai hang sd Hall ta ¢é:

R, lo - C( ! ][9_9;_?_] _ Ty Grong CGS)

m

1 ne't et
Rylo=— ——~=-""=p (S
v m
¢ la vin 16c dnh sdng Tich cba hang s6 Hall va d6 din dién goi li do linh
dong Hall p.

Duédi day 1a mot sd sa licu thue nghiém:

Tinh (hé Do linh dong (em®/V see)
Dién wr Lo
Si 1300 500
Ge 4500 A500

§4. DO DAN TAP

M6t 56 tap chal vd mat s6 loal sai héng cia mang ¢6 (hé anh huwang rit 16n
dén tinh chit c¢da bdn dén, vi dy, khi thém vao Silic mot lugng Bo theo ty 1¢ 1
nguyén te B/107 nguyén 1 Si thy 46 din & nhi¢t do phdng s& tang lén hang nghin
ldn so vai Si tinh khiét,

Trong céc bin dén hgp chat sy thigu hut vé thanh phan clila mol cfiu tir ciing
gdy hiéu ing ruong tu nhu tap chdt. Trong cdu tric Si hoac Ge 1 nguyén tir lién
k&t déng hod tri 4 v&i 4 nguyen tir kKhic. Vé nguyén tdc cé thé pha tap cdc chat
thuge nhém 3 shu B, Al, Ga, In, Tl hoac thuéc nhém 5 nhu N, P. As, Sh, Bi.
Nhung pha tap phai ddp (ng ycu cfu 1a khong lim thay d8i cdu tric mang tinh thé
goc. Sy pha tap nhy vay sé lam bdn din trd thanh bin din loai p hodc n. Néu ta
pha vao d6 mot nguyeén 1 ¢6 hod tri 5 nhu P thay chd cho mat nguyén 1ir gdc thi
s€ thira ra mot dien tir hod tri i mang lai bi bicn dang i1, Ngodi ra lap chit cing
phdi ddp Gng cac diéu kién vé trung thai phir hop chda hat din tap.

§5. TRANG THAI TAP CHAT

Nguyén nhan tao ta mic tap trong ving cdm I do mang tinh thé bi bicn dang
vitdang gép cua dién tich cha jon tap vao (ruone the tuan hedn U{x) cta tinh hé.
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Do dé nghiém gin diing cha phuong trinh séng tai bién gigi vung Brillouin
h?

£ =
2m

2
(EG‘] *U, thay doi dan dén mirc donor vd mac acceptor trong vong

cim.

5.1. Trang thai Donor

Tur hinh 8.7 cho thdy nguyeén 1 tap As bi mé&t mot dién t&r trés thanh dién tich
dudng, k€t qud phan tich cdu tric cho thay ion As ndm vdo déng nit mang.
Nguyen tir 1ap chat bi mat di dién i trong qué trinh ion ho4 poi la cdc donor (chat
cho). Toan tinh thé vAn trung hoa vi di¢n tir vin ném trong tinh thé.

£

Cl —— -

G

Muz donor
1)
Noigyd _
cia nguyén fr As
b
9 )

Hinh 8.7. Cdu tric ciia Si loai n (a) va mire donor (b) tuong ing.

bién tu ndy chuyén dong trong trudng cha nguyén tir tap v8i the 1a efer, € 12
hing s6 dién méi tinh clia tinh thé Si, s6 nhan 1/ dé ¥ dén sy giam cdc luc
Coulomb tdc dung gida cdc dién tich As* va e, Diéu nay phi hgp véi cac quy dao
dd 16n so voi khodng cdch gitia cdc nguyen tir. Néu dién tir chuyén dong cham ma
tdn 56 @ cla né nhod so véi tdn s6 ©, tuong ing véi bé rong ving cdm thi dién wr
tré thanh hat ddn. Diéu kién nhu vay chi dat duge khi pha tap P, As, Sb vao Si va
Ge nhu nhitng donor.

Ta ¢6 the coi di¢n th chuyén déng quanh ion donor gi6ng nhr mé kinh
nguyén tir hydro. Tir Iy thuy€t clia Bohr vé nguyeén tir hydro ta ¢é nang lugng lién
két trong nguyén tlr hydro [3:

B, =-e'm/2h* (CGS) hay E, =-e‘m/2(dne.e) (trong SD

Trong trudng hop bdn din ta chi viéc thay e? bing ¢*/s va m biing m". Nang
4 + E L]

lugng ion hod cha donor 1a: E, =% (CGS) hay E, :—-m—2 SIy.
2eh 2dneeh)
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Ban kinh Bohr yuy dao di¢n tir trong nguyén & hydro & trang thdi co ban 1a
a,(H) = #° /me’(CGS) hay a,(H) =4ne A /me? {trong ST .

- h* 4 h?
e cGS) hay a, SpUATLL

Bin kinh Bohr cua donor li: a, =——
m'e m’e

{81y .

Diéu quan trong thdy & day 1a nang lugng ion hoa donor ty 1& nghich vdi €2
va ty ¢ thudn véi m". Véi cdc tinh todn cu thé néu ldy m*~ 0,Im (trong Ge) vi
m’= 0.2m (trong Si) va hing s6 dién méi tinh dién £ = 15,8 (Ge) 1a thu duge cic
gid tr] Ej{eV) trong Si va Ge nhu sau;

Nén Tap

P As Sb
Si 0,045 0,049 0,039
Ge 0,0120 0.0127 0,0096

Con néng lugng ion hoa cia nguyén ti tu do clia hydro bing 13,6 V. Cic tinh
todn ¢6 dién cho nang lugng ion hoa donor E, ciia Ge 13 5,4 meV nghia 13 nhan véi
m’/me? = 4.10°* 1dn, cdn E; cba Si 12 20 meV. Bén kinh Bohr thit nhit ting em/m’
ldn so v4i gia tri 0,53A d6i véi nguyén tir tw do clia hydro. Tir day ta thdy ban kinh
Bohr thif nhat trong Si 13 60.0,53 = 304, con trong Ge 1a 160.0,53 = 804,

5.2. Trang thai acceptor

Hién 1gng cling tuong (v nhu trén khi pha vao Si hay Ge tap chat <6 hod tri
3 nhu B, Al, Ga va In. O day lai xudt hi¢n cdc 16 va cde tap chat nay trong ban
din Si dugc goi 1A acceptor (chdt nhan).

Nguyén tir Bo 1dy mot dién tlr trong lién k&t Si - Si va tao ra mo1 16 trong Si.
Viéc tao ra mifc acceptor ciing twong tu nhu d8i véi donor, nhung mifc acceptor
trong so dé ving nang luong lai bi kéo xudng dudi ddy vang cdm (hinh 8.8).

Nang lugng ion hoa acceptor E (V) trong Si va Ge:

Nén Tap

B Al Ga In
Si 0,045 0,057 0,065 0,16
Ge 00104 0,0102 0,0108 00112

Tir day thdy rang nang lugng ion hod acceptor E, ciing ¢& véi E, va nhu vay
s thay d6i bén kinh Bohr cing tuong ty nhu nhau, viée tinh m* rdt phic tap vi
phai d¢ y dén suy bién. Ca E, v E, cho thiy ching ¢é gid tri ¢® kg T (& nhiét do
phong kgT = (L026 ¢V) vi vay nhiét do ¢6 dnh hudng 16n t6i tinh chat din trong
bén dén pha tzp. N&€u néng d¢ donor cao hon ndng dé acceptor thi ta ¢6 hal dén
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chu yeu la dign 1t v ¢6 ban dén loai n. Nguoc lai néu co ndng do acceptor cao
hon thi hat din Ta 16 va ¢6 ban dén loai p.

£
& ;
Muc »4c_cq:éor~
___________ )6
., 0
\ sy Hih, chuong do 1 disn £} x
mat o' lidy kel g hoy b
tao ra (5"
ad =

Hinh 8.8. Cau trisc Si loai p (a) va mifc acceptor (b) trong org.

B¢ xde dinh oai ban din ¢6 thé ding phuong phip do thd Hall hodc do sual
dign doug khi 2 ddu miu 6 nhict do khide nhau. Dau coa sudl dién ddng cho bidl
loal hat dén.

O 300K ngudi ta do duge:
n (Ge)=6.10"em™, n (81)=7.10%em
Pe. =43 Qem, py = 2,6.10" Qcm

Mite tap chat dat duge thdp nhat cho tdi nay 12 10" nguyén ti/1 em’, vi vily
taf nhi¢t do phang (300 K) chi ¢6 Ge ¢6 do din riéng ma thoi, con Si khong thé ¢d
duge. Nhitng tap chit khong ¢6 khd nang ion hed khong anh hudng téi ndng do
hat ddn va néng 4o khong cao thi khong phét hien duge trong cde phép do dién.

§6. ION HOA NHIET CAC NGUYEN TU TAP CHAT

O nhict dé thap thay e - p bang ) véi didu kién k, T << E, ta ¢d ¢cong thie

1 & -
. - . o s . kH—[ 350 ]—'*_.-_ N
dinh luat cdc khoi lvong tic dung (8.3): np =4 - =1 {mm,}"" exp -——lla
2T '\ Bl
tich cia néng dd hai loai hat din n vi p. N&u chi ¢ donor, (a coi m,=m, Vi vin
¥ I¢ véi ndng d6 donor. ta ¢é thé nhan (8.4) vai N, réi khai can nhy doi véi n2,

144



Ta co:

S E
n=2" K —m, | .expl -—4 N,
2nh° kgT

Khai ¢ian n® ta duoc:

A2
k i . ]:L \’
n=2.(—“Tmf] .Nd”“‘exp(— Lt
L 2na? L 2k,T)

= N [ H—d
n=1{nN,) " exp( oK nTJ

trong dé: n, =2(m k,T/2x#*)"* N, 1a néng d6 donor.

(8.6)

(8.7)

R& rang nong do hat dan tap ty le v6i néng do tap va phu thuge vae ning luong ion

hod tap véi nhiét do theo ham EXP.

§7. VUNG NANG LUCNG CUA Ge VA Si

St ¢6 14 dién tr va cau tric: 1572s22p*3s23p2. trong 1 nguyen 1 thi€u 4 dién

1 o 16p 3p. Trang thai luong tir cia 14 dién i trong nguyén tir Si nhu sau:

S6 lugng wr: Chinh

n

—_

[E A I S I T S T

Qu¥ dao

]

0
0]
0
0

Spin
my  Trang thdi

+1/2
152
]

+1/2
2s°
-1/2

5

+172
+1/2
+1/2
-1/2
-1/2
-1/2

+172] .
3g°
-IIZ}

+1/2
-1/2
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Nhu vay cic dién tir

va 18 s& ¢é trang thdl - —— — — — 0 —— — — . —_ r——
twong g véi  3s,3p. k/— _ = lmg
Trén hinh 8.9. cho théy = o
cu tric ving nang luong =
trong tinh thé Si. Eg—-—-—:-—

Cdc trang thdi p,, —_ .
Vi Py, VO m, =+ 3/2; g fg
m, = * 1/2 cbha I6p 3p. g ti
D4y cha ving din dng =
vGi k= 0, g

Trong ving hod tri
di¢n tir ¢6 thé chuyén tir
mdc s sang mitc p mot
céch lién tuc, trong ving

<> <100>

Hinh B.8. Cdu tric ving nang iugng trong Si theo 2
- Lk phirang tinh th& khac nhau <100> vi <111>. Theo tinh
din ciing vay. Chi ti¥  104n va thyc nghigm ginh clia viing hoa tri itng véi k = 0.
ving din sang ving héa

tri m&i c6 khe ning lugng. Nang lugng dién tir tinh theo cong thic dign tit tu do:
2 2 2 2
a(k):h—- El—_+&7+k—j_— (8.8}
2im" m,” m,

m,” khong phai la hang s§ ma né phu thudc vio phuong chuyén dong cia
dién tir, do d6 cdc mat dang nang khong phai (3 hinh ciu. Céc qui dao cyc tri trén
mat dang nang clha viing din dugc xdc dinh bing cong hudng 4ir cyclotron.

Khi do cong hudng tir, quy dao dién tir vudng géc vdi phuong ciha tir trudng.
Suy ra c¢6 2 loai khéi lvong hiéu dung: khdi lwgng hieu dung doc va khoi lugng
hi¢u dung ngang d6i v6i mot phuong tinh thé nao d6. Didu nay ding vdi ca 18,
bai v6i truc <100> trong Si ¢6: khéi lugng hidu dung doc m, = 0,92m vi khéi
Iwgng hi¢u dung ngang m, = 0,19m.

Mat déng nang trong ving dén cla Si va Ge r4t phic tap, cé dang:
e(k) = Ak? £[Bk* + C2(k 2k P +k, 2k 2 kK )P (8.9)
C6 thé chuyén (8.9) vé dang:
e(k) = - A+ AK?
Céc he 56 A, B, C xdc dinh theo thuc nghiém (don vi #2/2m ).
v3i 8i: A=-429: (Bl = 0,68, IC1=4,87: A=0,044 eV
vai Ge: A =-13,38; 1Bl = 8,48, ICl = 13,15, A= 0,29 eV
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Mat dang nang c6 dang ellipxoid, trong

Si c6 6 ellipxoid truc chinh doc theo cic
truc tinh thé <100> tuong tng (hinh 8.10).
Khi cé tir truong du 16n cdc mic bi suy
bi€n va bé rong khe nang lugng duoc tinh tir
miic ddy ctia ving din véi s6 lugng tlr 1o = 0
t6i dinh ving hod tri véi Iy = 0; E, s& tang

; R 1
vé mébi phia la -Z-hcuc, trong dé o la tdn s6

cyclotron.

§8. CHUYEN TIEP DIEN TU - L

(CHUYEN TIEP n - p, p - n)

Hinh 8.10. Mat ddng nang
ellipxoid trong Si v&i m/m, = 5.

Tiép xuc gita hai bdn din mot loai p va mét loai n dugc goi 1a chuyén tiép
p - n. Trong phin loai p c6 tap acceptor, trong phén loai n cé tap donor (hinh
8.11). Trong phdn bén trdi (loai p) c6 hat din 1a 16 va néng do ctia ching bing
néng do cha cdc acceptor (ion 4m). Trong phdn bén phai (loai n) c¢6 hat din la
dién tir, ndng d6 cha ching bing néng do ctia cic donor (ion duong).

Trong vung p hat din co
ban la 16, con trong viing n
hat dén la dién tir.

Nhung trong cdc phén
nay vin con cdc hat din
khong co ban ma néng do cla
ching rat thdp. Chinh vi vay
s& c6 khuéch tdn 16 sang ving
n va khuéch tin dién tr sang
ving p. Qué trinh khuéch tin
lam mdt su trung hoa vé dién,
né sé lam cho ving p c¢6 dién
tich am va trong viang n ¢6
dién tich dvong du clia céc
hat donor. K&t qua la tao ra
mot 16p chuyén ti€p c6 dién
truong chiéu tir ving n sang
ving p va dién trudng nay
ngan can qué trinh khuéch tin
cdc hat din va phan chia 2
viung véi 2 loai hat din co
ban. Do su c¢6 mat cla I6p

r
[

r 1
|
]

a)

_ The' (V)
|4\ i1 1
T+

I
o
S+ o+ + 4

Hinh 8.11. Chuyén tiép p - n (a); néng dé hat dan
(b) va thé tinh dién (c) tai chuyén tiép.
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dién tich trdi dau nén thé tinh dién ¢6 budc nhay tai noi tiép xdc. Trong diéu kien
can bing nhiét dong qua 1&p 1iép xic bang 0 (hinh 8.11¢), Déng khugch tén cla
hat ddn co bén can bing vei dong cudn clia hat din khong co ban.

Bay gi néi 2 diu tao ra mzch kin v chi®u mot chom 4nh sdng 1én chuyén
tiep p - n thi trong mach s& ¢é ddng dién. Khi cdc bin din hap tha cdce photon tao
ra céc cdp dién 1l - 16 tai viing chuyén tiep va 18p chuyén tiép sén ¢ the rinh dién
s& ddy 16 vé phia p va ddy dién tir vé phia n. K&t qua la ¢6 mét dong dien tir ving
nosang ving p. Nang lugng ciia cic photon chuyén thanh ning lugng dién trong
vung p - n. Pay a nguyén tic hoat dong cia pin mat (roi.

Tham chi & cin bang nhi¢t cing van cé dong nhoé dién t& khuy&ch tdn j tir
viung n sang ving p, mi thai glan song cla cdc dién tir trong viing két thide sau khi
td1 hop v6i 16. Déng tdi hop nay sé can bang vgi dong Jue Clia dién tr sinh ra trong
ving p vi chay sang ving n. Do vay khi trudng ngodi bang (-

I 0+, (©) =0 (8.10)
Khi diéu ki¢n d6 bi vi pham cdc dién tir tich [u¥ & mot phia cOa bién gidi,
Tinh chat chink luu: Chuyén 1iép p - 0 ¢6 thé hoat déng nbw chinh luu, wic

la mot chiéu cho dong qua 16n cdn mot chidy dong rt nho. N€u cé the xoay chiéu
‘thi chi I nta chu k¥ thuén 13 cho dong.

Thé nguge: Néu diat vao p dign the am, n dién thé duong goi la dién dp
nguoc, thi higu thé giita cde ving rang 1¢n vi khong dién tlr ndo vuot qua duoce rio
th¢ d6. Dong dien 1l khuy&ch tdn gidm theo ham exp:

Joc(th€ V nguoe) = |, (0)exp(—e|V]/k,T) (8.11)

Dong dign i phét sinh do nhi¢t khéng phu thuge vao the ngugc, ching luon
chuyén dong vé hudng giam the (tir vang p sang ving n):

T (V)= jo, (0) (8.12)

Tz bicu thic ta thdy | (0) = “1 (O} Vi vay khi j,, (th¢ V nguge) >> j (thé v

nguoc), dong phdt xa 16n hon hin dong L4i hop.

Thé thudn: Khi ddi chidu the dat vio chuyén tiép dong khuyéceh tin ting ty
l¢ v6i 56 nhin Boltzmann vi chidu cao cia hang riao giam. K&t qua 1a ving n ¢o
mot lugng 16n dién 1l ¢6 thé chuyén sang viRg p:

Ju (the V thuan) = | (Mexple]V]/k,T) (8.13)
Dong lién quan dén phét sinh do nhiél la1 (r& thanh khong doi:
Jue (thE V thuan) = j_(0)

Dong cidc 18 qua chuyén ti€p p - n cling fwong ty nhu vay. Bién ap da vao
tim gidm cing mot ldc hing rao the déi vai dién tr va 16 do vay didu kién phi
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sinh dong dién 1 1dn tir
ving n sang ving p trung
vl didu kién phidt sinh
dong 18 1dn theo phucng
nguoc faj. Cde db’ng dién
do dién & va 16 gop lai
thanh dong 16ng cong:

)
|=Is[cx("v _1)
pLk,,T

{8.14)

treng &6 I 1a tdng cic
dong do nhiét phdt sinh
cac dién tr vh 16 (hinh
8.12) got la dang bdo hoa
nguge,

§9. BAN KIM

Trong chit hdn kim
ddy cia viing din wim ho
thip hon dinh c¢la ving
hod Iri va cde cuc 1ri nay

7% I (F)

1p0
o Thae nghiém
° —_ .{g’thuye"f
40
[+
ks a
< hi
- ﬁtllb)tghg th
| R
o1
n/o
Yoo o
L
/ Hiddng thudn
oo I
’”fzof as 10 0
Dng (o ferm’)

Hinh 8.12. Bac tuy&n V - A clia chuyén tiép p - n.

khong cimg loa d& trong ving Brillouin. £16 13 suir pha [An nhau cha 2 ving nang
lugng. Picu nay dua tdi két qua 12 & viing din c¢6 mot ndng d6 dién tir thdp con &
viing hod tri c6 ndng do 16 thip. C6 3 bén kim: As, Sb, Bi & nhém 5 cha bang tuin
hoan. Cic nguyén 1ir trong mang tinh 1thé két cip v&i nhau, nhue vy mét 6 co ban
c6 2 nguyén tlr va 10 dién 1 hod tri. Do su phl nhau gita ving niang lugng tha 5
va 6, cé mot lugng 16 va dién tir trong nhiing tGi hinh ellip trong viing Brillouin.
Ciing giong nhu bdn dén, cdc bdn kim cé thé duge hgp kim hod bing cdc tap chit
pht hgp va nhu vay s& thay doéi ty 1¢ cha ndng do dién tir va 16. Cdc gia tri tuyét
doi cha nong d9 c6 (hé thay ddi bang cdch tdc dong ap sudt vi 4p sudt lam thay
d6i mie d phl nhau cha cdc vitng nang luong.

Két qua thye nghiém vé néng do dign tir va 16:

Ban kim n, (em™)
As 2,12.10%"
Sh 5,54 10"
Bi 2,88.10"
C (grafit) 2.12.10%

n, (em™)
2,12.10%
5,49.10"
30407

2,04.10™
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§10. BAN DAN VO DINH HiNH

Cic hop kim ban din thudng la céc hop kim cla céc nguyén t6 nhém IV, V
va VI. Trong cic diéu kién ché& tao dac biét, nhu c6 téc do ngudi cao, c¢é thé thu
dugc céc hop kim dé véi cdu tric vo dinh hinh. Ching giéng nhu cic bén din
riéng c¢6 do linh déng cua hat din thdp. C4u tric vo dinh hinh khéng cé trat tu
tudn hoan do d6 khéng c6 phan xa Bragg. Chinh vi viy khong thé hiéu tinh chat
cua ching béng so d6 ving ning luong cha tinh thé.

C6 thé hiéu cdu tric ving nang lugng trong chat vo dinh hinh cling ¢6 tinh
trat ty gin, nghia 1a tai méi diém c6 mot so d6 viing nang lugng riéng. Do d6 ddy
cua ving din tai diém nay va dinh cia vung hod tri tai diém khac phi nhau, nghia
la tai diém nay dién t&r trong ving héa tri ¢6 thé c6 nang lugng 16n hon nang
luong dién tir din tai diém khéc cia miu. D6 linh dong cha hat tai ¢6 lién quan
dén kich hoat nhiét.

§11. HANG RAO SCHOTTKY

Khi mét ban din dugc tiép
xic v6i mot kim loai thi trong
ban din hinh thanh mot 16p
hang rao, néng d6 hat tai giam
ddn theo chiéu ria cich hang
rao d6. Lép hang rao nay goi la
16p nghéo hay Iép kiét. Trén
(hinh 8.13) la so d6 tiép xic
mot bin din loai n véi kim
loai. Mic Fermi clia ca 2 bén
dugc san bang bdi.su khuéch
tan dién tir tir ving dén cta kim

M chan Johong

loai tao ra moét 16p dién tich 9
4m. Phuong trinh Poisson ¢6 Hinh 8.13. Tiép xuc kim loai va ban din n:
dang: a. Hang rao gitra kim loai va ban din chua tiép
xdc; b. Ngay sau tiép xuc; c. Can bang thiét lap
~ la tiép xuc.
divD = e (he ST) clia tiép xuc
8!3
(8.15)
trong d6 n la néng do6 donor, thé tinh dién dugc xdc dinh bdi cong thic:
2
d 2=-2  Phuong trinh nay c6 nghiém la:
dx EE,
¢ =—(ne/2ec, Jx* (8.16)
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x ldy phi hgp v6i phia ria phai cia hang rao. Ti€p xtc tai - x, va ¢ day the
nang vdi phia phai hang rao la - e@,. T do bé ddy cua hang rio la:

Xy = (28811]‘90“ nc)m

Véie= 16, eq, = 0,5¢V, n = 10'° em™ ta cé x, = 0,3 pm.

Day 1a céch tinh don gidn d&i voi tiép xdc Schottky. Vung nang lugng ban
din uén cong la vi mc Fermi giita hai bén dugc san bang. Tinh chét chinh luu véi

v
dong I=I5(cxp;

-1} tugng ty nhu chinh luvu p - n.
H

§12. BAN DAN SUY BIEN

Khi néng do tap cao gdy ra 16p phll clia viing tap va ving din tao ra vang lién
tuc va mic Fermi ciing nam trong ving phii 6. Vi vay tinh ch4t cha ban dén suy
bi&n khic véi ban ddn khong suy bi&n, né giéng v6i kim loai {hinh 8.14).

Vi néng do tap cao nén sy tudn hoan bi vi pham manh va tuong tdc giia céc
hat khdc di, cho nén phai ding dén phuong phép théng ké chir khong ding phuong
trinh séng nhu trude duge.

E

Uig ddn Vg I35 Yong clén

L

Q277222 ] yf/ 7 Z/ e

Vung tap Homg tap Ving tap
VAT,
ling has tr Hong 103 bry 7L/ LLLL
Vuing hoa trv
a) b 9

Hinh 8.14. Ban din suy bién:
a. Ving tap chua phd; b. Viing tap phd ving din; c. Vung tap phd viing hoa trl.

3 2 i3
Khi tinh dugc néng d6 hat din tacé & = A |3 N
2ml V
2 PR 3 5 N3
vdi loain: g€, ¢, = A 3n°n s vai loal p: £ = b M
Zm, | V ' m, |V
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§13. CAC HIEU UNG NHIET

Xét mot bin din & mat nhiét do, khi ¢cé mot dién trudng tic ddng lén, né ¢o

mat d6 dong J . Néu dong chi duge dién i tai thi mat do dong dién tich ia:
iy =n{—c)(—p, JE =nep E (8.17)
M. 12 d9 linh déng dien tiy, nang lugng trung binh duoc dién tlr tai tinh theo

mitc Fermi w:

3
(E, ~K+ kT (8.18)

Néu E, Ia nang hrong tai ddy vung dén, ta dua vio nang lugng vdi mie Fermi
vi cdc vat dan khdc nhau trong ti€p xic ¢é cing mie Fermi. Déng nang lugng
kem theo dong dién tich 1a:

. 3
i =n(Ec-u+-2—k,,T){~u=E) (8.1%

H¢ s6 Peltier IT dwoe xdc dinh theo h¢ thic j, =IIj,. Bdi voi dign tir chia
hai v& (8.19} va (8.17) cé:

3
I, = —(E, -p+EkHT);‘e (8.20)
v nd cé gid tri Am vi dong nidng lugng nguoc diu voi déng dién tich.
bdi vai la:

. 3
Jo =Pe, B j, =p(p-E, FSkTE (821
trong d6 E, 1a nang lugng tai dinh ving hod 1rj.
3
I, =(-E, +>k,T)/e (8.22)

c6 gid tri duong.

Phuong trinh (8.20), (8.22) 1a k&t qua cua ¥ thuyét van tdc cuén don gian;
XU Iy bang phwong trinh déng Boltzmann cho két qua s& khic nhau.

Cong suit nhiét di¢n dong tuyét d6i Q duge xde dinh ti dién trudng mach ho
tao bdi gradien nhiét deo:

E = QgradT
Hé¢ 56 Peltier I1 lien hé véi cOng sudt nhiét dien dong Q bdi: 11 = QT.
D6 13 he thic Kelvin néi tiéng trong nhig¢t dang khéng thuan nghich.
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Chuong X

TINH SIEU DAN

MG DAU

Nam 1911 Kamerlingh Onnes da phat hién ring khi lam lanh Hg dén 42K
dién trér clia né giam dot ngdl 163 0. Sau dé 3 nam ngudi ta da san xudl duge He
long. () nhiét d6 thdp cha He 16ng mot 56 kim loai da chuyén sang trang thai sicu
dén, tic trang thai dién tré bang 0. Thie nghi¢m cho thdy ddi véi méi vat lidu tén
tai mot nhiét do Ty b ranh gidi gilta hai trang thai ddn va sicu ddn goi 1d nhi¢tl do
chuyén pha hay nhiét do t8i han.

§1. CAC KET QUA THUC NGHIEM

1.1. Thi nghiém vgi tir trudng

Bing phuong phap cong huéng tir File vi Mills dd cho thdy dong siéu din
trong Nbg ;.21 4s suy giam theo thisi gian ril it, né cé thé tén tai 61 hon 100000
nam.

Vat li¢u & trang thdi siéu dén, goi tit 12 siéu dén, ¢6 nhiing tinh chat dic bict
trong tit trudng. Piéu nay thé hién qua cic hién trgng sau:

Hiéu ing Meissier: Nam 1933 nha bic hoe Dic Meissner cho thiy cde sieu
din 13 cdc chdt nghich tir 1y tudng. G nhiét &0 T > T, tir thong vin tdén tai trong
miu, nhung khi T < T¢ miu & trang thai siéu din 1hi tr theng bi bat khdi miu
(hinh 9.1). T¥ truiing y&u khong gay duagc cam ¢ng titr trong sicu din. C6 thé néi
tinh chit do cia siéu din gidng nhu cha cic tinh thé khi tre. Diéu ndy cho phép
nghi dén trang thdi dién (I k& cap trong siéu din ma Bardeen. Cooper va
Schrieffer dua ra sau nay vio nam 1957,
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Hinh 9.1. Hiéu ('ng Meissner:
a. Trang thai dan thuéng; b. Trang thai siéu din.

Pha huy trang thdi siéu ddn
bdng tir truong: Néu tir trudng di
16n vugt qua gid tri t6i han H.
nao d6 thi trang thdi siéu din bi
phéd huy. Nghia Ia tuy vdn & nhiét
do thap hon T. nhung vat liéu dé
da tr& vé trang thdi din binh
thuong. Thuc nghiém cho thdy
déi véi mot siéu didn nhét dinh
H¢ phu thuéc vao nhiét d6 (hinh
9.2). He dat gid tri 16n nhat tai
OK.

1.2. Cac vat liéu siéu dan

Vat liéu siéu dén tim thdy
s6m déu la cic kim loai trong
bang tudn hoan va cdc hop kim

ciia ching. Théong thudng cdc kim loai & trang thdi binh thudng din dién kém dé
tim duge Te, con cdc kim loai din dién t6t va ¢6 hod tri 1 nhu Na, K khéng tim

#(7)

900
—~
N
600
" & \
In§ Sn
.
I\W\ \
0 27 4 5 8

Nhiét o3 (K)

Hinh 9.2. Sy phu thuéc trang thai siéu dan vao
tr truong.

thdy trang th4i siéu din & nhiét d6 rat thdp ~ 10"'K. Khi thém mét lugng nho tap

vao vat liéu siéu din, Tc nang lén 15 rét. Cac kim loai thudc sit tir koac hgp kim
€6 chia sat tir khong thdy tinh siéu din. Nhing nguyén t§ c6 16p 4f khong dién

ddy dién tir ¢6 thé tré thanh siéu din.

Trong k¥ thuat ngudi ta cdn cdc siéu din c6 T, cao goi 1a siéu din nhiét do
cao. Day chinh 13 hop chét c6 nguén géc tir cdc oxyt. Ngdy nay ngudi ta da dat

dugc nhiét do T t6i 155K (bang 9.1).

Vat liéu siéu din nhiét do cao da dugc tng dung trong viéc ch€ tao cdc nam

cham dién manh.
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Bang 9.1
Ma1 s6 56 jidu vE nhigt dd tdi han

vat licu SD Te (K) Vat li¢u SD nhiét do cao | Ki hiéu Te (K)

Al 1,18 BaPbg 1:Big 504 BPBO 12
v 5.3% La, wsBa, :Cul, LBCO 36
Nb 9.2 Y Ba,Cu,0, YBCO 92
Ta 4,483 Tl,Ba,Ca,Cu,0,, TBCO 120
Hg - 4.1 {Cu0,),Ca,Ba,0,TL,0, TBCCO 122
Th 1,368 Bi,0,5rC0,CaCoO, BSCCO 158

Nb.Sn 18,05

La,In 10,4

1.3. Hiéu dng Meissner

V§i tir trudng ngodi B, # 0, bén trong miu sié¢u dédn B = 0. P6i véi mau cé
kich thudc nho ta ¢é:

B = B, + p,M = 0 trong h¢ S, hay Bﬁ - =-gc? (9.1)

a u[b .

Cé6 thé xem xét k&t qua nay tir thyc t& 1a dién tré cla siéu ddn bang 0. Tir
dinh tuat Ohm ta ¢6: E=p] Néu p—0 thi E—> 0. Tir phuong trinh Maxwell ta
ch L rotE do d6 khi p = 0 thi El-—-E: = ().

dt dt )

Nghia la tir thong trong vit liéu siéu din khong déi khi chuyén phu sang siéu
din. K&t qua nay nguge lai hidu tng Mcissner. Vi vay hai tinh chét dién trd bang
O va nghich tir 13 tach biét nhau,

Dua vdo hiéu Gng Meissner ngudi ta
chia vat liéu siéu din thanh haij loai:

1. Siéu ddn loui I hay si¢u din mém Kr
l1a cdc kim logi tinh khi&t ¢6 Hg thdp. Trén
hinh 9.3 che thdy su phu thude B, = - p M
la tuy&n tinh va thuin nghich trong gidi
han H < H.. Trang thii siéu din giéi ban
trong tam gidac OAH.. Sidu dan loai I
khong dung lam nam cham dién duoc.

load 4

-4M

2. Siéu ddn loai II: Thutmyg la cic hop 8 s e
kim hoac kim loai chuyén ti€p & trang théi v tdng —

din thuding c6 dién tré suét 1dn, bude chay
Hinh 9.3. Siéu dan loai I.



tu do cua dién tr nhod. Siéu
din loai II khong c6 mot gi4
tri Ho'ré rang, gitra trang théi
sicu ddn va trang thiai binh “
thudng tén tai mot trang théi loai I &5
trung gian, dé la trang théi E ) :
dong xody. Trén hinh 9.4 cho I
thdy ton tai hai gid tri truong !

. Trang thai
téi han Hg, va Hg. O trang . I mm’y]_ojé‘ﬁ‘éng
thdi dong xody gita H., va 1 ! ~T
Hc, hi¢u dng Meissner xdy ra e | e
khong hoan toan. C6 thé nhan Tee trung —e

duge siéu din loai II bing
cach pha tap vao siéu din loai _ _
I. Gid tri H¢ s& nam giita He, va H,. Khoang cich gita He, va He, phu thudc vao
nong d¢ pha tap. Gid tri He, ¢6 thé 16n hon Hg 6i hang tram 14n. Hop kim cta Al,
Nb va Ge c6 gid tri He, t6i 41 Tesla, con cla PbMo,S; t6i 54 Tesla. Siéu din loai
IT s& 1a vat liéu cho nhitng nam cham siéu manh. Trén hinh 9.5 cho thdy danh
hudng ciia pha tap lén He,.
' Sl )

Hinh 9.4. Siéu dan loai II.

g

. 4'“ (gauss)

Trudng ngosi B, (Gaygsy-

Hinh 9.5. Budng cong tir hoa clia Pb va hop kim Pb - In & 4,2K.
A - Pb;B-Pb+208%In: C-Pb+8,23%In; D - Pb + 20,4%In [1].

1.4. Nghién ctru nhiét dung cla siéu din

Trong tat ca céc siéu dén entropy giam khi 1am lanh xuéng duéi T.. Diéu dé
ching t6 trang thdi siéu din c6 trat tu hon trang thai binh thudng. Nghién ctu vé
nang lugng tu do ciing cho két qua tuong tu. Tir mé hinh khi dién tr ty do va

G
phonon cho thay & trang théi binh thuong su phu thuoc ty s6 B vao T? 1a tuyén
tinh. O trang thdi siéu din C phu thuéc vao nhiét do theo ham mi exp(- 1/T). Két
qué do d6i v6i Ga da ching minh diéu dé (hinh 9.6 va hinh 9.7).
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&) oK & /T
Hinh 9.6. Nhiét dung ciia Ga d trang thai siéu Hinh 9.7. Phu thudc
dan va trang thai binh thudng. CofyTe = 7.46exp{- 1,39T./T) cda Gali.

Sy phy thude dang ham mii cda C vao T ¢é ¢ nghia tvong déna véi ham hat
diin nd1 trong bidn din. Nghia 1 ¢6 thé nght i mot Lhe ndgng hegng d6i vt cic
dién tir trong trang thdi sien dan. BeEn day ta cdn phan biét: dién 1 trong vat dan
théng thudmg duge goi La dicn td nhiér, ¢dn trong trang thdi sicu ddn goi 13 dién
ur siéu dan. Tinh ch&t v co ch& hinh thanh cdv di¢n tr siéu din s& duge xem xét
trong Iy thuyét si¢u din clia Bardeen - Couper - Schrieffergoi tat 1a Iy thuyét BCS
vé dién (0 két cip.

Cidc thi nghiém hap thu séng dai héng ngoai cing minh ching cho khe nang
lvgng, vi kht nang lugng cha photon £z i, nio do thy su hdp thu cia sicu din

1ang dét ngdt do cde dien tr nhiét vugl khe niang lugng.
1.5. Hidu ong déng vi

Nhiéu nghién ctu cho th#y nhi¢t d¢ t6i han T phu thudc vao thanh phin
dong vi trong siéu ddn nghia lh phu thudc vao nguyén ti lvong trung binh. Vi du
doi véi Hg khi khai lugng M trung binh tir 199 5 dén 203,4 (ngtkl) thi T, bidn déi
tr 4,185K dén 4.146K. Khi tron 1an cic déng vi cla cing mdt nguyén 15 T,. thay
doi rat ro. T K& qua thue nghiem thu duoc:

M". T, = consl (9.2)

(4.2) ding v&i moi nguyén td. Tir hi¢u ung ndv cho thdy tuong tdc giiva duo
dong mang va dién 1 déng vai trd quan trong. Khéng quan st thdy nguyén nhan
nio khic cliu 88 notron trong hat nhan ngoai duh hudng vé khéi luong,
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M¢ hinh BCS cho két qua:
1
T.~8,~M?* (9.3}
Nhir vy trong (9.2) ¢é o = 1/2, nhung céc tinh todn dwa vie tuong tic
Coulomb gifa cde dién tich cho thdy o khéng phai 1a hing s6. Cic gid tri thuc
nghiém vé do a duge trinh bay trong bing 9.2,

Bang 9.2.
Gia tri w trong M*.T. = const: M la khdi iuvgng déng vi
Vat ligu o Vit ligu o
Zn 0,45 + 0,05 Ru 0,00 + 0,05
Cd 0,32 + 0,07 Oy 0,15 £0,05
Sn 1,47 + 0,02 Mo 0,33
Hg 0,50 + 0,03 Nb,Sn 0,08 £ 0,02
Pb 0,49 + 0,02 Zr 0,00 £ 0,05

Rieng Re va Zr khong tusin theo hiéu ang déng vi, |y do 12 & cdu trie ving
nang lugng dién tir clia cdc kim loai nay.

§2. CAC KET QUA NGHIEN CUU LY THUYET

Trong muc nay trinh bay mot s6 k&t qué nghién ciu theo céc phuong phip
khic nhau,

2.1. Nhiét dong hoe vé chuyén pha siéu din

Chuyén pha si¢u din [a qud trinh thuan nghich ging nhu chuyén pha 14ng -
khi. Hi¢u dng Meissner cling ¢6 tinh ch&t thuan nghich. Do d6.cé thé ing dung
phuong phip nhiét déng hoc va xac dinh gid tri entropy & hai trang thdi c¢ling nhu
hi¢u 56 cia ching. C6 thé 4p dung cho siéu dén loai 1 v&i gia thiét réng cdc tinh
chat nhi¢t & trang thdi binh thuong khong phu thusc vao tir trubng. Nhu vay ¢6
the ding tlr trudng ngoai B, dé tao trang thai binh thudng & cung nhiét do véi
trang thdi siéu ddn va do nhigt dung Cu(B) va C(0) cla hai trang thai do.

. - o - - B, o .
Theo hiéu tng Meissner cé B=B, +uM=0 hayM=-=2_ Ta gia thié&t qui
LH]
trinh chuyén pha dién ra nhui sau (hinh 9.8):

* Khi miu siéu déin & xa v6 ciing d6i véi num cham tir thong trong méu bang
0viB, =0.

¢ Khi dua miu lai gdn nam cham, tir trudng bén ngoii B, tang ddn cho t6i khi
B, = B, thi méu 1ir trang théi si¢u dan chuyén sang trang thdi binh thudng. Sy
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thay ddi nang lugng trong miu cé thé quy vé nang lugng ciia tir trudng cung cap.
Su thay ddi mat d¢ ning lugng bing cong sinh ra dé dich chuyén meét don vi thé
tich méu:

Py
W = - [MdB, (9.4)

.

C—— Sidydin

A
} Nam chiry ”\

" _§ &
a)
7 _/// i do
ﬁ 4,4, : Phoddds thudng

— (aing €5 toi.
\ tromy ¢n ban_q}
)

Hinh 9.8. Higu Ung Meissner xay ra hoan toan va tu thang trong méu bing 0.

Phuang trinh nhiét dong hoc ciia gud trinh nay cé dang:
dU = TdS— MdB, (9.5)
trong do S la entropy, phuong trinh nay suy tr dU = dQ + dA. Thay (9.1) vio
(9.5) ta co:
dU; ———TdS+LBmdB__1 trong hé SI {9.6)
p’{]
Chi s6 8 chi trang thédi siéu ddn, N chi trang thdi din thuéng.

Tai OK cé TdS = 0 va phdn tang cla mit d6 nang lugng trong siéu din do tir
viing ngoai tir trudmyg vao ving ¢6 tir trudng B,, sau khi ldy tich phan (9.6) 1a:
1
AF = AU, =US(Ba)—US(O):2—Bf (9.7)

ju

Néu mau 1a kim loai phi tl, ¢6 thé coi & trang thdi binh thudng ndi nang clia
nd khéng phu thudc vao B, vi M = 0.

Nen: Uy(B) = U(0) (9.8)
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Khi dat gia tri B, méu
ciing tré vé trang thdi binh
thudmg, viy ¢6 thd viet:

A= AU - U (0)-U )

beting tu do

Trong thar dsn thudwg

S ey g
2u. @.
K& qui nay phit hop v §
thue nghiém. Trén hinh 9.9
cho thay su phu thude clia mét
d¢ nang lwgne si¢u din vao tir
truong ngoai tai T < T Khi
dat gid tri B, nd trd vé gia tri B—n
cia miu thuong. Hinh 9.9. Ham mat do nang luang Fy(T, B,) =
2.2, Phuong trinh London Ps(T. Bu) = Fs(T, 0) + iaj L
Khi gidi thich hiéu Gng Meissner ta Hy do tir hod y = - 1/4xn trong ¢ CGS
hay ¥ = - 1 wong he SI. Cac gid tri ndy qud xa thue 18 vi né khong gidi thich dvoe

cidc hicu ng W thong trong miang mong. Ngudi ta di dung cdch bign digu dinh
luat Ohm d¢ pidtr thich hieu tng Meissner. Dinh luat Ohm trong trang thai din
thudng ¢6 dang: 1 =oF (a bi¢n dity phuong trinh nay dé mo ti ca dan di¢n, ca

hic¢u dng Meissner & trang thii siéu dan. [

Gid thiér & trang thai sicu dan mat do dong 1y 1€ v@i vecto thé A ela tir

treong dinh xir. HE s6 1y 1¢ duwce liy & — - trong hé Sl, con trong he CGS la

.
Kot
S " N - . . B . - o 5 - x s I B
— . lrong d6 ¢ l4 vin (8¢ anh sang, A ¢6 thd nguyeén la chidu dai duge go1 la
dmiy
dd sau xam nhip London. Vay:
- 1 -
J=-——A (9.10)
p’tlhl.

Phuong trinh nay duge goi i phuong trinh London. B¢ di dén hi¢u 1ng
Mewssner cin xem xé tinh chdt cda thé A. A o6 trong phwang  trinh
Schrodinger eling w1 dang heang P A lién hé vén tr trudng B theo:

B =rolA (9.11)
Thay (4. 11} vao (910} ta ¢6:
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|‘otj=——1j—l?3 (9.12}
Kok,

‘Tir phuong trinh Maxwell totB =, J va (9.12) ta ¢6:

rot(rotB) = -V?B = i, rotJ (9.13)
Ta (9 12) va (9.13) ¢6 phuong trinh d6i véi siéu dén:

V’B =L2}§ (9.14)
AL
(9.14) giai thich duge higu dng Meissner, né khong cho nghiem B khong déi
trong khong gian, nghia 14 tir truong khang tén tai trong si¢u dén.

N6i mot cdch khie B(F) =B, = const khong 13 nghiém cia phuong trinh

1‘ B=0

London trir khi B, =0 K&t qua nay la do VB luén bang khong, con -
AL

chi khi B, =0. Luu y cdc phuong trinh d€u trong hé SI, trong mot s6 tai liéu

ngudi ta ki hig¢uw rof (rotation) bang cur! (curlicue) déu cé nghla la dong xody.
Trong trudng hop tir trudmg B, tac dung lén

mét siéu din vo han (hinh 9.10), néu gia tri tir

trudng trén bé mat 12 B(0) thi bén trong siéu din Chdn khing -
la: B(o) Sier din
B(x) = B(U).exp(- x/k,) Béx)

13 .
Ay € 500 A - do sau xam nhap London. N l !

D¢ sdu xdm nhdp London: Dé xéc dinh L, ¢é
thé 1am mot s6 bign déi sav; mat do dong J =nqv Hinh 9.10. Tac dung tif truang
; i l&n mat siéu dan vé han. Ti

trong 46 n 12 néng dé, q - dién tich, ¥ - van t6c truang giam theo ham ma.

hat dén. v phdi ddp dng todn tir dong lugng P trong Haminton:

P=mv+qgA hay ¥ =L(13—q;k}
m

Thay ¥ vio J c6: j=HMp M 2 (9.15)
Im m
- —_ —- n 2 —
O trang thai siéu din P=0 nen: T=-"9 % (9.16)
m

Két hop (9.10) va (9.16) ¢6:

161



m
kong?

Néu [dy dién tich hat ddn la q = - 2e ciia dién tir két cdp, n = t/2 néng do

A = (9.17)

4]
dién tlr, khéi lugng m = 2m_, thi A_ = SO0 A .

Hiéu vng mang mdong: Néu miu siéu din 1a mang mdng c6 bé ddy nho hon A,
déng ké, thi mang s& tro thanh déng déu va hi¢u tng Meissner thé hién khong diy
da trong mang. Trong trudng hop nay trudng cam Ung nhd hon B, v déng g6p cha
B, va0 mat d¢ nang lugng nhd hon ddi véi miu khéi va phurong trinh (9.7) khong
con ding nita (hinh 9.11). Tir khio sét cdc mang méng si¢u din, tr trudng tdi han
H¢ cia mang méng 16n hon nhiéu. N&u ta ding nhiéu mang song song s& thu duoe
He cuc ki 1én. =

£ Chig/)
"-'\___'
n

Mst 85 ning lisong 1y do

e ae Tiltndd ;i_g ngodi B
(mBy khai) (mong)

Hinh 9.11. Sy phy thudc mat d6 nsing lugng ciia siéu dBn vao tif trudng ngoai.

D¢ dai két hop: Cling nhu chiéu sau xam nhap London A, 4o dai ket hop £ 1a
mdt théng s6 quan trong cda sidu din. C6 thé dinh nghia d6 dai két hop la gid try
tinh khoang cdch ma & d6 néng dé dién té sidu dén hay khe nang lugng khong
thay ddi dusi tic dung cia tir trudng thay déi trong khong gian. T phueng trinh
London (9.10) chiéu sdu xam nhap London Ay |2 mitc d6 gidi han, trén dé ta idy
trung binh clta A dé nhan duoc J .

Bt cit sit thay d6i ndo trong khong gian cita trang théi he dien tir déu dan dén
dong ndng du. Cin han ché sy thay ddi trong khéng gian cta J(T) sao cho nang
lugng phu theém phai nhé hon nang lugng lam én dinh cia trang thdi siéu din.

g trang thdi binh thudng mitc nang lugng dac trung (3 mic Fermti, chuyén sang
sieu din mitc Fermi ché thanh 2 mitc dinh va ddy khe nang lugng. Nhu vay mic
nang lugng vin phu thudc vao ham riéng trong 1&i gidi cua phuong irinh
Schrodinger . D6 dai két hop £ sé dugc thé hién trong ham séng dudi dang nghich
dao cha vécto séng. Gid sir w(x) = exp(ikx) 13 ham séng phing thi & rang thdi kich
thich ham nay phai dugce thay bang ham séng bi bién didu manh:
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1
P(x)=2 2(e"FV ey (9.18)

Mat d6 xdc sudt trong trudng hgp nay:

(p'(p - l(e—i{kﬂpx + e—ikx).(ei{kﬂ”x +e:ka

2
| . .
= 5(2 +e™™ +e™) = 1+cos(gx) (9.19)
{9.19) cho thdy su bién diéu cua ham séng phy thudc vio phdn phu thém g
cua vécto séng.
Déng nang tinh theo mat do xdc sudt da bién dicu:
B d° 1 #

ot frap o] s e Ly w20
x° 2 2m 2m 2m ‘

Trong phép tinh trén ta bé qua q° vi q << k. Nhu vay do bién diéu nén phin

4

h* . ; .
thém vao nang lugng la —21—kq, Néu s thém nay 1én hon b€ réng cha khe nidng
m

luong E, titc 12 nang lugng lam dn dinh trang thdi siéu din, thi trang thdi siéu din
bi phd v& Gid tri 181 han g, cua phin bién digu véc 1o séng duge xdc dinh qua hé

3

h )
thic: E—quﬂ =E, vd q, =E, h%I: trong 46 q, 14 gid tri vécto trong khéng gian
n : 2

F

nghich. Trong khéng gian thuin ta c6: &, =L21—Tt, viy:
1]
_2nR’k.  2mhv,

2mE, Eg

é(]

(9.21)

£, duge got 1a do dai két hgp, trong d6 vp ld van t8c Fermi. Ly thuyé&t BCS
2hvi

cho két qua =
q € ?IEg

Gid trl £, cta siéu din thudn d6i véi cdc kim loai tinh khié€t 14 khdc nhau, dat
¢ 10 dén 10" ¢m, con i, cd 107" dén 10 cm. Khi c6 pha tap & giam, siéu din
da teo thanh siéu dén loai 11.

bo dai k&€t hop xudl hién ldn ddu trong cdc phuong trinh cbda Landau -
Ginzburg md 14 ldp chuyén tiép cha ti€p xdc dan thudng - siéu dén. L§ thuyél che
thdy & va A phu thudc vio budc chay tu do | clia dién tf & trang thii din thuong.
Trong truong hgp néng dd pha tap cao | nhd, ta ¢é6 £ = (E,0Y vd A = A (E/N'"
nhu vay A/E = A /L.
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Ty s6 A/E thudmg duge thé hien qua x, trong dé H., = {(MEYH, = x H, vi
(He Hep)' 2 = He

§3. LY THUYET BCS VE SIEU DAN

Co sa 1y thuyet lugng tr sieu ddn duge Bardeen, Cooper vi Schricffer XAy
dyng nam 1957. Thanh qua cda I¥ thuyét nay gém:

I. Tuong téc hit gitta cdce dién (& ¢6 (hé din t6i trang (théi co ban tich khéi
trang théi kich thich b&i khe nang lugng. Trudng téi han, tinh chit nhiét va phan
lén cdc tinh chat dién tir 12 hé qua cha khe nang luong (trong cdc trvang hop dic
biét, sieu dén c6 thé xay ra khong cdn khe nang lugng).

2. Tuong tic dién Hi - mang - dién v din dén khe nang luzong 6 do 1dn quan
sat dugc. Tuong tdc khong truc tiép xdy ra khi dién tir tuong téc véi mang vi lam
mang bi€n dang. Pi¢n tir thd hai chuyén dong ti€p theo vao chd bién dang dé vi
nang lugng doi hoi thdp hon. Nhu vay di¢n 1 thit hai wong téc vai dién tir tha
nhét nh& bién dang cla mang.

3. Chiéu sau xam nhép A va do dai ket hop £ ndi lén nhu hé qua tu nhién cia
ly thuyét BCS. Phuong trinh London thu dugc d6i véi tix trudng bi€n déi cham
trong khéng gian. Nhu vay hién tugng trung tam trong siéu dén | hiéu ung
Meissner thu duge mot cdch tu nhign.

4 Tieu chudn d6i véi phigt d6 chuyén pha cia mél nguyén 16 hay hop kim
dd1 hdr mat d6 dién tir cla cdc trang thdi D(g;) mot spin tai mic Fermi v cé
tuong tac dién ti - mang U. Tuong tic ndy cé thé duoc xdc dinh bang cdch do
dién trd sudt vi dién trd sudt tai nhi¢t 46 phong 1a mic do6 danh £14 twong tdc dién
1 - phonon. D6i v6i UD(g;) << 1 19 thuyét BCS du dodn:

Te = 1,148 exp[- 1/ UD(gp)] (4.22)

trong d6 B [a nhiét 46 Debye va U - tuong tac hut. Két quéd T phit hgp véi thue nghiém
chi it 12 dinh tinh. Cé mot nghich 1y 1a dién tré sufl & nhige dd phong cang cao thi
trong tac hdt cang cao va nhu vay kim loai dé tré thanh siéu ddn hon khi lam lanh.

3. Tur thoag qua vong siéu din duge lugng tir hod va ¢6 gis tri nguyeén ldn clia
fluxoid @, =2rk/q=20678.10""Testam?®, don vi hiru hiéu cta dién tich q 1a 2e

chit khong phéi 1a e. Trang thai co ban trong 1y thuyét BCS ddi hoi cic cip dién
tu, nhu vay dién tich cap 2e 13 két qua cia 1¥ thuydt da.

3.1. Trang thai co ban trong ly thuyéat BCS

Trang thédi co ban trong khi dién t& ty do khong tuong tdc 13 cdu Fermi dién
day, khi ¢6 kich thich dién t& tir mat cdu nhay lén trang thdi npoai mat cdu (hinh
9.12 a, b),
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Hinh 9.12. Trang thai co ban {a) va kha niing chiém trang thai co ban (b) cia khi
dién ti tif do khéng tuang tac va cla trang thai ca ban siéu dan BCS (c, d).

Ly thuy&t BCS cho thay khi ¢6 tuong tdc hip dan gilta cdc dién tir, trang théi
¢ ban tich khoi trang thail bi kich thich thdp nhdt mot khedng nang lrgng hitu
han E, goi 12 khe nang liugng (hinh 9.12 ¢, d).

Tvén hinh 9.12 cho thiy & trang thii din thudng mic nang lugng cao nhat 1a
mitc Fermi £, va kha nang dién diy cdc irang thai clia dién tr ty do P(e) bang 1
khi g€ < €. vh bang 0 khi ¢ > g;. Trong trang thii siéu din tdc doi véi hé dign ti
si¢u din do (wong tic hdp din clha cdc dién tr midc Fermi bi ché thinh 2 mic bai
mot khe ning luong E, kha nang dién ddy trang thdi c6 & ca 2 mac cao hon va
thap hon mic Fermi. R rang riing déng ning trong trang thdi co ban BCS cae hon
cha khi dién tI (¢ do, nhung thé nang cua trang thdi BCS lai thap hon do két cap
dién tir. Cang nhifu di¢n 1l k&t cgp thi khe nang luong E, cang idn.

Nhu vay trang thdi BCS ciing gi6ng nhu phan b6 Fermi - Dirac & mot nhiét
dé T nao dé, nhung né khic véi cdc trang thdi méot hat 13 su dién ddy duge thuc
hién titng cap mot: Néu trang thdi véi vécto sdng k't spin quay lén dudc dién ddy
thi- trang thai vai véclo séng —k 4 spin quay xudng ciing duge dién ddy. Néu

trang thai kT tréng thi _y clng tréng.

3.2. Lugng tir hoa tir théng trong véng sigu dan

Pay la k€1 qud thit nam di néu trén. T thong téng cong gdm tir thong beén
ngodi vi do chinh dong siéu didn gay ra di qua vong si¢u ddn 6 gid tri boi l4n cha
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®, =2nh/q=2,0678.10" Teslam?, trong d6 q = 2e. Day 13 mot vi du vé lugng tir

hod vi mé cd the thay d&i véi | vong day hoac Ong day. B¢ tim gia tri @, ngudi ta
coi dién tir trudng tuong ty nhu truong cia boson. Cudng do cla dién trudng cod
thé dirge xdc dinh nhy ham dao dong E(7), khi s6 photon 16n c¢6 thé tinh mar do

E(F)E' (¥ - - L
nang lugng theo: —%—(Q =n(r)ho, trong d6 n(7) 12 mat do photon tdn s6 a.
T

Bién treang bién thién cé thé dugc viét gdn ding dudi dang bdn cé dién:
E(T) = 4nro)Y?n(F)?e®™™  va  E'(5)= (4mhe) 2 n(F) 2 ¢ 0P

trong ¢6 O(r) 4 pha clia trudng. Ciing ¢6 thé mo ta trudng cha dong dién tir ket
cdp twong tr nhu vay. Nén nhé ring khong dp dung duge ddi véi dién tir Fermi
khéng trang téc.

Ddu tien ta cdn chéng minh ring khi boson tich dién tudn theo phuong trinh
tondon. Goi w(T) 12 ham séng ciia hat tai OK, n 1 1/2 néng ¢ dién tit trong ving
dan. Gia thi€t la.n = yw"y = const, ta c6 thé viét:

w=n'"2e® ()= niilee® (9.23)
Pha O(T) 13 quan trong d&i vé6i nhitng gi ma né tuan theo. Trong hé SI t']':'a'tv.:

bing 1 trong cic phuong trinh. Trong muyc 2.2 cita chirong nay ta c6 vin tdc hat:

V=L (P-qh)=L(irv-qa)
m m

Dong hat 1a: W'y = (-ihve - qA) (9.24)
m .
Nhu vy mat dé dong la:
- » nq . -
T=qy vy =—(-irV0-qA) (9.25)
m
l&y dong xody (rot) hai v& (9.25) ta thu dugc phuong trinh London:

rol:f=llﬂl_3 (9.26)
m

Pay chinh 1a phuong trinh (9.12). Vi vay c4c hing s cha chiing tuan theo (9.17}.
T thong .qua vong siéu ddn ndm bén trong mot chuy tuyén kin C & dé ca tir
thong B=0 va dong T=0 (hinh 9.13). Tir diéu kién bang U cila (9.25) ¢é:
BVO = gA (9.27)
Lay tich phan theo C ¢é:
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{ve.di =6, -6,
C

Trong gin ding cé dién cé:
6, -0, =2ns (9.28)
trong d6 s la nguyén.
Theo dinh ly Stokes ta c6:

a_[ Adl = [rotA.dG = jﬁ.da =® (9.29)
C C C

Trong d6 do la vécto phédn tir dién tich

e : . Hinh 9.13. Chu tuyén kin |4y tich

tr:&n bé. mat gidi han bdi C, ® la tir thong qua phan tich tif théng 18ng cong qua
vong siéu dan. Tir (9.27), (9.28) va (9.29) ta vong day bao gém tuf théng cla

cé: - trudng ngoai va tif théng do chinh

vong siéu dan gay ra.
2nsh =q® hay @ =(2nh/q)s (9.30)

Thay q = - 2e ta tinh dugc: ®, =2nh/q=2,0678.10™"" Teslam® dugc goi l1a
‘Fluxoid va ® = ®_,, + ®;,, = sD,.

Tat nhién tinh todn trén chi ding khi tir thong & mic chua phé huy trang théi
siéu din.

3.3. Dong khéng tit

C6 nhiéu cédch giai thich dong khong tit trong siéu ddn. Cédch giai thich don

gian hon ca la cta Landau. Céch nay chi 4p dung cho cédc siéu din cé khe ning
lugng.

Xét mang tinh thé cé khéi lugng chung M véi sai hong nao d6é nhu phonon
hay tap. Coi hé dién tir ding yén va c6 thé hiéu dong siéu din nhu chuyén dong
clia mang véi van téc v nao dé so véi dién tr. Ma sét xuét hién va lam giam vén
téc chi trong trudng hop chuyén doéng tuong déi nhu. vy gay ra cdc kich thich
trong hé dién tr. Trong qud trinh va ddp gdy ra trang thdi kich thich véi nang
lugng E, va dong lugng 7K . Tir dinh luat bao toan nang lugng va dong luong ta
c6:

Lvy? =-;~Mv'2+Ek

2
MV = MV'+hk
Tir hai déng thidc trén rit ra:
- 2,2
= —hkV + LB B,
M
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Coi M — = ¢6 thé bd s6 hang thif 2 cia bidu thie ban phéi, gid tri nhé nhat

cla van tdc v 1a t6i han néu diéu kien E, =#kV duoc thod min, Viy:
Ve = gid tri cye tidu (B, /Ak ).

Néu ¢6 khe nang lugng thi E, > 0, do d6 ¥ = 0. Nhu vay dong siéu din cé
thé chay véi van t6c nhd hon v, ma khong mit ning lugng ¢& kich thich chuyén
dign tir tir trang théi sién dn sang trang thii binh thudmg. Gid tri mat do dong 15i
han rit cao.

3.4. Hién tugng xuyén hdm mét hat

Xét hai kim loai A va B bj ngan cdch bdi dign mai C (hinh 9.144). Thong
thudng di¢n moi C 1a hing rao ngan can dong qua mat 1iép xiic. Nhung néu bé ddy
cua C dat ¢& 10 - 20A thi ¢6 kha ndng dién tir xuyén qua C. Hién tugng ndy goi la
xuyén hdm, tkc dien tir cé thé xuyén qua hang rao thé. N&u hai kim loai & trung
thai dan thuong thi he thic gilia dong va dién dp & dién dp thdp tuan theo dinh
ludt Ohm (hinh 9.14b). Giaever (1960) phét hién ring néu mot trong hai kim loai
A, B & trang thdi sieu ddn thi phu thuoe dong - dién 4p c6 dang nhu trén hink
9. 14¢.

Tren hinh 9.14d cho thay mdc dién ddy cdc trang thdi sicu din va kim loai
binh thutong. Trong siéu din cé khe nang lugng, mac gita khe tring véi mic
Fermt & UK. Khi chua dat duge the v = E./2e = Afe thi vin chua cé dong (déng
giin v&i 0). Khe nang lugng E, ing véi mic pha v cha cap di¢n 1l trong siéu dan
twang 1y nhu viéc tao thanh 16 va hat trong ban dén. Dong bat ddu ¢6 khi ev = A.
O nhiet d6 nhit dinh ¢6 dong nhd tham chi dudi diér 4p thép do dién tlr cla siéu
ddn nhay qua khe nang luung nho kich thich nhiét.

i
&
A c 8
The'
a b)
~ T
~ 7=l A
<) | Thé

Hinh 8.14. Hién tugng xuyén ham:

a. Tigp xic kim loai - dién mai - kim loai. b. Phu thude dang - dién ap néu AvaBiadan
thudng; c. Phu thude dong - dién 4p ndu A hotic B 12 sidu dan; d. Dign day trang thai.
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ldy trung binh theo thé tich cta 6 co ban
tinh thé. M6 men ludng cyc toan phdn
(hinh 10.1) dugc xéc dinh bdi téng cic
phan cuc theo biéu thic:

P=24q,T,

trong dé 1, la vécto toa d6 mo ta vi tri dién

(10.1)

tich q,. N&u h¢ trung hoa vé dién thi gi4 tri

*+q @ tink

-9
Hinh 10.1. Xac dinh mé men phan cuc.

téng nay khong phu thuéc vao viéc chon gbc toa do cha céc vécto T, .

Moémen dipol cla 2 dién tich + q bing: P=qf, —qf,

tich &m sang dién tich duong.

Vi du: Phan tir nuée H,0 (hinh 10.2)
c6 mémen dipol p khong déi. Vécto
mémen dipol hudng tir tdm cia ion oxy
07 t6i dudng thing néi tam cha céc ion
hydro H*.

bDién diém tao bai
ludng cuc véi moémen p c¢6 thé dugc mo

trudng tai T

ta du6i dang binh thudng trong tinh dién
hoc:

.3 ()i - rp
E(7) = —(ﬂ'——(sn hay E(F)= (—"')TT’—" (trong CGS)  (10.2)
TE,T r
Trén hinh 10.3 cho thdy mébi fop 2P
moémen phan cyc p déu gay ra dién &, = 2p (sinbasB)/r3
- =p.3e59-0)/r3
trudng E =-gradg; E, =3_lp \ gphted
n
cos B Rmecoqe /\
r C
2 P J x
.
Khi®=0; E, =E = /
y n
Kh19=—;Ex=E =0;E, .
2 r

(Khi d8i sang hé SI nhan p véi

=qR va huéng tir dién

w P = 1.9 % 107" esu-em

Hinh 10.2. Bipol phan tir H O béng
1,8.10°"® don vi dién tich - cm (trong hé

1
Sl nhan vai 510 ).

Hinh 10.3. Budng sifc cta dién trusng mé
men ludng cuc p hudng doc theo truc z.

1/4ng,).
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Chuong X

CAC TINH CHAT CUA DIEN MOI

7 r

MO BAU

bién mai khong dan dién, nhu vay trong dién moi khong co cde dién tich ty
do dich chuyén trong toan tinh thé, cde dign tich chi ¢d thé x¢ dich nho quanh vi
tri can bing vi say ra phan cyc ma thai. Ngoai ra con phai dé § dén cac dién tich
bén ngoai va dién tich trén bé miat mau. Trong chuang ndy ching ta s& nghién ciu
mot s8 vin dé saw:

e Sur lién he gifta dien trudng bén ngoai va dién trudng dis phuong ben trong
tdc dung 1én nguyén tI trong tinh thé di¢n méi.

e 11¢ 58 phan cuc cla edc nguyén ti, phén tir v cd tinh the trong cdc trudng
tinh v trong (rudmg xoay chiéu tin s6 cao.

Viée nghién ctu dién trudmg trong dién mai s& giai thich duoe 2 van dé sau:

Mot 1a: Sy lién hé nhu the ndo gitta phan cye dién moi p cla var ligo vai

dién trudng vi mé E trong hé 4 phuong trinh Maxwell sau:

Trong hé SI: Trong hé CGS:

- . ~ T. 1 & = _
1. rotH:J+i(s‘,E+p) L. rotH=i‘lj+—:—(E+4ﬂ:p)

at < cdt

- &R - 5B

2. rotf = - 25 2 roi =18
at cat

3. div(g E +p) =p 3. diviE+dnp)=4dnp
4. divB=0. 4. divB =0

Hai {4 Su lién he gita phan cue dién moi va dién trudng dia phuony tdc dung
tai diém ¢é nguyén (¢ trong mang nhu the naoe? Chinh trugng dia phuong ndy xdc
dinh gid 1ri cha md men ludng cye clia nguyén 1 va d6 phan cwe. Phan cuc p

duoe xde dinh nhu mé men dipol (hay mé men ludng cuc) cia don vy theé tich duge
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ldy trung binh theo thé tich clia 6 co ban
tinh thé. M6 men ludng cyc toan phin +q
(hinh 10.1) dugc xdc dinh b&i téng cdc
phan cuc theo biéu thic:

P=24,T, (10.1)

@ tink

)

-9
trong d6 T, 1a vécto toa do mo té vi tri dién  Hinh 10.1. Xac dinh mé men phan cuc

tich q,. Néu hé trung hoa vé dién thi gid tri
téng nay khong phu thudce vao viéc chon géc toa do clia cic véctg T, .

Momen dipol cia 2 dién tich + q bang: P=qf, —qf, =qR va huéng tir die

tich am sang dién tich duong.
Vi du: Phan tr nuée H,O (hinh 10.2)
c6 moémen dipol p khong déi. Vécto

1.9 % 107" gsu-em

mémen dipol huéng tr tam cda ion oxy

O t6i duong thing néi tam clia cdc ion

hydro H*. :

; Hinh 10.2. Dipol phan tir H,O béng
Dién truong tai diém T tao bai 1,9.10'® don vi dién tich - cm (trong hé

. .. - 1
ludng cuc véi mémen p c6 thé dugc moé Sl nhan véi ~10').
ta duéi dang binh thudng trong tinh dién 3

hoc:
L 3(BDF-1%p - . PD)E-1%p
E(?):—(p—'}r—:—p(sn hay E(r):gﬂﬁ)ﬂ—r_p (rong CGS)  (10.2)
TE,T r
Trén hinh 10.3 cho thdy mébi P ?_P‘%ﬁ
moémen phan cuc p déu gdy ra dién £ o2p indoasb)/r3

truong E:—gracl(p; E, =d—,
n

Khi®=0;E, =E, =

cos B sin Bcos B ,_\
¢=P—3; B =3p——s;
(3cos’ 0-1)
E, B —

%
C -

Hinh 10.3. Budng sirc cla dién trudng mé
1/4ng,). &
men ludng cuc p huédng doc theo truc z.

3 k)
r
0;E, :%p_
.
0;E, =—£‘
.

Khio=2.g =g =
2

x ¥
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§1. PIEN TRUGNG VI MO

Trudmg vimé E gdm cdc phin déng gép sau:

Phin déng gép thi nhat vio dién truding bén trong vit do dién trudng E, xdc
dinh b&i trudng cda cdc dign tich ¢6 dinh bén ngoai vat, goi 1 tredng ngoai.

Phin déng gép khic vie dién trudng ndy 14 tdng cde trudng clia (4t cd ede
dién tich tgo ra vdt. Néu vat trung hoa vé dién thi su déng gép vio trudng trung
binh ¢6 thé duge mo ta nhu tdng cdc trudmg gay ra bdi cdc ludng cuc nguyen t
theo céng thic (10.2} néu trén.

Ta xdc dinh truong trung binh E(F,) cha tinh thé 13 trudng trung binh ldy

theo thé tich & co ban cé chita nit mang T,
o1 ..
E(m:v—cjdv &(7) (10.3)

&(T) & dién trudng vi mo tai didm T, Ve - thé tich clia 6 co ban. Trudmg E
4 dai lugng thay déi trong khéng gian nhidn hon trwng vi mo &(r). Trudng cla
mét ludng cuc c6 thé duge coi [a mét vi du vé trudng €(T) vi trudng cla luding cuc
(10.2) Ia trudng vi mo khong nhin.

Ta sé& goi trudng E 1a dién truong vi mé. N6 phd hop d€ nghién cu (4t ca céc
bai todn dién dong cha tinh thé & diéu kién biét duge m&i lién hé giita trudmg E,
vécto phan circ § va mat @6 dong J trong phudng trinh Maxwell thir nhét vdi gid
thiét rang budc séng lun truyén trong tinh thé dd 16n so v&i hing s6 mang tinh thé.

D& tinh phin ddng gdp ciiv phdn cye vio gid tri trudng vi mé, ta cé thé tinh
trudng cla tat ca cac ludng cuc cha mau bang mé hink tdm phdng tich dién déu,
day la cich don gian dé tinh. Nhu vay theo dinh 1y trong tinh dién treaong vi mé
cha mo6 hinh tdm véi mat d6 dién tich 1a o thi o =np, f la véclo don vi phip

tuyén cla bé mit vat phan cuc hudng ra bén ngoal.

=P Hinh 10.4. M3 hinh 1dm phing:
P a. Tdm dién méi phan cuc déu voi
véctd phan cyc p vudng goc véi
mat phdng cla tdm: b. Hai t&m
dién mdi tich dién déu ciing gay ra
130 o) mot dién truéng E(F) nhu 1& mét
a) £ tdm cGa hinh a. T&m trén cd mat
dd dign tich b& mat ¢ = + p va tdm
dudico o =-p.

En_P

171



Ung dung cong (hite trén vio hai idm dién méi mang duge phan cuc déu tréen
toan bo tdm véi phan cue thé tich a . Dien truong E,(f) sinh ra béi phan cuc cé
gid (rj bing trirmg gay béi mat do dién tich wong tugng o = np trén bé mat (4m.
Tal b& mat trén véeter don vi A di 1én con & mal dudi n di xudng. Mt tren sinh ra
mot di¢n tich twong tugng o = A.p trén don vi dién tich vi mat duéi sinh ra - p
trén don vi dién tich. £ién trudng E, gay badi cdc dién tich dé <6 cing modt dang
don gidn & bt ¢ diém nio giffa 2 (dm, nhung tién lgi 13 mét & ria clla tdm. Theo
dinh luat Gauss:

E ——4n|0'[— 4n 'GS) hay B —-E——L ,
| = =-dnp (CGS) hay E, =- = (8D (10.3)
EU 8[

i

Ta céng E | vio truding ngoai L, thu duge trudng vi mao tdn_g cong bén trong

clia tm vdi vécto don vi 2 vuong gdc véi mat phiang cba tdm tinh theo phuong z:

E<E,+E =F,—41pz (CGS)
= . = o p. (10.4)
E=E, +E =E, -3 (8]

!—I”

Ta ¢6 1hé coi £, 13 truing cua cde dién tich bé mat véi mat da P trén mat
8161 han cha vat dang don giadn.

Trudng nay thay déi tir oy trong khong gian bén trong va bén ngoai vat va déap
Ung cic phuong trinh Maxwell v tring v&i trudmg vi mé E. Nguyén nhan cia
viée E, 13 ham nhén (trén quan diém khuon khé nguyén t) 13 do thay mang gidn
dogu cua cde ludng cuc p, bing phan cuc nhin p-

Truéng khi phén cuc E,
Dang hinh hgc trong phédn [én cdc bai todn cia ta 1a don gidn vi do vdy phan
cuc trong vit coi la dong nhit va chi <6 sy déng g6p clia cde trudng E, va E, vao

trudng vi mo: E = E, + I::] )

0 day E, la trudng ngodi vi E, la truong do phan cyc déng nhat. Truong E,
duge go1 la trwong khir cure vi bén trong vt truéng nay phan b nguoe chidu véi
trudng ngodi E, (hinh 10.5). B¢ tign Igi coi miu (4 dang ellipxoid, vu difm 1a
phan cyc dong nhit cla cic mién nay 24y ra trudng khit cye déng nhat. Cic két
qui tinh (0dn cOa cdce treong hyp nay da ¢é diy dil trong cde gido trinh o8 dién vé
di¢n va tr. Néu p,. py. p, la cdc thinh phan cta phan cyuc p theo cdc truc toa do
déi véi méu ellipxaid thi cde thanh phan cha trudng khir cyc 1a:
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B =-NP; E,=-NP; E, =-NP (€GS

(LD.5)

N P, NP, NP, .
E,=-———: b,=-——; B, =-——"(SDh
Ef| ’ El: 8'|

.
O day N, N, N, lia cde he <& khir cuc. (hé (ri cta ching phuy thuge vao 1y R0
clia cic truc chinh clia hinh ellipxoid. C

dc gia tri N, N, N, duong va ddp gug he
thirc téng:

N, + N, + N, = 4=n (trong h¢ CGSy va N+ N, + N, =1 (trong h¢ Sh.
Ta ¢6 thé 1am giam truong kKhir cye (di 0 bang 2 cdch:
1. Dang miu nho mong
2. Nai dien ma dién cuc nguge vdi mat t@m mong,.

cas =T
40 T T 7 T 40

Hinh 10.5. Trugng khit cuc E , trong mau  Hinh 10.6. Gia tri cda N phy thude vao ty
nguac voi p. s hai tryc cha ellipxoid.

Mot trubng ngodi déng nhat L, s& gay ra cam Ung phan cuc p beén trong

ellipxoid. Ta ¢6 thé dua ra 4o cam dién moi nhur sau:

p=yE (CGS) hay p=e.xE (SD (10.6)

Cac gia i ¢y N dai voi céc ellipxoid tron xoay 13 ham cia ty s6 ¢/a (hinh
10.6). Osborn vi Stoner i tinh N cho cic trudng hop sau:

N l
Vat dang | True -
it dang | rye % (CGS) '] (SI) 4{

Céu ‘ Bat k¥ 47/3 113
Tdm maong Phap tuyén 4 \ 1
Tadm mong, Trén mit 1am 0 ]
Tru dai tron xoay Theo tryc try 0 0
Try dai tron xoay | Vuong aéc truc (ty n L /2 |
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B4 1a sy lien he¢ giita trudng vi mé E bén trong ellipxoid véi phan cye p.
Néu E,, déng nhat va song song vdi tryc chinh ¢ia ellipxoid thi:
E=E\+E =E,-Np(CGS) hayE = E, - Np/e, (81)
Tir day: p=x{E, —Np) hay p=y(g,E, —Np) (10.7)

Cang thic tinh phan cuc do truéing ngoai E,;:

p:

X XE,
E, (CGS) hay p=2""F (SL 10.8)
1+Ny ( YP I+Ny 7 ) ¢

% la dai luong khong cé tha nguyén, chinh 1a he 6 phan cyc cia | don vi the
tich dién mei.

- Gid uf cita phan cyc phu thude vao hé sé khir cue N, néu % rdt 16n ta co:

E e, E
= = (CGS) h S Ll RN 10,9
P N( ) hay p N (8D ( )

Trong truting hop nay gid tr phén cyc phuy thude vae hinh dang méu, cdn néu
la quan tam d&n d¢ cam dién méi X thi khéng xét truding hop gigi han nay.

§2. BIEN TRUONG BINH XU TAI MOT NGUYEN TUf

Gid tri cha dién truong dinh xt tic dung I¢n nguyén tr & nat mang khic véi
gid tri dién trudng vi mo. Béng cdch xét cac trudng hop cic it mang cha mang
doi xing 1ap phuong va tinh thé cé dang cdu ta ¢ thé khing djnh diéu trén. Dai
vai dién trudmg vi mé trong miu ¢6 dang cdu ta cé:

4m .

E‘:Eﬁé,:é(,——,%— (CGS)

'] (10.10}
E=E, +E, =E,——5 (S

38[1

Ta xét trudmg téc dung lén nguyeén (i tai tdm clOa qua cduv, dé k&t qua khéng
phu thude vie viéc chon vi i nguyén tir, Néu 14t ¢d cdc ma men ludng cuc song
SOng vdi truc z va bang p thi thanh phdn 7 cua trudng nay ¢ tam qué cdu theo cong
thire (10.2):

2

37, -x 27-i2“"'.1_}’i g
Eyp =P, ~ =py ! (CGS) (101

T.

Trong h¢ SI thay p bang p/dne,, cic hudng x, y, z 14 tvong duong vi d6i xing

4

- N o ot 4 < Zi X Yi
CUd mang va cua ciu, nén (a cd: Z—q— =Z:—‘i = Z
ir . i L

5
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Tir day suy ra E,;, = O trong trudng hop cdu céd cdu tric déi xing lap phuong,
vy trudong dia phuong chinh xdc bing trudng tdc dung bén ngoai. Nhu viy trudng
dia phuong cén khde xa véi trudmg vI mo trung binh.

Bay gi&r ta lap biéu thite cho trugng dja phuong dSi véi modt nit mang bt ky
cua cdu tric khoéng nhét thiét déi xung lip phwong. Truong dia phuong tai nguyén
(& 13 téng dien irudng B, bén ngodi vi cic trudng ludng cue bén trong miu. Dé
tien 1gi 1a phan chia trudng cdc phan cyc sao cho ¢6 thé thay phép cong cic dipol
bing phép lay tich phan. C6 thé vi€l trudng dinh xd & dang:

E,.,=E,+E +E, +E, (10.12)

G day ﬁn [4 trudng gay bai cde dién tich ¢ dinh bén ngoai vit. E[ 4 truomg
khir cuc do cdc dién tich trén bé mat ngodi véi mat d6 bé mat np. Ez 14 trudmg
Lorentz {trong khoang), truong cta céc dién tich phan cuc & bén trong 1 khoang
ciu duge ¢t mot cich tudng tugng trong miu phin cue, no tic dung 1én nguyén
tir tai tam cua khoang (hinh 10.7). E; & trudng cla cdc nguyén to bén trong
khoang.

bén trong khowng

Hinh 10.7. Trudng tac dung 1&n mot nguyén tf trong vat dang ellipxoid. Bién trudng
trong tac dung 1&n nguyén tlf 14 tdng ctia trudng € , va trudng do bdi cdc nguyén tir
khac cda tinh thé. Phuong phap chudn 18y t8ng cla cac trudng phan cuc cla cac
nguyén t& khac 1 ddu tién 18y tdng cda céc thanh phan didu hoa riéng biét cla cac
nguyén i 14ng giéng & bén trong cdu tudng tugng cb tam la nguyén 1 d6, cdu nay

xac dinh truang E ,, d8i vél tinh thd dai xing lap phuong E ; bing 0. Tac dung ca
cac nguyén tf ngoai cdu duge coi 1a tac dung cla mdi trudng dién madi phan cuc.

Truang gay ra dtam clu la E, + E,. E, |4 trudng khi cuec do cac dién tich ¢dm (ng
& bé mat ngoai miu, £, la trudng do cac dién tich trén mat cau.

Sy d6ng gép E,+E,+E, vao trudng dinh xit {a trudng tdng cong tai |

nguyén 1r gy bdi cic mé men phan cue cha tdt ca cde nguyén (¢ khde trong méiu:

.o o 3(p, I - P,
B, +E,+B, =Y 0L L P gy (10.13)
i T,

ftrang hé SI thay p, bding p/4ne,)



Cie phin cye cdch nguyén tir da chon mot khodng lén hon ¢& 10 lan hang so
mang 6 dong gop thay ddi it tir (ham nhan) vio tang v ¢6 thé 1inh biing cich lay
tich phan. Mot tich phan bé mat duce 1dy (heo mat ngodi cia elipxoid xdc dinh E,
theo (10,3 - 10.5); ¢dn tich phan tha 2 18y theo mét cdu ndo dé han kinh o S04
bao boc nguyén 1o dang xét, xde dinh duge E.. Ta tinh trong truing E, hil cg
phan cye nio khone nam trong phin thé ich ¢ gl mat wrong va mat ngodi. Tél
o ca i cho mac bén trong 13 Mmar ¢ciu.

Trudgng Lorentz E_,

Trudmg F' g han cde dién tich trén mal cua khoang tudng wong do phan
cue di duoe Lorents tinh. Néu 0 13 goc cue (hinh 10.8) tinh (i phuong phan cuc
tht mat d¢ di¢n tich bé mat trén bé mal khoaug la pcosd. Dign trudm g tai tam cia
Khoang cdu ban kinh a la:

E: = J-(a"2 Y271 asin 6){adB)peos B)(cas0) = %?Eﬁ {trong CGS)
i -

.
Trong h¢ SI: iL=——p {(10.14)

"’Eii

Trong hinh 10.8, dién tich trén vomg tron
Fa: 21 a.Sinda.d6.P.cosb.

E | céd ddu am trong ciu phin cuc, tife 14:

E, +E,=0 \
Trudng E; ciia cdc phan cuc bén trong L
khoang
Do cde phin cye ben trong khoang cdu la Hinh 10.8. M& ninh cdu tinh
' cho (10.14).

dui lrgng duy nhat phy thuée vao cdu trie tinh
thé, ta thdy ring E. = 0 d6i vdi phén b6 cdc nguyén tr xung quanh cé dai xing
lip phuong, néu 141 ¢d cdc nguyén 1 ¢6 (hé thay bing phan cuc diém song song
v nhau.

Truong dinh xi téng cong tai ndt lap phueng thee (10.12) va (10.14):

- ~ dm . . 4; .
=E, +E. +Tﬂp:E+Tﬂp (CGS)

E
[ UL

| (10.15)
E__:E+?¢ﬁ (SN '

bay la hé thic Loerentz. Trudme tic dung lén mot nauyén 14 tal ndt lap

phuumg 1a trusng vi mo E (10.10) cong vai dnp/3 hay p/3e, do phan cue ¢la

cide nguyén tr khdc trong miu. Keét qua thue nghiém déi véi ion lip phuong da
Klaang dinh he thie Lorenty,
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§3. HANG sO BIEN MOI VA PO PHAN cUC

Hdng 56 dién maéi ty doi £ cia mai trudng dang hudng hay lap phuong so voi
chan khong duoe xdc dinh bdi hé thic D/E treng cong thic linh trugng vi mé E:

Tir phuong trinh Maxwell D=E+4np ¢6;

E+d
e=— P _1idny (©GS)
(10.16)
e
£, E * )

D6 cdm dign méi ¥ cd lign hé vai hang 6 dién méi € theo coéng thic:

g1
p=(eE-E}dn suyra y=+="""(CGS)
E 4=n
(1017}
!
hay % =——=g-1(S])
E‘] -
Trong tinh thé khang phai [a lap phuong su lién hé gifta & v ¥ phite tap hon
vi cdc dai lugng nay déu i tenxo:
P, =%.E. € =1 +4T YL, (CGS
{10.18)
Pu=UwEaBii B =1+x, (8D
Khd ndng phdn cwe a cha mdt nguyén tr duge xic dinh trong cong thite tinh
dién truting dinh x tai nguyén tr: p=aE__, , trong d6 p 12 mé men phén cuc cla
nguyén tr, dinh nghia nay trong h¢ CGS va S 1a nhu nhau. D phéan cuc 1a mot
tinh chdl cia nguyén 1, nhung hing 56 dién moi phai phu thudc vie viéc cic
nguyén tir sidp x&p trong tinh thé ra sao. Phan cue cta tinh thé ¢é thé viedl edn
diing nhu tich ctia do phan cue cha cdc nguyén i vdi dién trudng dinh xa:

P=2Np; =2 Na E () (10.19)
i 3
trong d6 N, la néng da va «, }a khd nang phan cuc cia nguyén tor thi j, E,,(j) la
trudng dinh xit tdc dung [én ndt thit j. Néu ta két hop hang s dién moi vai do

phan cuc thi két qui s& phy thudc vio he thirc lién hé giita dign trudng vi mo va
di¢n truong dinh xi. Ta lap céng thie & hé CGS sau d6 chuyén sang hé SI

4
p=(I N )E+ ?T[p) (CGS)

ZNICC

= &= i (CGS) theo dinh
4
I—TZNJaJ

nehia £ = 1+ 4ay (trong hé CGS), thay ¥ vio ta co:

Rdt p ra ta tinh do cam dién méi x =

m (=
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e—1  4n g£-1 ]
—==-=% Na, (CGS); —=——2 Ny, (S (10.20)
e+2 3 : eE+2 3g,

Day 11 cong thie Clausius - Mossotti, né lién he hang s6 dién mai vai do
phan cue dién we, nhung chi d6i véi céc chu tnic tinh thé ma déi véi cic tinh the
niy ¢ (thé nhan duoe hidu thic trirdng dia phuong Lorenty,

Do hdng 56 dién moi ¢

Phuang phdp do hing s6
dicn moi cha mot chit dua theo
“i¢e so sdnh dién dung C” cia
(y dién chia ddy chal nay va G’)
Jien dung Cela tu dé trong. Ty i
x0 C"/C' duge xdc dinh va béng

TMEJ
Bt

hing s& dién moi €, ¢6 thé dua \
vide xdc dinh gid (i dién dung

N . P . . Hinh 10.9. Sa d3 do hing s& dién méi &
thanh viéc xdc dinh tich LC cua ° and e

) . Cs - tu xoay higu chinh, G - tu chdta chat dién mai.
mach comg hudng (hinh 10.9), Béng cach thay ddi dién dung clia Cg ta dat duge
Coaa e ) ) cong hudng & 1an s8 o, = [L{Cy + C)]'2, do Cs lie
T day dé dang tinh qdm;t{. cd mau va luc khéong cd miu véi clng tan sé& u,,
C" va C' suy ra ngay . O tan

s0 s6ng ngdn k¥ thuat do ¢é hoi khic. O day ta khong do dien dung ma do bude
NOng cla séng dién tir (trong miu va khéng ¢6 miu), lic dé hang s& dien méi tinh
theo cdng thire;

}\.

<Han kg
————= =t

pEt. 1Y
i la do tr tham ty doi clia chat cdu tao vat.

Bo phdan cuc dién ti

B¢ phan cyc toan phan gém 3 phén (hinh 10.10): Phdn phan cyc dién tir ta do
s dich chuyén cla lap vo dién ti so voi hat nhén. phdn jon do djch chuyén céc
dién tich cla cdc ion so véi cdc ton khic, b6 phan cyc dinh huéng (ludng cue) (a
do .41 chdt gbm cde phan off ¢é sin cdc mo men phéin cye dién khong déi. Céc
phan cyc nay ¢6 thé thay d6i hudng do6i chiit trong dién trudng ngoai.

Trong cdc vat ligu khong déng nhat (di thé) thung cé sy phan cyc mat phan
cich do tich lu§ cde dién tich tai mat phan cich cdu tric. Diéu nay it 1y thd vé
nghi¢n ¢iu co ban nhung ¢6 ¥ nghia trong thue &€ vi cic vat licu duge ding trong
thi trzong thuong 1a di thé (heterogeneous).

Hang 58 dien moi rong vang rdn s6 dnh sdng hdn nhu xdc dinh bt do phan
cue dien 1. O tén $6 cao phan dényg gdép ludng cuc va ion nho, do quin tich coa
vie phin 1 va fon 16n. Trong virmg dnh sdng thudng 1a cé thé viét:
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n® -1

4n . \
—— =—3 N.a, (dién tin) (10.21)
n-+2 3 '

(3 day ta ding h¢ thie n® = € ; n 12 hé s8 khic xa. Ung dung cong thire (rén ¢o
thé tinh dugc gid tri gén ding clha d6 phan cwe di¢n tr ddi véi nhidu tinh the. Cic
gid tei ndy phi hop véi cdc gid (ri quan sdl duge cha hg s6 khic xa. Khong the ¢6
phi hogp hoin todn, vi dé phin cue dién tr cba cdc ion con phu thuge vao cde 1on
xung quanh trong mot tinh thé cy thé, Céc ion am cé gia tri do phan cuc cao hon
cic ton duong vi kich thuée cila ching 16n hon.

-

£-0 ODOBO N

\

EFax0

o4

——

O OO DO -~
3 \ -

@) 8 9

Hinh 10.10. Cac thanh phan déng gop vao phan cuc:
a - Phan cuc dién U b - Phan cuc ion; ¢ - Phan cyc dinh hudng.

Ly thuyét c6 dién vé dé phdn cuc dién t: NEu luc giit dién t trong nguyén
1 la didu hoa thi hép thu céng hudng cdc séng dién iy bdi cde nguyén i s€ xdy ra
& tan s6 w, = (B/m)'", rong ¢6 B - hing 6 luc, do xé dich x cha dién to do trudng
ngoai E, ., ¢ thé duoe xde dinh tir he thic:

il
—¢E  =Bx=mw, X

Towcal

Do vay dai vé do phan cue dién t& tinh ta cd:

2
P ex e
[»4 = . = —
chruipns 7
E‘Iwul Elm:ﬂ 1‘nu‘}u
mm X
5 - — - _ ©
trong dé: p=ex; B, ., =—— .
e

Do phan cuc dién o phu thude vie tin 86 va theo cdc tinh todn cho thay:

o __cfm (10.22)

electrmic = B

k 2
W, — o

Trong vung dnh sang nhin thiy, sy phu thugc cua dé phan cuc vio 1an s6 rat
y&u v doi vdi da k8 cde chat trong sudt ta khong thdy sy phu thude
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Trong Iy thuy&t lugng tir 6 cong thic tvong dng:

f,
T T

i
@?
U pnic = = D (10.23)
: m 4 p
)
trong d6 f;; 12 sitc cing dao dong cha tuBng cye dién gitta 2 trang thdi nguyen (4 |
va . Biéu thifc nay diing vai céc nguyén tir ¢ do, con trong chét rin ¢é khic di,
Do phdn cuc dinh huwdng 14 viee dinh huéng cac ludng cwe doc theo truimg
bén ngodi. Tac dong nay chéng lai dao déng nhiét cla mang, the nang U cia phan
tur vdi mo men p trong dién trudng E la: U= —pE = —pEcos8.
B la géc gita vécto mé men phén cye clia phin tlr va trudmg ngodi E. Gia tri
phan cyc p duge xic dinh theo comg thitc: p = Np<cosf>, Trong d§ N 13 s6 phin

Lt trong don vi thé tich, <cos> la gid tri trung binh cos8 duge lay theo phan bo
khéng gian cta cdc mé men ludng cyc & trang thar can bang nhigt, <cosd> duoe

) ... pE
tinh theo phan b& Boltzmann vi cé gid tri ;p viy:
B
Np°E C -
p=Np<cosB> = 7.]5) T Phgin cwke toan phdn (phan thie)
TR

Sréycan
] tis

Phan cyc dinh huédng
trung binh 46i véi mot
phan tir 1a;

2
P
Qgip =
3k, T

(10.24)

Bink  hwong cdc
ludng cuwc trong chdlt rin:

-
Sy dinh huéng cac ludng 78
cuc phan tlr trong vat ran
phu thudc vae:
* Dang phan i
¢ Luc tuong tdc véi Hinh 10.11. Su phu thudc vac tan sé cda cac

p N da op ph uc.
cde nguyén t¥ xung quanh. ©ng gop phan ct

Dang cha nguyén tir cang gdn hinh cdu bao nhiéu, md men ludng cue cha no
cang nho bao nhiéu thi né cang dé thay déi dinh hudng cia né trong dién trueng
ngoai bdy nhi¢u. Thoi gian dé né chuyén tr dinh hudng dn dinh nay sang mot
dinh hudng on dinh khdc goi 1a thai gian héi phuc.

Trén hinh 10.11 cho thay déng gép clia cdc loai phan cuc trén trong cdc vimg

tdn & khidc nhau,
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§4. CAC TINH THE XECNHET BIEN (FERO DIEN)

Trong cdc tinh thé xécnhet dién md men lirdng cuc dién tu phédt ¢d cd ngay
khi khong ¢6 dién truang ngodi. Trong trang thai xécnhet dién, tAm cla cde dién
tich duong cua toin tink thé khang Iriing vdi (Am cha céc dién tich 4m.

Su phu thude dac trung coa phan cue vao dién truedng trong trang thai xéenhel
di¢n trinh bdy trén hinh 10.12. D6 14 dudng cong dién tré, dudng cong tré chi cé
trong cdc linh thé xéenhet va 12 déu hiéu dac trung cho trang théai nay. Trong lic
tinh thé binh thudng (khong phdi la xéenhet dién) khong thidy dudng cong tré rd
rang; dudng ting va giam gin trung nhau,

Phén cue to phat
P A

P
e SR
y 3
—tz/ & {
0/ £ —_— oxc‘!b‘
—

a) &)

Hinh 10.12 Budng cong dién tré (a) va so d6 v& dudng cong tré (b):
C, - mau méac ndi tiép vai C, (trdng), dién ap tac dung 1&n mau dua ra
tryc E, dién ap rén C, 1y 1& v8i p cha mau va duge dua ra truc p.

Trang thai xécohet dién thudng bi bi€n mit khi nhiét dd cao hon mot nhiét
d6 tdi han T. nao d6. B4 La nhiét d6 chuyén pha goi 14 nhiét do Curie. Trén nhiét
d6 nay cdc tinh thé 116 thanh thuan dién. Khi chuyén thanh thuin dien thi hing s6
dién moi cing giam di dot ngodt.

§5. PHAN LOA! CAC TINH THE XECNHET DIEN

Trong bang dud day li 1#n maot 8 cic tinh thé xécnhet dién phan thanh cdc
nhém véi cic gid iri nhiét 8o Cunie Tg, phan cuc tu phat pg. Co loai xécnhet dién
khéng c6 nhiét dd Curie, khi tang nhiét dé né vin gid tinh chél xécnhet cho 1§i
khi néog chay. Co !]u‘:' chia céc tinh thé xécnhet lam 2 nhém chinh:

. Nhdm ¢6 trdt ty, tée ¢ sdn cdc phan cuc. Nhém ndy gém cdc mudi.

2. Nhém co dién dich, cidc 1on cia mang con dich di se véi nhau.

() nhém 1 chuyén pha lién quan dén trat ty hod cdc jon. & nhém 2 1a do dich

chuyén cua © mang con cla cdc ion so véi 6 khic. C6 thé tham khio mot s vat
liéu duai day.
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Nhém Thanh phén T (K} Py {nC/m?) o T (K)
KbP KH.P(, 123 4,75 96
KD,PO, 213 4,83 180
RbH,PO, 147 5.6 90
RbhH,As0, il
KH,As0Q, b6 3,0 &0
KD;As0, 162
CslLAsO, 143
CsD,AsQ, 212
TGS Sulfate tri-glycine 322 2.8 293
Selenate tri-glycine 295 3,2 283
i Perovskites | BaTi(, 408 26 296
SrTiQ, 110
w0, 223 523
KNbO, 708 30,0 296
PhTIO, 765 > 50
LiTaQ, 938 50 296
il LiNbO, 1480 71

Louai 1 gdm céc tinh thé ¢é lien két hydro, céc tinh chat xécnhet dicn phat
sinh 13 do sy chuyén déng cla cdc proton (ion hydra) v cdc mudi déng hinh cia
nd, va rdt iy thi khi thay hydro bang déng vi cla né 14 doteri:

KH,PO, KD,PO, KH,AsO, KD,AsO,
Te (K) 123 213 96 162

R& rang rang khi thay hydro bing doteri (D) thi Tk taing gin gdp déi mac di
trong lugng phan tif ting chi ¢d 2%. Sy thay déi 16n nay lién quan t§i céc hiéu
tng luong tir, dic biét !a sy phu thude clia buse séng Dobroi (de Broglie) vio khéi
lugng.

Cac k&t qua vé nhiéu xa notron cho thay trén di€m Curie céc proton trong cdc
lién ket hydro phan bs déi xdng. Duéi diém dé phan bd nay khong déng déu va
phan déi ximng so véi cdc jon beén canh v mot ddu cha lién két hydro d5i vai
proton phi hop hon 13 ddu kia.

Nhém xéenhet dién thi 2 (cé xé dich) gédm cdc tinh the ion véi <du tric gin
vO1 cdu tric cha cdc perovskite (tinh thé loat titanat va.inmenit). Tinh thé den
gidn nhdt ¢6 tinh chat xécnhet dién {4 GeTe ¢6 cau tric NaCl. Ciu tric vE trén
hinh 10.13 14 cna perovskite (titanat bari).
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Hinh 10.13. Cau truc xécnhet dién phu thuéc vao nhiét do: a. T > T tdm cac dién tich
dudng va am triing tam vat; b. T < T. mang bi bién dang va xuét hién phan cuc tu phat.

20x.
4 i
& i
]
J

Y% "0 -i® W 0.0 N
Y Nhigt do, °C

Hinh 10.14. Hinh chigu cla vécto phan cuc tu phat trén truc tinh thé lap phuong nhu ham
cha nhiét dd. Nhitng dét bién trén dudng cong gan 0°C va - 80°C la do cac thay déi cdu truc
tinh thé. Vécto phan cuc tu phat p & trén 0°C tring vdi canh 1ap phuong, con dudi 0°C doc
theo dudng chéo cla mat bén, con dudi - 80°C thi p doc theo dudng chéo cla lap phuong.

Bay gid ta danh gid cdc hiéu Gng trong titanat bari (hinh 10.14). Gid tri phan
cuc bdo hoa pg quan sit dugc & nhiét do phong bing 8.10"*CGSE (dv dién tich
cm?). Thé tich 6 co ban ¢& (4.10%)° = 64.10%*cm®. Do vay d6i véi moé men ludng
cuc p cua 0 ¢o ban ta co: .

p = (8.10* CGSE dv dién tich cm?).(64.10** cm*) = 5.10"*CGSE dv. dién tich cm
hay trong hé SI:  p = (3.10"'Culéng/m?).(64.10"°m?) = 2.10*’Culong.m.
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Néu trong cdiu trdc ludng tinh clia perovskite cic ion duong {Ba* va Ti*Y)
dich di so v6i O doan 8 = 0,14 thi mo men pPhén cuc cla 6 ¢o bin bing 6e¢§ =~
3 10"CGSE dv dién tich cm. Trong LiNbO, su dich chuyén cia cdce ion liti va
niobi ién hon nhiéu cé gid tri tuong dng 13 ¢,94 va 0,54,

§6. “TAl BIEN“ PHAN CUC HOA

C6 2 cdch gidi thich tinh chat xécnhet di¢n trong chuyén pha xécnhet véi 2
khai ni¢m sau:

1. C6 thé di tir khdi niém vé& c4; £0i 12 "tai bi€n" phan cyc hos, trong mot 83
di¢u kién (&i han, phan cue (r& nen rat lén.

2. C6 thé sk dung cdc hinh inh ly thuyét lan truyén phonen quang ngang
trong tinh thé & tdn sd rat thap.

Trong tai bién phan cuc dién tich dia phuang do phan cyc tang nhanh vi dich
chuyén vuot khdi cic hue hdam dan hdj trong tinh thé. Pidu dé din t6i dich chuyén
bit dét xing cha céc jon khoi vi tri cAn bing. Do 16n cia céc dich chuyén bi han
¢h€ rdt chat ché va bj gidi han do cdc luc him bac cao. Ngudn géc coa tinh chat
x¢cnhet dién trong phén t6n céc tinh thé ¢6 cau trdc perovskite lién quan 16i viee
cdu triic nay cé xu thé€ 16i “taj bj&n" phan cuc. Viéc tinh todn céc trudng dia
phuong cho phép giai thich xu the d6 ciia cac cdu tri¢c perovskite.

Ly thuyét tai bién phan cuc & dang don gidn: xudt phdt tir vAn dé [a cdc
trudmg dia phuong tic dung lén tat ca cac nguyén tir déu nhu nhau, nhu ra di thay
bing:

E+4np/3 (CGS) hay E+ p/3e, (SD).

Ly thuy€t ndy dua den két luén rang chuyén pha ta chuyén pha loai 2 nhung
cdc § tuong vat 1y ma 1§ thuyét nay ldy lam co s ciing con hi¢u lye cho trudmg
hap chuyén pha loai 1.

. . 3 , .. -1 4 . .
Xudt phdt (i c¢ong thide Clausius Mossiti: E—j-:—-; E Njai . bigu thire tinh
E+ K :

hiang sd dién méi c6 hé duge viet dudi dang:

1+§?-T-ZN.IG‘.
e 3

l—i:ﬁZNjai

trong d6 «; la do phan cue cha ion thi I, Ny 12 86 jon loai i & trong mét don v thé
tich. S6 ding trude tdng ENa, xudt xd tir bidy thic trudng Lorentz E + (4nf3)p
(CGS).

Hing s8 dién moi tré thanh vé ciung va cho phép phan cuc hiru han O trugng
ngodi bang khéng, nghia Id £ --> o khi INa, = 347 (CGS).
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D6 chinh la diéu kién c6 tai bi€n phén cuc. Pai luong € trong cong thifc viét
trén rit nhay véi cdc sai léch nho cla tong ZN,o; so v6i gié tri tdi han 3/4n. Néu

ta viét hé thice dudi dang:
4
—%ZNicxi =1-3s (10.25)

trong d6 s << 1, déi véi hing s6 dién moi ta cé € = 1/s. Gia thiét 1a gan nhiét do
t6i han gid tri s phu thuoc tuy€n tinh vao nhiét do: s = (T - To)/E; & la hang s0, lic
dé & nhiét do cao hon nhiét do chuyén pha déi véi hang s6 dién moi ta ¢6 su phu
thuoc tuyén tinh vao nhiét do:
e~E/(T-To) (10.26)
Pinh luat nay duoc quan sét thdy trong cdc thi nghiém vé € phu thudc vao
nhiét do trong trang thdi thuan dién (hinh 10.15).

b IERE I I TN RN (L NS N CRCEE SRR SR G

- #Bag 551o5Ti05 . s
#Cag 55t xTiOy —S5iTiO;

tlang <8 ién ma;

1 | ] | |

|

§ 7 8 9 10 11 12
-1

T-T. (K)

Hinh 10.15. Hang s6 dién mai theo 1/(T - T¢) & tr.';ing thai thuan dién T > TC.
cla perovskite (Theo G. Rupprecht va R.O.Bell).

0 1 2 3 4 5 -
1000

Hing s6 dién moi cla cdc tinh thé xécnhet dién voi cdu tric perovskite nhu
1a ham 1/(T - T.) & trang thdi thuan dién (nghia 1a T > T,).

§7. LY THUYET LANDAU VE CHUYEN PHA

Chuyén pha loai 1 gitta trang thdi xécnhet dién va thuin dién clha mot
xéenhet dién duge dac trung bai su thay d6i gidn doan cha qué trinh phin cuc hod
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bio hod tai diém nhi¢t do chuyén pha. Con chuyén pha gita trang thai binh
thuong va sieu ddn 1a chuyén pha Joai T ciing giong nhu chuyén pha gita trang
thai st tir va thuan ur. Trong cdc chuyén pha nay mic trat tr ti€n tdi O ma hdng
¢ thay d6i gidn dogn, khi nhiét do tang.

Ly thuyét nhiét dong lién tuc v& dac tinh ciia céc tinh thé xécnhot dién dua
trén viéc phan tich ham ning luegng thanh chudi mi ciia p’. Gid sit ham Landay F

dséi véi mat do nang luong tu do trong truong hop 1 chiéu duogc trinh bay dudi
dang chudij:

) to. 1
F(p,T,E)=-Ep+g, +58P° +Zg4p“ +ggﬁp"’ +one (10.27)

trong d6 cdc hé s6 g, <6 thé phu thusc vio nhi¢t d6. Chudi ndy s& khong chia céc
s6 hang p & vi néu tinh thé chua phan cyc, tim do6i xing s& khong thay déi khi bi
dao. Gid tri phan cuc p & can bing nhiét fng v8i cyc ti€u clia ham F dai vdi p,
con cyc ti€u cha chinh dai lugng F duge xic dinh b&i nang lwong ty do
Helmheltz F (T, E).

Phén cuc can béng trong dién truong E xay ra vdi diéu kién:
ia
£=(}=—E+g2p+g4p3+g6p5+--- (10.28)

-

cp
Trong phdn nay ta gid thi&t |3 mau hinh tru dai va truong E téc dung doc theo
truc mau (E 12 dién trumg ngodai). B¢ thu duoc trang thdi xéenhet dién ta phai gia
Thict 1a hé s6 g, clia p” bang 0 & nhiét do T, nao d6:
82 = ¥(T - Ty) (10.29)

trong dé y 1a hing s6 duong, con T, c6 thé bang hoic nhd hoa nhi¢t do chuyén
pha. N€u h¢ s& g, nhd hoac duang thi coi 12 mang tinh thé mém va gin vdi bl dn
dinh. N&u hé s6 g, 4m nghia 1a trang thdi khong phan cuc ¢da mang khéng can
bang. Su thay ddi g, theo nhiét d6 ¢ thé duoc hiéu 1a do gidn nd nhiét va cac hicu
tng phdn diéu hoa khic cla tuong tic dao déng nhiét trong mang.

Chuyén pha loar {I: Néu hé 58 g, duong thi viée tinh sé hang cé g, s& khong
cho k&t qua gi mdi va c6 thé bod qua s6 hang nay, phan cue & dién rudng ngoai

bing khong theo didu kign cuc tidu Zp—ljzo, £4> 0, bd qua g, va:
3
HT=Ty)p, +g,p, =0
Diéu kién nay dat dugc khi pg = 0 hay:

3
P :l'(T_Tu)
gy
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Néu T = T, thi ¢o |

nghiém duy nhit a3 pg=0viy i
vh g, duung, lic d6 T, Ia nhiét £
do Curic. VAL

Néu T < T, thi cue tiéu o4
cla ning lugng ty do s& dat
duge véi dido kién:

1.2 az-
W02
l|p~]:[l (Tn _T}Uz
g*] 4 1] 1 1 1 1
(10.3) [ a2 U4 26 a8 £

T/?;—"
Pay la chuyén pha loai 11
vi phén cuc tién tai O, khi géin Hinh 10.16. Sy phu thudc vao nhiét d§ cla phan
t&i nhiét do  chuyén pha. cuc tur phat khi chuyén pha loai Il cla LiTaO, .
khong cé dot bign (hinh 10,16}

Z0—

15—

160

] | ! 1
550 Too 5 800

Mhjét 25 (°C)

Hinh 10.47. B3 thi phu thudc nghich dao hang s& dién mdi vao nhiét d cla

cac tinh thé LiTaQ,. Day 1a vi du cho chuyén pha loai Il, 46 d&c bén phai va

bé&n trai khac nhau ding nhu trong |y thuydt. Ving trong khung 1a ving tinh
chat t&i han cda tinh thé gan didm chuyén pha (AT = 0),
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Theo 19 thuydt ta e
I bes 1 T=T _
S eonstUATY ;- = — {1.31)
£ g z

Hinh 10.18. Ham nang lugng tu
do Landau theo binh phirong cda
phan cut & cac nhigt 4 dac
trung khac nhau cho trurcsng hop
chuyen pha leai |. R rang rang
g nhiét dé chuyen pha n"mg
lucng tu do ¢b 2 gia tri cue tigu
khac nhau vé dé 1an, mét ing vai
p =0 vagia tri thit 2 ifng vdi p
hiu han. Khi T < T, cue tidu
tuyét doi cé gia tri p 1ér hon, Khi
chuyen pha T qua T vi iri cuc
tidu tuyét déi bign daj dot ngét
{cac vj tri cyc tiéu dudc chi bing
miti tén dam).

Ning (vbbg tedb fandey
<

Chuxén pha logi I+ xdy ra trong truong hop khi he 56 g, am. Bay giér can phai

ailf h¢ 80 g, vi coi né 1A duong, &8 F khong tién 151 am vo eung (hinh 10.18}

- I :o 1 PR ‘ :
. g -T. I ) — 0 2 32
Ty zr([ T.Ip 4lblp +6mp {1032
¢ cF 5
Picu kién can bang khi E = 0- | {i‘—)—-()J ta co:
vOp .
Y(T_'I‘-::- )P\. TEs p.{-" +3r\P{; =1,

Tir day suy ra hodc p, = 0 hoac:

T T lg dp +g,p’=0 (10.33)
";IE i L"‘““\.,__‘
S~ ol
?
Qg0

, |
-89 -& -4 -2 0 20 “0
T-L (°c)

Hinh 10.19. E)ucng cong theo tinh toan chuyén pha loai | lheo nhigt d6: phan cuc ‘i phat
cla BaTiO,. Hang s& didn moi dugc tinh tir gia tri phan cuc can bang & 1 gia tri cho trudc

oF
cla dién trudng E bén ngoai, theo céng thic £ 0. 0 nhiét 6 cao han didm Curie trang
op
trang thai can bang cac sé hang p? v p* ca thé duge bé qua, log dé: E = T - Top.
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Hinh 10.20. Nhiét do chuyén pha thé hién qua:
a. Hang s6 dién méi nhu ham cla nhiét da; b. HE 56 ap dién
dP/dT; ¢ - Nhiét dung dac trung. Cac tinh toan dua trén dac tinh
cla PbTiQ, cla Remeika va Glass.
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s} nhiét do chuyén pha T, ning luong tv do cha cic pha thuan dién vi
xécnhet dién s€ bang nhau. N6i cdch Khéc: gia tr] F tai pg = 0 58 bang gid tri F tai
dic¢m cue tidu duge xéc dinh theo didu kién (10.33).

Hinh 10.19 cho thdy dang clia d6 thi . phu thuée vio nhiét d6 & chuyén pha
logi [ RS rang rang hinh anh khic vé Chuyén pha loai II. Vi du chuyén pha trong
BaTiO, 14 loai T hay:
anfy
T-T,

H¢ thide nhan duge tring véi cong thire (10.26) vi vy né c6 thé dng dung cho
cd loai T va loai II, trong truong hop loai I ta cé T, = Tc, cdn trong trudng hap
logi [ ta ¢ T, < T.. Cdn nhé lai [a T, duge xdc dinh theo cong thic (10.29), con
Tec 1a nhiér do tai d6 xdy ra chuyén pha (linh 10.20).

E(T>'Fc)=l+4n%:i+ (CGS) (10.34)

§3. PHONON QUANG TAN SO THAP

Khi xem xét cdc phonon guang doc, ngang Lyddane - Sachs - Teller (LST)
thu duge cong thite:

2
oy | =) (10.35)
w,  &0)

(xem §6, §7 chuong 1) trong d6 o, 12 tin 6 phonon quang ngang & vécto séng
gdn U o, 12 tdn 58 dao dong quang doc (véeto séng nho gan ), g(0) - hang s6
dién méi tinh, &(=0) - hing 56 dién moéi cao tdn (1an s6 quang) do djch chuyén lap
méy dién tir.

Theo cong thie (10.35) d6i véi xéenhet dién khi tdn s§ phonon quang ngang
tién t8i 0 thi hang 6 dién moi lién 16i vo cung. Do vay néu ta ldy hing s6 dién
mot tinh g(0) Ién (vi du 100 dén 10000 hay 160 hon) (hi @, nh4t thigt phai ¢6 gii
tr1 rdt nho.

Khi o7 = 0 tinh thé tr& neén khéng can bang vi cdc lyc ham hitu higu bign
mat. Xécnhet dién BaTiO, ¢ 24°C ¢6 tdn $6 duo dong quang thip tap trung & gia
tri k ¢& 12 cm™'. P8i véi cde dao dong quang tdn 56 nhu vay la rat thép,

Néu chuyén pha sang trang thai xéenhet dién 12 chuyén pha loai T thi khi
chuyén pha ta khong phdt hién ra w; = 0 hay £(0) = =, Trong truimg hop nay céng
thie LST cho rang e(0) phai ngoai suy sang ving dac tinh & nhiét do T,. G chuyén
pha binh thudng loai 1 xay ra & nhiét do Te cao hon T,. G chuyén pha loai [ tdn s6
7 khdng bao gid bang 0 va £(0) khong bao gi® thanh v6 cung.

Thi nghicm déi véi  Strenti  titanat (SrTi0;}, theo hé thic LST 6

! a - .
T)) ~{T-T,) vd w;" ~(T-T,) néu @ khéng phu thude vio nhiét dé (hinh 10.21).
(.
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Phan xécnher didn:
loai xécnhet dich chuyén
dién tfch khong phai la
loai b&t cian biang duy
nhdt ¢6 thé sinh ra trong
tinh thé dién moi. Trong
cidc tinh thé cé cdu tric
perovskile ¢é thé ¢6 cdc
bign dang khac phat sinh.
Cdc bién dang nay tham
c¢hi né€u khong gay ra
phin cuc tu phdt ciing cé
thé lam thay ddi hang x3
dién moi. Mat trong cédc
loal hién dang diuge goi
ia  bien  dang  phan
dé 1a
trudng hop chudi cée ion

xécnhet  dién;
canh nhau dich chuyén
nguge chiéu nhau (hinh
10.23). Cic
perovskite cd kha néng
¢d nhidn kidu bhien dang,
nhung thudmg,
khiac bi¢t nhidu vé nang
Iuogng. Vi du trén giin dé
pha cia hé 2 perovskite
cha cic ciu lric PhZrO,
- PbTiO, ta cé
chuyén pha cdc
trang thdi
xécnhet

ciu  trac

khong

thiy
gila
thuan
dién phan
xécnhet dién {hinh
10.24). Trang thdi phan
xéenhet dién ¢d trat ty

dién,
va

cua hé¢ cic moé men phan
cuc dien khong ddi duge
tim thidy trong cic mudi
ammonium va halogen
hydro. C6 nhitng tinh thé
phan
khac «d

xécnhet dién  loal

san trang  (hidi

e

778 fem)
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/ ot \ fon
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[
0054 4 . B

/ /
/
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v
s &
¢ 100 o0 400 0
vhig 85 (K)

Hinh 10.21. Bd thi phy thudc cla binh phudng tan sé
vao nhiét do {truc bén phai) va dao déng quang ngang
vao nhiét 5 khi véctg séng bang 0 trong tinh thé SrTi0,
thu dugc theo k€t qua nhidu xa notron cda Cowley.
Budng lién cho nhiét d& Curie (32 + 5K}, duang diit 1a
dd thi nghich ddo cia hing $8 dién mdi {truc bén trai),

k&t qua cla Mitsui va Westphal.

2

To0

40

24

[: 1] .14 L Fed &
Ir-r4, K

Hinh 10.22. D& th| phy thudc vao nhiét dd cla tan
s8 cla phonon quang trong tinh thé xécnhet dién

antimoan Sulphoiodide {SbSI). K&t gua tan xa

Raman cta C.H. Perry va D, K. Agarawal.
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irat ur Khéng phan cue (hoac hdu nhy kliéng phan cye).

® @ @‘BJ@+ ® ® ®-
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a) L)) o)

Hirnh 10.23. Chua bién dang (a), bign dang phan xécnhet (b} va bién dang xécnhet (o).

So0 - P T T T 7

w50 b A -

00

357!

et I3 (k)

1 | i
7o an a0 R

P8I0, % Aro, ary
Hinh 10.24. Gidn d6 trang thai cia hé PbZrO, - PbTIO,:
A - phan xécnhet dign; P - thuan dién; F - xécnhet dién.

Cde tinli thé phan xéenhet dign:

Tinh thé¢  Nhi¢t do chuyén pha sang trang thdi xécnhet dién (K}

WO, 1610
NaNhO, 793; 911
Phr(), 506
PbHIQ), 458
NH.H.PO, 198



ND,D,PO, 1242

NH,H,AsO, 216
ND,D,AsO, 304
(NH,),H,I0, 254

Hiéu g ap dién: Tat ca cdc tinh thé trong trang thdi x_écﬁhet dién déu ¢6
tinh chét 4p dién. Khi tdc dong Ién tinh thé mot ang sudt ngoai thi phan cuc dién
clia né thay déi (hinh 10.25 va 10.26).

ady £)
Hinh 10.25. Xécnhet dién duéi tac dung cla (ing suat:

a. Tinh thé xécnhet dién khéng bién dang (chua ¢6 (tng sudt ngoai);
b. Tinh thé xécnhet dién cé Ung suat nén vécto phan cyc thay ddi la Ap.

Hinh 10.26. Tinh thé A,"B> c6 ddi xiing bac 3, khang phan cuc & trang
thai khéng (ng suat (a) va cé phan cuc khi bj bién dang (b).

Mait khdc né€u dat tinh thé vao dién truong E thi s& c6 bi€n dang trong tinh
thé. Phuong trinh hi¢u @ng dién dp duge viét trong trudng hop mot chiéu don
gian: ;

p=2zd+Ey; ¢=2s+Ed (h¢ CGS) (10.36)
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trong d6 p - phan cuc, z - Gng sudt, d - hé s6 bién dang 4p dién, E - dién truong,
% - 40 cdm dién moi (khi chuyén sang heé SI thay y bing €,)), e - bién dang dan
héi, s 1a hé s6 cing chic dan héi.

Day la phuong trinh m6 té phan cuc khi dat dien dp ngoai va su xuét hién
bién dang dudi tic dung cla dién trudng ngoai. Hiéu ng thuan duge dung dé 1am
ddu nhan cam bi€n dang va dé ghi céc séng siéu am. Hiéu ing nguge duge dung
trong mdy phét siéu am.

C6 nhiéu tinh thé ¢é tinh dp dién mac du ching khéng phai 1a xécnhet dién.
Céc tinh thé dic trung 1a: thach anh; céc chit xécnhet dién cé tinh dp dién: titanat

bari. H¢ s6 d cua thach anh ¢& 107 cm/dv CGSE dién dp, cha BaTiO, la
10 cm/dv CGS dién 4p.

Néi chung hing s6 d 1a mot tenxo hang ba: d,, =(§%] , trong 46 i = x, Yy,

zvak=xx,yy, zz, yz, zx, xy (khi chuyén sang hé SI nhan véi 3.10* duge m/v).

Cdc domain xécnhet dién: cic tinh thé xécnhet c¢6 vécto phan cuc tu phét
song song hodc phan song song véi cdc truc tinh thé. Bat cit tinh thé xécnhet dién
nao déu gém cédc ving thé tich (goi la domain hay mién) & d6 cdc moé men phan
cuc dién huéng theo mot chiéu, con & cdc domain bén canh theo mét chiéu khic.

Hinh 10.27 cho thdy 2 domain canh nhau cé vécto phan cuc nguoc chiéu
nhau. Toan tinh thé lai khong bi phan cuc. Téng vécto phan cuc cua tinh thé thay
déi do su dich chuyén véch mién khi ¢6 dién trudng bén ngoai tic dung.

Céc véch mién dich chuyén vuong géc véi vach va lam do 16n clua cdc mién
thay déi. Diéu nay dugc thuc nghiém xdc nhan (hinh 10.28). Dich chuyén vich
mién khong don gian, né gém ca qué trinh sinh domain do thang gidng nhiét.

Hinh 10.27. So d6 cau tric mién trong xécnhet,
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550 Vicm 750 Viem 980 Viem

0.01cm J

Hinh 10.28. C&u tric domain (mién) xécnhet dién trong tinh thé titanat bari trén mat

vudng gbéc vdi truc c: vach mién tinh thé BaTiO, dugc tdm thuc bang dung dich axit.

Téng phan cuc cla tinh thé do phan cuc clia cac mién tang khi tang cudng do dién
truéng tir 550V/cm 1&n 980V/cm. Trudng téng doc theo truc c.



Chuong X1

TINH CHAT TU CUA CHAT RAN

ié 4
MO BAU
Nguén g6c clia mémen tix trong chét rén lién quan dén 3 yéu 1§ sau-
L. Su t6n tai spin chia cdc dién tir. C6 the hidu mdi dign tit ¢6 mot spin hudng
l

i¢n ho4c xudng, ti¥c cé mot trong hai gid tri + % hay - 7

2. Sy tén tai mémen quy dao dong lugng cha céc dién tir chuyén déng quanh
hat nhan. Ta vigt dudi dang cé dién: L=m|7¥]. Trong dé 7T 1a vécte ban kinh
quy dao; ¥ 1a vécto van téc cla dién tir va m 14 khoi lrgng dién o,

Vé gid tri lugng 1ir <L? = ([(1+ D)k, trong dé s6 luong tir quy dao 1 = 0, 1, 2,
3, ., (n- 1), tuong ftng véi trang théi lugng tir s, p, d, f, ...

86 lugng thr chinh n'= 1, 2, 3,...

3. Sy thay d6i mémen quy dao khi c6 tir trugng ngodi tac dung, goi |3 mémen
cam fng.

Hai y€u 16 ddu gay ru thanh phén tir hod thuan tir, y€u (5 thit 3 gay ra tir hoa
nghich tir. Trong kim loai va hop kim cdn dé y dén doéng gép clha khi dién tr tu
do.

Vi du, & trang thai ¢o ban cilia nguyén tlr hydro trang thdi |s c¢6 mémen quy
dao bing 0 va nhu vdy moémen tir clia nguyén tir lién quan dén spin cta dien (4,
Spin song song v&i mémen nghich tir cam Ung yéu. Con & trang thai Is? cna

nguyln tir heli cdc moémen spin va quy dao déu bang 0 va nhu vay chi ¢é thé con
mémen ¢am dng.
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3 cic nguyén tu
khi trg ¢o s¢ dién tuo
dién ddy, s dién 1
luén chin c¢dc moémen
spin va quy dao déu

bang (. Cdc mémen nay Thudn &5
chi khdc 0 trong cédc '
nguyén LG chua dién ~‘§
ddy. '
N P 9.
Vécto tir hod M @&

duoc x#éc dinh ahu
mémen tir cia mot don
vi thé tich. Do 1 hod x
dsi véi mot don vi thé

tich dugc dinh nghia: Thugn b Van Uleck

““““““““““““““““““ —  Nhighds
M . -
x == (CGS) 0 THudn bl P

T T T T T Mg i
M ok
hay % =% (ST)

Hinh 11.1. Sy phu thudc cda dd tir hoa cla nghich tir va
(11.1) thuén tl vao nhiét 36.

trong dé B 12 cubng do cdm tng tir cla tir trudng vi md. Trong cad hai hé do y 1a
dai legng khong thit nguyén. ¥ thudng tinh theo don vi khdi lugng hoac mol. Cho
mol ki hi¢u {4 ¥, cho 1 gam d6i khi ki hiéu la g. Céc chét cé y < 0 1a nghich ti,
¥ > 0l thuan tir (hinh 11.1).

Viéc sdp xép trat ty cac momen 1y dén t6i cde trang thai phic tap hon nhu sit
tir, ferit 1, phén sat tir, helical (xoan 8¢) v.v..

Hién tugng thuén tir hat nhan lién quan dén mémen tir hat nhan. Cdc mémen
tir hat nhan nho hon cia dién t&r hang ngan 14n. ’

§1. PHUONG TRINH NGHICH TU LANGEVIN

Hién tuong nghich tir lién quan dén viéc cdc dién tich bén trong thé tich vat
¢6 xu hudng chin timg phéin tdc dong cla tir trudng ngoai lén thé tich trong vat.
Tir dinh lugt Lenz trong 19 thuyét cadm ting dién tir fa thiy dong dién cdm tng cé
chiéu sao cho tir trudng cla né chéng lai sy thay déi cha tir théng qua mach.
Trong cuén day khéng ¢é dién trd nhu siéu din hay dién tlr chuyén dong theo quy
dao quanh hat nhan trong nguyén tir tudn tdn tai dong. NE&u cé tif trudng ngoai tc
dong thi dong d6 phai cé phan dng sao cho t¥ trudng cha nd chdng lai su tac dong
cha trudng ngoai. Nhu vdy i truding cdm Ung ngugc lai trudng ngodi. Trudng
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nghich tir cdn do cdc di¢n tir din trong kim loai déng gop. su va d4p cha cie dién
tt dan khong dnh hudng dén tinh chat nghich (ir nay.

Vig¢e gidi thich hién tugng nghich tir cla cic nguyén t vi jon dua trén ly
thuyet cha Lamor. Thuyét nay cho ring chuyén dong cia dién 1r quanh hat nhan
dudi tde dong cha tir trudng ngodi ciing giong nhu khi kKhong c¢é trudng ngoii
trong gén diing bac chdt, nhung ¢6 them phén tien dong chung véi tdn 56 gée:

o= (ccs hay o = <2 (s1y (11.2)
2me 2m

Phan ti€n déng Lamor nay dai dién cho viéc tir trudgng ngoai gdy ra chuyén
dong tu€ sai cho dién tlr, dudng nhu mat phing chia qu¥ dao léch di sao cho tir
frudng cla dong dién qu§ dao d6 chong lai tir ITUdng ngoii.

Phin ti¢n dong Lamor clia hé gém Z dién 1ir twong duong v6i dong dién theo
bicu thie:

I = (dién tich) x (s6 vdng quay trong don vi tho gian)
I=(-Zc}_(—eB—)(SI) {11.3)
21.2m

Momen tit cua dong dién vong bang tich {déng) x (dién tich cda ving day).
Néu coi quy dao i tron ¢6 bin kinh p thi dién tich "vong day"” bing np? va cd thé
thu duge mémen tir:

Ze'B ZeB

L= — <p? > (S} ha =
b am p” > (SI) hay p Ao

<p’ > (CGS) (11.4}

Trong dé <p®> = <x’> + <y?> la trung binh binh phuong khodng cach tinh rir
cdc dién 10 t8i mot truc ndo d6 qua hat nhan va song song vdi (r trvdng. Trong
khéng gian ba chiéu cla nguyén ti khoang cdch trung binh cdc dién tir 16i truc:

<rf> = <x?> + <y?> + <z
. . - . i - . . 7 3 2
Neéu di¢n tir phan bd d6i xing cdu thi <r? > = > <p’ >,

Gia s 56 nguyén tlf trong mét don vi thé tich [ N ta ¢6:

Np _ Nze’

<r’ > (CGS)

B 6mc?
hay:
_moNH o NZe
B 6m

Cong thite (11.5) ta két qud ¢é dién cla Langevin. Két quéa thuc nghiem do
duge y cda cde tinh thé khi tro nhu sau:

% <1’ > (SI) (11.%)
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Tinh thé He N Ar Kr Xe
¥ (10%cm*/mel) - 1,9 - 7.2 -19,4 - 28,0 -43.0

§2. THUAN TU~

Cac chédt thuan tir ¢6 ¥ > 0, vécto tir hod trong vat thudn chiéu véi tir trudng
ngodi. Cac déng gop thudn tir cd trong:

1. Cde nguyén ti, phan tir vi sai hong mang & d6 ¢6 tong s8 dién ti khong
chin. Diéu nay lién quan dé€n téng spin khac 0. Vi du nhu cdc nguyén tir ty do cla
natri, khi oxyt nito NO, ¢dc gdc hitu co ty do nhu trifenimetil C(CH,),: cac tam F
trong tinh thé halegen - kiém.

2. Cac nguyén tir va ion ty do vdi vo dién tir bén trong khong dién ddy; cdc
kim loai chuyén ti€p; cdc ion ding dién W véi cdc nguyen t6 chuyén 1i€p, cdc
nguyén t6 ddt hi€m va ho actinit. Vi du Mn®*, Gd™, U**. R4t nhiéu trong s6 cdc
jon d6 ¢6 tinh thuan tir ngay ca trong céc hop chét rin, nhung khong phai la
khong thay d6i duge.

3. Mot 56 hop chét ¢6 56 chan dién 10 ké cd cdc phan tir oxyt vi cdc gdc doi,

4. Cac kim loai.

2.1. Ly thuyét lugng tir vé thuén tur

Xét trung hop chung: Momen tir cla nguyén tit hodc ion trong khong gian
tu de duoe viét dusi dang:

i=yhl = -gu,J (11.6)

trong d6 mémen dong luong goc toan phin h] bang téng cha cdc momen dong

luong quy dao AL va momen dong lugng spin hS. Ty s6 tit co y (hay tir héi
chuyén) 1a ty sé giifa mo men tr va moémen co.

Hé s& tdch vach quang phé g dé6i vo1 mot he dién tl duge xdc dinh theo:
g, = —yh (11.7)
trong dé p, 1a magneton Bohr, g = 2,0023 d6i voi spin dién 1. DJi v6i nguyen i
ty do ¢6 thé tinh g theo cong thitc Lande’

g:1+I(J+l}+S(S+1)~L(L+1) (11.8)
2]+

Cong thie tinh Magneton Bohr:

ne = (cGSy hay p, = (sD) (11.9)
2m

2me
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NG ¢6 gid Uri gén bang mémen tir spin cda dién tir ty do.
Cdc mire nang lugng cta hé trong tir truémg duoe mé ta:

E=m gu,B=-{iB (11.10)
trong dé m; la 56 lvong tir phuang vi; gid tri j 14y a1 -1, ., -} Dol véi spin tu
do. khéng ¢§ mémen quy dao, m; =+ 1/2 vig = 2 nén:

E=+p,B (11.11)

Trén hinh 11.2 14 so d6 tach cic mic
ning luong.

A oM
ba&i vai dién 1o c6 chidu coa mémen tir i
2
- o s P = - = s
Honguoc v§i chigéu cha S, nén [G=—gu 5. 7
i g ghg —_— 2B
( trang thdi mic nang lugng thap momen tir R o
song song voi i trudng. +

Néu hé chi ¢6 hai mdc can bang, lay

T=Kk,T ¢6: . < s P
Hinh 11.2. S¢ d6 tach cac mic
néng Iugng clia mot dién tif trong
N, = exp(uB/1) (11.12) tlr trudng tac dung doc theo chidu
N exp(uB/1) + exp(-uB/ 1) duong cla truc z.
N'J - B
vi 2= CXpHB/T) (11.13)

N exp(uB /1) + exp(~uB /1)

trong d6 N, N, 1a s6 hat & mic trén va muc
duéi, cdn N = N, + N, 13 t8ng 58 nguyén (i,
Trén hinh 11.3 {4 sy phu thuéce cia mat do &
hat & hai trang thdi trén vao nhi¢t do.

Hinh chi€u cO0a momen tir cha hat &
trang thdi trén lén phirong cha tir truding
bang - u con cia hat mic dudi ta p. Tir ho4 ' .
téng cong cla 14t ca N hat la: Hinh 11.3. Mat d% cda cac hat &

mirc trén va mifc dudi cia hé hai
x ox mifc § trang thai can bang nhiét tai
M=(N,-N,) p=Ny e_:e_ nhiét @6 T trong 1 triraing B. Gid tri
e’ 4+¢7 mémen tr ty 1& v8i hiéu toa do haj
dudng cong.
= My tanhx (11.14)

trong dé x = uB/k,T. D&i vdi x << 1 ¢6 tanhx = X, vy 1 hoa:

M = Np(pB/kT) (11.15)
1é thic (11.15) ¢6 dang ciia dinh luat Curie:
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M_t (11.16)

treng d6 C la hang s¢ Curie. K& quéa thyc nghiém cho thdy iy phy thudc vio
nhi¢t Ao T phit hgp vdi (11.16). Teén thuc t& (11.14) 1a trvng hop rigng ctia ham
Brillouin tinh cho trudmg hop nguyén 1t ¢é momen dong luong. Kér qua sir dung
ham Brillouin gdn ddng ciing cho:

M Np’p'sn  C

1

B 3k,T T

trong d6 p = g|J(J + 1)]"? 12 s6 magncton Bohr hitu higu.
Ton cdc nguyén té ddt hiém: Cic ion dit hi¢m gidng nhau vé tinh chat hod
hoc. Ching ¢é tinh chér tir rdt diac biét: mot mat ching thay déi theo quy luat,

mot mat ¢é nhifng phic tap trong thue nghiém quan sat duge va trong viéc giai
thich cdc két qua da.

Bang 11.1
Cau hinh ldp vé dién td, mic co ban va tinh chdt tir cGa ion dat hiém
Ton Ciu hinh Mt’I(‘: p (tinh) = . p (ngoai s'uy tr
co ban | g{JJ + ' thirc nghiém)
Cerium Ce™* 4{'55%p® “Fya 2,54 2.4
Praseodymium Pr'* 4f255p" H, 3,58 3.5
Neodymium Nd'* 4f7557p® oy 3.62 3,5
Promethium Pm™ 4f*55%p" 1, 2,68 -
Samarium Sm** 4 552p° *H., 0,84 1,5
Europium Eu'™ 4f%54%p" F, 0 3.4
Gadolinium Gd™ 47 5:ip" *S.n 7.94 8,0
Terbium Tb™ 4£%547p" R, 9,72 9,5
Dysprosium Dy 4f'55'p" "Hisp 10,63 10,6
Holmium Ho™" 4r"s552p" 1, 10,60 10,4
Erbium Er'* A4f155%p" 411”? 9.54 9.5
Thulium Tm'* 4fi*55%p" H, 7,37 7.3
| Ytterbium Yb* 4fss2pt | PR, 4,54 4.5

Cédc tinh chat cha ion hod tri 3 tuong ¥ nhau vi 1dp ngoai cla vo dién (7 cd
cidu hinh 5s°5p® gidng nhu clia xenon trung hod. Bang 11.1 cho thdy, trong
lanthanum v sau d6 bat ddu tir cdc nguyén tr dat hiém co 10p 4f trong, 16i cerium
c6 1 dién 1 & 1ap 4f; sau nira s6 dién tt & 16p 4f tang ién cho t¢i 4f'7 & yiterbium
vi 4f'* & lutccium. Bdn kinh ion hod (ri 3 gidm tir 11.14 dén 0,944, D6 1a su co
hep ctta ho lantan.
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Su khdc nhau vé tir tinh cia jon nay so vdi ton khdc trong nhém la do L6p
dién o 4f, ban kinh 16p 4f chi ¢& 0,34, Tham chi rong kim loai ching van bao
toan cic tinh chat nguyén t& cia ching. Bay 1a nhém nguyeén 6 ¢6 dac tinh tir rat
thit vi. Trang thdi co ban cia ching khong bi anh hwdng bdi cic twong tic trong
tinh thé hodc cdc lién k&t hod hoc.

Qui tdc Hund: Qui tic Hund dp dung cho cdc dien i clia vo dién tr, né
khiang dinh rang trang thii ¢ ban phai dam bio cdc yéu clu sau:

1. Gid tr] spin cue dai toan phdn S phai thod min nguyén Iy Pauli.

2. Gid tri cuc dai cla momen dong lugng quy dao L (mémen yuy dao goc)
phai phi hap véi gid tri S.

3. Gid tri mémen dong luong toan phdn bing |L - S|neu 16p vo dién tir dién
day it hon mot nira va bing L + § néu 10p v dién tr dién ddy hon mét nira. Khi
diing mot nlta duge dién ddy thi L. =0, dodé J = §.

Trong bang 11.2 dusi day 13 Ung dung quy tic Hund cho 16p d (I = 2). D&i
vai 16p £ (1 = 3) cling c6 1hé lam tuong r ta s& thu duge trang théi co ban cita ion
d&t hi€ém nhu trén bang 11.1.

Bang 11.2
Trang thai co ban cla cac ion véi 18p d khéng dién day hoan toan theo quy tdc Hund
" n l,=2] 1 O |-t ]-2] s jL=|¥,] j Ki hi¢u

Ly 1/2 2 32A Dy, |
2 { d 1 3 217 E:JL-S] 'F,
3 { it \ 3/2 3 3;2\,:/ “Fi,z
4 J J { A2 2 2 0 ‘D,
5 8 . \J V4 s ] 5;2/:\ S
6 | 1T T T T 2 2 4 D,
2 I N N S A A Y7 3 9£2J§= L+s| ‘R,
B AT [T [ I | 1 T 1 3 4 'F,
O R O A A YY) 2 572 Dy,
03T ol [l [ ] o 0 0 v 'S,

Trén co s& nguyén tac | cha Hund c6 nguyén ty Pauli va luc ddy Coulomb
gitra ¢dc dién (1. Khong cho phép hai dién tlr ¢6 cung chiéu spin cling chd. Xé&1 vé
wong tic Coulomb, thé nang hai spin cung chiéu nhé hon nhiéu so véi hai spin
nguyc chidu.

Quy téc thi 2 cliia Huad diing trong tinh s8 vach quang phé.

Quy tic thr 3 12 hé qua cha diu tuong tdc spin - quy dao. Dai véi mot dién tlr

ricng biet nang lugng 13 cuc 1iéu khi Spin c0a né phan song song véi moémen dong
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lugng qu§ dao. Nhung cic cip nang lugng thap o mg 5€ 1 tr mdt di khi ta them
$6 dién 1 vao vo. Theo nguyén by Pauli khi 16p véd duge didn day qud mét nira, thi
trang thdi nang lugng thdp nhdt phai ¢é moémen spin song song vdi momen quy
duao.

Cdc ion nhém sdt Su khic nhau gilta ion nhém sat va ion dat hiém i ldp vo
dién tir 3d. Cac dién ti 16p 3d cha nhém sat chiu tic dong manh cua tir trudng do
jon bén canh gay ra, diéu dé lam r trudmg trong tinh thé khong déng nhil. Tuong
tdc cha cac ion thuan Ur vdi trudng linh thé gay ra bai hicu dng:

1. Li¢n hé giita véc to L v S bi vi pham nghiém trong cho nén khéng thé
phén loal ohé cde gid wry .

2. (2L + 1) miic con ¢ng vdi mic L va cdc mic suy bin trong nguyén ti tu
do s& bi che trong trudng linh thé. )

Bang 11.3 cho thdy s6 magneton hifu hiéu ciia cic ion nhém sat; trang thii co
ban cla ching ding nhu trén bang 1].2.

Bang 11.3
S8 magneton hiyu higu cla ion nham sat
Ton Ciu hinh Mgzﬂc" gi‘}g“lh:)zlm 212&"?‘}1;”2 b (TN)

Tit, v 34 Dips 1,35 1,73 1.8
Vi 3d? F, 1,63 2.83 2.8
L OtV 3d* Fia 0,77 387 3.8
Mn'', Cr' 3d* Dy 0 4,90 4,9
Fe'*, Mn** 3d° “Senz 5.92 592 5.9
Fe’ 3d® D, 6,70 4,90 5.4
Co™ 3d’ “Fuso 6,63 3,87 4,8
Ni®* 34d* 'F, 5.59 2.83 32

Cu®* 3d” Dy 3,55 1,73 19

Bang 11.3 cho thdy sd magneton tinh theo p = 2{5(S + D}'” phd hop véi thyc
nahiem, diéu dé cho thdy mémen quy dao khong c6 ddng gop.

D& tir hoa thuan tir cla cac dién tlr dan

Nam 1927 W. Pauli trén co sd théng k¢ Fermi - Dirac cho thay rang cac kim
foai chi L2 thudn 1l y€u. D6 la do déng gép cha cac dign tir din.

Duéi day ta xem xét vin dé mat cich dinh tinh nhu sau. Tir (11.13) suy ra

ring sdc xudt dinh hudng song song véi tir trudng B cla téng spin nguyén ti 1dn
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hon sdc xudl dinh hudng phin song song UB/k,T lan. N€u ta ¢6 N nguyén (i thi
déng gép 10ng cong vio tr hod |a NU*B/ksT. Nghia 13 biing céch niy ta thu duge
gid tri ¢6 dién. Nhung thuc nghiém cho thay gid tri cGa do 1ir hod céc kim loai phi
tir khdng phu thuge vao nhié¢t dé.

C6 thé 1y giai van A¢ trén nhw sau: Phén lén cde dién tlr dan trong kim loai ¢é
sdc xudt quay spin theo huéng trudmg ngodi bing 0 vi cée trang thdi song song
dudi mic Fermi déu di bi chi€m. Chi cé phén nho cdc dién 1 vai nang lwong k, T
& phdn dinh mdc Fermi méi cé o ho1 quay spin theo hudng 1 trubng. Nhur vay
chi ¢é mét phédn T/T; clia 16ng s6 dién tir ¢6 déng g6ép vao tir hod vay:

Ne’B T Nu°

M = —=
k, T T, k,T.

(11.17)

T (11.17) thdy rang tir hod khéng phu thuée vao nhigt do va cé gid tri cing
cd vai thue nghiém. :

Ta ¢d the thu duge bidu thie chinh xic hon cho tir hod véi mo hinh khi dién
ta ty de dd dng dung dé tinh nhiest dung. Gia thict ring T << T, vi di¢n t&r trong
trudng ngoii B ¢d hai mire nang lugng (e + pB) va (e - uB) ting véi spin thuan vi
nguoc tix truésng B (hinh 11.4). Néng dé dién 1 ¢é spin thuin theo iy trudng ngoai
Li:

N, =

EF EF
[defeiie + uB) = [defie)Diz) + L uBD(E, ) (11.18)
-ul i

B | =

b | e

trong d6 f(g) 14 ham phan bé Fermi - Dirac: D(e + uB)/2 12 ham mat do trang thai
cly cde spin dinh huéng thuan chidu véi tir trudng.

Tuong tu ta ¢6 ndng dién ti ¢ spin phan song song véi ti trudmg ngoai:

1 3% 1 LE

N_ = 5 J‘dsf(s)[)(s—ma’.)az5 fdef(e)D(e)- L uBD(z, ) (11.19)
- 1
Theo dinh nghia tir hod bing hicu (N, - N} nhan v&i momen tir p:
M= pu (N, - N)=pBD(gp)
3

Lay D(g,} = E—I\l ta co:

£y

_ 3N’
2k, T,

M

B {11.20a}
Bicu thirc tir hoi Pauli (11.20a) khéc vai (11.173 hé s6 -

'%
2 R
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Song song
v i truing

Phan song song
vo, t truong

j‘;TM

a)

| M8t 23 trangthe

Matds

)

trang thi

Hinh 11.4. Thuan tir dién tir Pauli ¢ OK ving chdm (a) 14 cac mic bi chiém; bén trai spin
huéng I&n, bén phai hudng xuéng. Mdc Fermi la cao nhat. S6 du spin hudng 1én (b).

Két qua trén thu duge
voi  gia thiét tor truong
ngodi khéng anh huong
dén chuyén doéng trong

khong gian cua dién ti.
Trén thuc té tir trudng
ngoiai c¢6 anh huong dén
ham séng cua dién tu
Theo Landau yéu 16 nay
sinh ra moémen nghich tir
ki 15 3
cd - 3 cua thuan tu. Do
vay tir hod toan phédn cula
khi dién ir tw do con:
N2
M=_._E'.LB
kHTF
(11.20b)

Ngoai thuén tir dién tor
con cén tinh dén phan tir
cua cdc goc ion, cdc hiéu
tng lién quan dén cdu tric
ving nang luong va tuong
tic spin - spin. Trong kim
loai Na hiéu Gng tuong tic

7,00

l";f [ I I ix'é_,‘

e B B O

» ' L5 Y oour |
el £
N L : i
s ye i
£ [: X | Sw= ooy ]
"§ 5.00 [ e o
12 pos ){ _G..-cr"" e
= s r | -
D -' :
A g f ~
s 00 [ b
S b —
5 §== qcAt 1 o
x‘ a'm ! A.-M——-‘ o1
00
% © LK E
& LU0K
% 300K By
N et .
1,00 — tfigm Bntloyin. . =
on A | S I | I [ | 1—
o 20 40

Hinh 11.5. Su phu thudc tir hoa clia kim loai vao nhiét do.
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lim ting d6 tr cam cd 75%.

Do tr hod cua cic kim loui chuyén tiép ¢6 16p v dicn khong ddy I6n hon
nhicu so vai cou kim loai kidm. Diéu dé ching to mt dé cdce trang thdi dicn 107 ¢6
trong (11.20a) & kim loai chuyén U&p rat cao. Trén hinh 11.5 14 kot qua thug
nghié¢m d6i v6i kim loai phit hop véi (11.15).

§3. SAT TU

Bat ek chat sat tir ndo déu ¢ vée 1o tir hod tir phdt, nghia 12 ¢é tir hoa hity
han khi khong ¢é tr truding ngoai. Didu d6 ching o cde spin dién i vi momen tir
dinh hudng ¢6 trat (g trong vat. €6 thé mo ta met cach don gian cdc kidu dinh
hudng cé trat te nhu trén hinh 14,6,

SRR R

Sat tr dan gidn Phan s&t tir don gidn Ferrit ti

v 00000

Phan sat tir nghiéng Déay spin xoéan Ving nang lugng sat tir |
Hinh 11.6. Su sap x&p dinh hudng cda cac spin dién .

3.1. Di€m Curie va tich phan trao dai

XEt thuan tir v6i ndng do jon N ¢é spin St néu tuong tdac trong tinh thd Tam
cdc momen W song song v&i nhau thi ta cé sit tr. Mo td tuong tic nhu vay trong
Sal 1 bang mot trudng hi¢u dung. Truang dé duge goi la "Truong rao doi”. Néy
tang nhict do thl s& gay ra tde dung phan dinh hudng do dao dong nhiét tang ién
cho tdi khi phd huy (rat ty djnh hudng noi trén.

Ta ki hi¢u "Trudng 1rao doi” i EE lrong duong vé tic dung dinh huéng. Coi

B ty 1¢ v véeta tir hod M :
B, =iM (11.21)

trong d6 A khong doi va khong phu thuge vae ohict do. (11.21) duge coi 14 tic
dung trung binh cia 11 ca spin khdc 1¢n 1 spin ndo dé. Tren thyc t& chi cd nhitng
Spin gdn nhdt méi ¢é déng gép déng ké.

bi¢m Curie duge xdce dinh 1& nhiét do Ty nae do: néu T » T, vat & pha thuan
tirocdn T < Te vt & pha st tir. Ta goi T, 2 nhict do chuyén pha thudn nr - sdit nir.
C6 the xdc lap su lién h¢ gifra T, v & nhu sau: xét pha thuin tir dudi tic dung ciua
(r trudmy ngoai B, trong mau sinh ra "Trudng trao doi" hou han B,. Néu ki hidu y,
[0 ado tir hod thuan tir,  cé:
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M = ¥,.(B, + B) (CGS) hav p,M = %,.(B, + B.) (Si) (11.22)
Cdch viét ty 1& nhu teén chi khi d8 trat ty cua spin nhé, nghta 1a & trang théi
thuan tir. Theo dinh ludt Curie (11.16), dd tr hed thudn 1ir ¥, = C/T, wong dd C la
hiang s6 Curie. Ldc dd ta cé MT = C (B, + AM) va:
M C

TR T

(CGS) (11.23)

Khi T = Ch, dé tir hod cé gid tri dac biét. Tai nhiét dd nay va nhiét do thap
hon ¢6 tir hod (v phédl vi néu ¥ — % van ¢é thé 16n tal gid tri hiu han coa M ki
B, = 0. Gei T, = Ck, ta ¢é dinh juat Curic - Weiss:
_C

T"Tc:

% (11.24)
Pinh luit ndy mé té su phy thude dé tir hea viao nhiét do trong ving thudn (i
T > Tc. Xhi 161 gén diém Curie cac tinh todn chi tiét cho thdy:
C

(11.25)
K&t qua nay phit hgp vdt thye nghiém. Khi T — T¢ tir trén xudng va dudi 1én

ta cidn thay s6 mi 1,33 bing cic s8 mil ¥ va B wwong tng (bang 11.5).

Bang 11.5

Khi T -» T, t& trén xudng y - (T - Te)  khi T 1ién ti dudi 18n thi
tir hod Mg ~ (T - T)'. C& thé 13y gan dang y = 1 va B = 1/2,

H p Te (K)

Fe 1,33 + 0,015 0,34 + 1,04 . 1043

Co 1,21 £0,04 -- 1383

Ni 1,35 £ 0,02 0.42 + 0,07 627.2

Gd 1,3£0,1 -- 292.5
CrO, 1,63 £ 0,02 - 386.5

| CrBr, 1,215 + 0,02 0,368 + (0,003 32,56
i EuS _ 0.33 20015 16,50

Trudng trao do ¢on cd thé tinh theo md hinh Heidenberg dya trén tuong tic
¢lu cdc spin gidn nhit thé hien bang tich phdan trae d6i T; 1 d6 thu duge sy lign he

cua hing sd A

3, Te
LR LT L

(11.26}

a

ol T SS+ D
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trong d6 7 14 s6 nguyén tr gdn nhat, € 13 theé tich cia | ngrycn i,
3.2. 8u phu thudc clia tir hoa bio hoa vio nhigt dé

D& tim sy phu thude clia tir hod b3o hoa dudi diém Curie phu (hude vao nhigt
dd ta ¢ the tinh nhu 43 1am d61 véi thuan wr & §2, nhung thay cho dinh lvat Curie
ty dang ham Brillouin:
2+ (20 + 1 1

B (x)=- ¢ tanh ——v——clamh—h— {(11.27)
: 2] 21 2I 2]

trong bi¢u thitc M = NelJu,B,(x), véi x = el B/KGT con T 13 s6 luong i vei
21 + 1 mitc ning lugng cach déu,

V61 trudng ngoai B, = 0, thay Bg = AM ta duoe phitong trinh:
LA M

A

M = Np tanh(

) (11.27a}

Phuong trinh (11.27a) 6 (hé gidi duge bang phuong phip dé thi véi ddi bich:
t =k T/Np*h viim = M/Np
do dé: m = tanh(m/t) (11.27b)
K& qua glai vai cdc gid
iri t khiée nhau duge trinh bay
trén hinh 117, Tir day co:

10 fanh (mse)
In - ho t=05
Te = NP2 fiy1 ot
( l R C‘Df:’f
Tai OK 1w hod dut bio  G8f
hoa. Khi nhi¢t do 1ang Ién sa
tir chuyeén din vi trang thdi o8 cho £2

thuan i (hinh 11.8). ¢ nhiét
do T << T.. ldy gin diing
tanh & (11.274) cé:

0,4

02
AM = 2Npexp(- 23 u°/k, T
{(11.28) ¢ ol 04 06 as 12 r:lz
Véi AM = M(0) - M (T), n

Ketqua (11.28) khi xaso voi oo Nghiém cila phuong trinh (11.27b); khi
thue nghi¢m. t=2dugc m = 0, khéng cé to trudng: khit = 1 hay
T = T¢ dudng m ti€p tuydn vai tanh{m). didm cit

Bitu ihic thu duoc tir nhau tai géc toa d6. vay T = T, 14 nhiét dé t8i han

thue nghi¢m 1i: va (ing vdi trang thal s&ttir; t = 0.5 didm cat tai
\ m = 0,94Nu day ta ving sat te. Khi T -+ 0 didm o4t
ﬂ’l =AT?  (11.29) dich vé gia trim = 1 Ung v&i su sdp xép sang s0ng
M} ’ cla a1 ca cac véc to ti hoa & 0K,
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trong 46 A 4 hang 56 <6 gid i (7.5 £
0,210 do ™ déi véi Niken va (3,4

0,210 o™ d&i vdi sat.

3.3. Tt hoa bao hoa d dd khéng
tuyét ddi

(3 nhi¢t do OK tir hod duye coi 1A
bio hoi, vi khong c¢d thang gilang
nlhiét, viy:

M0} = ny.N. pyy (11.30)
trong d6 N & =0 dun vi theo céng
thite trong mat don vi the tich. T day
cé thé xdc dinh 8 magneton Bohr
htu hig¢u cia sal (& (xem bing 11.5).
Luu ¥, khong nhdm n, véi s
magneton Bohr hixu liéu p coa thuan
tr trong cic bang 11.1 va 11.3

MAT)/ (o)

1@ o

e

8

o
Y

T
__--u""-a'{"

¢ 0.2 04 0,5 Y] 10
T
Hinh 11.8. Tir hoa bao hoa cia niken phy
thude vao nhigl da; duang lién 15 két qua
tinh 1y thuyét voi s = 1/2. Cac diém thuc
nghiém cla P. Weiss va R. Faorrer.

Bang 11.5
Tinh thé sat tur

Chit Tir hod Mg (Gauss) ng (0K) / (don | Nhi¢t do Curie

T Phong 0K vi ¢cong thie) (K}
Fe 1717 1740 2,22 1043
Co 1400 1446 1.72 1388
Ni 485 510 0.606 627
MnAs 670 870 3.4 318
CrO, 515 2,03 386
FeOFe,0; 480 4.1 B58
Y Fe Oy, 130 200 5,0 560

Céc gid tri n, khong nguyén do nhiéu nguyén nhan; nguyén nhan thi nhét la
tuong tic spin - qu¥ dao ¢ thé din 6i céng thém hodc trir bt di momen tir quy
dao. Nguyén nhan thé hai ¢ thé do cdc dién t¢ din gay ra tir hod dia phuong

trong viing goc ion thuan ti.

Nguyén nhan thit ba duge ma ta trén hinh 11.9, néu hinh chi¢u cta | spin 1 -

S, com ¢ha 2 spin 1a + S (hi trung binh ¢d spin %S nhu vay gid tr vécto Ur hod

trung binh trén mot don vi cong thie 13 mdt phéan 54,
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Vi du, trong nguyén tr Cu ¢é 29 dién
W ovei cdu trde 15'2572p°35?3pf3d"4s" va

trong ving 3d ¢d 5 spin quay Ién va 5 spin
quay xudng, uén M(0) = 0; Con trong Ni ¢é
28 dign tr véi viing con 3dT dién ddy hoan

lodn v6i 5 dign ti, ving coh 3d dién diy

> _ Hinh 11.9. Binh hudng cac spin.
4,46 dién tir va 0,54 16, vay tir ho4 tong

cong la 0,54u,/mguyén .
3.4. 86ng spin - Magnon

Trong mo (a dom gidn fa coi cde spin dinh huéng seng song hoac phan song
song (hinh 11.6). Nhung do thang gidng nhiét cic spin ¢6 thé dao déng trén cdc
mat nén, tryc clia cdc ndén ndy song song véi nhau (hinh 11.10}). Gid st ¢6 n spin,
cdc spin nhy tuong tdc 1an nhau theo mé hinh Hetsenberg:

{11.31)

trong dé I 1a tich phan trao déi con i8S, 1a mémen spin dong luong cha dien 1ir tai

ndt thi p. Bai toan giéng nhu xét dao doéng hat trong chuong dao dong mang véi
phuong trinh:

s, .
n—"=[i,xB, (11.32)

“IFTTTTETTTTTY
GRAOQOETTTIE

Hinh 11.10. Séng spin trén chudi thdng c4c spin {a) va nhin tir trén dinh non
xudng (b} cho thdy budc séng.

V& phai la momen quay cha truamg hi¢u dung B, cia cdc spin con lai tic

dung lén §p. Vi nghiém S[’f R S: = Ve"™ " 1a thu dwge phuong

trinh tdn sdc {1]:
hwy = 4J18(1 — cos ka) {11.33)

Bidu thite (11.33) ¢6 dang nhu phuong trinh (3.9b) clia phonon. Nhu vay
cling ¢6 thé lugng tr hod cdc duo dong spin va ¢ magnon vdi nang luong:

g, =(n+ho, (11.34)
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,:\p dung phan ba Planck, dinh fuat T#? ¢lia Block duce xdce lap:

M) SO

AM _(.).0.8(“ ] (11.35)

238

trong dié (Q 6 nguyén tif trong mHt & mang.

¢ nghién citu cdu rde tr ngudi a x{r dung tin xa notron vi notron ¢

moémen (i riéng vit Khong ¢é dién tich. Anh nhiéu xa notron cho phép xéc dinh sy
phan ba, phueng cha cdc momen tir ciing nhu d6 16n cia ching.

§4. FERRIT TU

Ferrit tr 1a vat ligu
gém cde oxyt sit tir nhu
FeOFe,(0,.  Mn,Fe 0,
Y.Fe;0,. ... Trong cic
oxyt nay dd ldn cua céic
momen (I clha c¢dc 1on
khdc nhau, nén sau Khi
Khir cic momen tr phin
song song, mémen L
tdng hop khic khong.
Trén hinh 1111 la gia
thi¢l cua Necel doi vl
tinh thé FeOFe,(,.

Nhiér d¢ Curie ctd

srRAt
Nt
Y
S5
2
e
N I

w
"o
Mol
wa
H
1.

Hinh 11.11. Sg d6 cac mdmen spin trong
magnetit FeOFe,0, cac spin Fe®" phan song
song, chi con lai cac spin cha Fe?".

ferrit i Coi nat A vi B ¢é hiing s6 Curie riéng C, va Cp. Mdi niit ¢é vée towr
hod riéng. £¥inh luat Curic ¢d dang:

M.-‘\T = (-:A(Bil - UMB)

Hé phuong trinh (11.36) ¢6 nghiém cho M, vi M, khi:

Lay T = n(C, C" lanhict do Curie ta <o

(11.36)
M,T = Cy(B, - uM,)
| .
T uC
M=o (11.37)
uC, T
"o M, +M, - (C, +CB3T_?‘HC:\C]§ (11.3%)

B, T -T¢

Poi vai Ferrit tir phu thude eia ¥ vio nhiét do phire tap hon cia sat ., Tren
hinh 11,12 ia k&t qua do cho FeOFe, 0.
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0T
Nh:‘_é(d‘&, C
Hinh 11.12. Su phu thuéc nghich ddo d6 tir hoa (1/%) vao nhiét dé tinh thé FeOFe,0,.

§5. PHAN SAT TU

Phan sat tir ¢6 cdu tric phan song song cua cdc spin. Trat ty nay t6n tai trong
cdc oxyt nhu MnO, FeO, NiO, CoO hay cic hop chdt nhu MnS§, FeCl, ... C6 thé
hi€u sdp xép spin tai hai loai nit phan song song tuong ty nhu trong ferrit tir
nhung c¢6 C, = Cy. Ly Ty = uC l1a nhiét d6 Neel, (11.38) ¢6 dang:

_2Cr-2uC*  2C  2C
T’ =(uC)>  T+uC T+T,

(11.39)

Hinh 11.13 cho thdy sy phu thuoc ciia do tir hod thuan tir, sat tir va phan sat
tir vao nhiét do.

Thuan tir Sat tu (T > Ty) Phan sat tur
77 tham
x X Ag- x
3 e ] \\ |
[
[
| I
|
| |
I |
A 1
0 T -8 0 ?;\r T
C C
== %=
T T+0
Binh luat Curie Binh luat Curie Weiss (T>Ty

Hinh 11.13. Sy phu thuéc cla dé tir hoa y vao nhiét do,
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Thue nghiéem o T > Ty, cho:

_2C
T+0

4 (11.40)

(6 thé xem xét cdc spin trong phan sit tr dao dong (rén mat ndén (uong tu

nhur did xét trong sit ur. T day clng thu duge dinh juat 1dn sdc wong ing. Khi
lrong 10 hod cdc dao dong ndy ta cé cdc magnon phdn sat .

§6. DOMAIN SAT TU (MIEN TU)

(G nhi¢t 46 thdp hon nhiét do
Curic c¢ic moémen (I ¢Oa dién b

trong sat rir dinh hudng song song
v&i nhau trong khudn kho nhitng thé
tich vi md. T hod cla ¢d miu nho
hon tr hod bdo hoa clda nd trong tir
truong ngoii. Cdc hat trong da tinh
thé ciing cé tir hudng giéng nhu
trong don tinh (hé.

Theo Weiss, cac miu sat 1l bao
gdém céc vang nho goi 14 demain
hay mién 1, trong mbi domain tir
ho4 bio hoi. Chiéu cha cic vécto 1l

Hinh 11.14. Cdu trdc mién tr cla sét tir.
_ Cac vécto tir hoa cla cac domain (biéu dién
hod khong cing mot hudng va tong béng;céc mii tén) khép kin nhgau‘ nhu vay
vécto tir hod cha ¢4 méu bang 0 téng nang fugng cdia ca mau thap.

(hinh 11.14),

Dudi tdc dung tir trrdng ngoedl ting, miu duge tir hod va qua trinh nay duge
chiz thanh hai giai doan ddc lap:

1. Khi truting ngoai yéu, cdc domain cé vécto tir hod dinh huéng thuan lgi
v hudng tir tregng s€ 1on dén lén, c¢on cdc domain dinh cé hudng vécio tit hod
nguge lai s& thu nho lai. Pay 1 qud trinh dich chuyén vach mién.

2. Trong tir trudng manh cdc véc to tir hed quay theo huéng tir trudng.

Trén hinh 11.15 cho thdy qud trinh tr hod trong tir trudng xoay chidu 12 qua

trinh tré. Dudng tir hod theo chiéu thuin vk theo chiéu nguoce lai khéng tring
nhau. Dudng cong khép kin nay got 1a chu trinh tir tré.

Cdy tao vach mién: hai mién tir canh nhau ¢é vécta tir hod nguge nhau, nhu
viy cde spin & ving bién gidi cla ching cdn ¢ sap x€p chuyén ti€p. Trén hinh
11.16 [Z mo hinh vich mién cha Block: cdc spin cing ¢ gdn vdch mién cang thay
déi dinh hudng so v&i véc 10 tir hod 16ng cong trong domain. Nhu vay viéc thay
déi dinh hudng cla cdce spin trong hai domain canh nhau 14 lién tyc.



B=ttramM

F H
Vung guay momen .~ a8 B, &

)

Hinh 11.15, Céc giai doan clia qua trinh tir hoa trong tir trudng ngoai (a) va chu

trinh tir tré (b): He - luc khir tu, trudng tac dung ngudc lai dé gia tri vécto tir hoa

trong méu béang 0; B, - cdm (ng tir duf khi H = 0; Bs - cdm (ng tir bao hoa Ia gia
tri gidi han clia B trong trudng ngoai tang; Mg = Bg/4n.

Hinh 11.16. C4u truc vach mién Block; vin

g chuyén ti€p trong sit c6 do
day ¢d 300 hang sé6 mang.

Vat liéu tir: Trong cong nghi¢p ngudi ta si dung nhiéu vat liéu tir nhu sdt tir
hoac ferrit tir. Cdc vt liéu nay duoc chia lam hai loai:
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Vit tién tir mém ¢d ytu cdu U, nhd Mg 16n nhung téng dién tich cia chu
trinh tir tré phai nho, Vi dy nhu tén silic duge ding lam bién (hé hay 161 cde dang
co dién. tan & cla dong & day 1a 50 hoge 60 Hz. B6i vai vang tdn s6 cao hon
npudi lust dyung cic vat ligu dit Gién khdc nhu Péc-ma-i6i (80% Ni - 20% TFe).
Trong ving tin s¢ song radio hay TV ngudi ta sir dung cde ferrit tr vi dign tro
clia ching vao nén 16n hao thip. Ngay nay vit liéu tr 6 dinh hinh dang dugce
nghién ciu dé€ dua vao st dung.

Var fién tir citng yéu ciu cé He 16n ding dé ché tao cdc nam cham vinh ciu.
Cdc vat liéu nay la cde hop Kim trén ¢o s sat hay cdc ferrit ¢6 ¢o 5 oxyt nhém
sat. Trong cu tric cda chdng cé cdc hat sdt tir tAn man o pha thr hai tao thanh
vat ligu di thé. Viée pha tap thém céc ion ddt hitm vio ¢6 thé thu duge cic tinh
chat tir theo ¥ mudn.
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Chuwong XiI

CHAT RAN VO PINH HINH

Khédc voi chat vdn tinh thé da nghien cru trong cdc chuang teén, chat rén ve
dinh hinh ¢6 ciu tric vo rdt tr hay tedr w gan, Su SAp cua cdc NZUYEN tr xung
quanh méi nguyén tir khdc nhay, Phép tinh tién va cdc phép dgi xung khdc ciing
khong itng dung duge.

§1. ANH NHIEU XA

Khi nghién citu vo dinh hinh hoge ¢hat long bang nhiéy Xy rongen hoae
notron ngudi ta thu duge cic vanh nhidy Xa nhoe, chit khong sic nét nhu cia tinh
thé. Nhung nhitng miu tinh thé ¢6 kich thude hat rdt nho ciing cho dnh nhicu xa
21dng nhu ¢ha vo dinh hinh.

Dua vio cde vanh nhiéu xu, théng thudng 4 vanh ngudi ta xdc dinh ham phin
bé xuvén tam cla vo dinh hinh nha phép phan tich Fourier. Ham nay cho hiét
trung binh s6 nguyén tf tai mot khoing cdch nio dé déi vaj mot nguyén tir dii cho
trudc.

Ta c6 thé xem xé1 cudng do nhidy Xa, bat dau nhir rong muc 6 chuong |,
nhung thay cho véc 1o mang nghich G cha tinh thé, (a lyu ¥y dén su tuy ¥ cia

Ak =K'~k . Bién dd s0ng nhiéu xa trén vé dinh hinh sé la-

S(AK) = 3, exp(~iAk T ) (12.1)

m
n

trong dé f,, 14 58 nhan nguyén t; tong 1dy theo toin bd cdc nguyén tr trong méu
(viing tham gia nhidu xa).

Cudng do tia nhidu xa theo hudng Ak 1a:

[=8S= 3 3.0 exphiak(f, -7 ) (12.2)

moon
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Bon vi 1inh theo tdn xa biri mot dicn tr. Néu a 13 g gita Ak va T, -7, 1hi

[= ZZf” L explikor, ccosa) (12.3)

moon

K la gia tri cia Ak céon 1, b gia tri coa 1, -1, Trong vo dinh hinh vée

Fo—7 cd thé ¢ (AL ca moi dinh hudng. 1o d6 ta lay irung binh s6 nhan pha theo
cau:
] i l L 5 H E nKr[‘]II
(c ipiiKr cosa)) =—12 Id(cosu}cxp(ll(rmn cosu) = (12.4)
4H | Krmu

Thay (12.4) vio (12.3) ta duge két qud Debye cho cudng 46 nhilu xy:

ff smKﬂm (12.%)

= py

ooon

1.1. V& dinh hinh don nguyén tir

=f, =1 vi dua ta khoi tong trong

N&u chi ¢d mot loai nguyén wr thi [,
(12.5} v&i m = n. Dai v&i miu ¢d N nguyén tir ¢o:

_, K. -
1= NEp e Y 20 (12.6)

o mn

Tong 1dy theo GiC ca m nguyén 1 teit mo= 0. NEu pir) fa ndng do nguyen 1o

i khoang cdch 1 1di nguyen 10 & dinh thi (12.6) ¢ (hé vict

K
I=Ni"| I + [dr4m""p(r)(sinKI'};’Kr | (12.7})
trone d6 R 14 ban kinh miu ¢6 gid tet 1dn. Cho p,. 14 khéi lugng riéng trung binh,
e the vidt £12.7) dudi dung:
14 14
Ta NP+ fdrdae - p dsin Ko/ Kr o (o, JK) [drdmsinKry (12.8)

Tich phim thit 2 trong ¢12.8) dong gop nhiéu xa cia néng do dong déu ¢ the

ho qua khi R > =
1.2. Ham phan bé xuyén tam

B¢ thian tien ta livy:
S(KY = [/NT- (12

Tie (1280 b qua tich phon thi 2 ta cd
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S(K) =1+ [drdne®|p(r)—p, i(sinKr)/ Ky (12.10)
n

Ta dinh nghia ham phan bé xuyén am £(r) nhu sau:

p(r) = g{r).p, (12.11)
Do dé6 ¢ 12.10) trd thanh:

S(K)

L+ 4mp, [drlg(c)~ 1ir (sinKr)/ Kr

I+ p, fdrlg(r) = 1]expGR 1) (12.12)
Theo dinh 1y tich phan Fouricer cho 3 chidy:
I R .
B(r) - 1 = —— [dK[S(K) - 1]exp(~iK.7)
8n'p,

1
g(r)- 1 = — [dKIS(K) - 1K sin Kr (12.13)
pt)r

Hé¢ thitv (12.13) cho phép tinh ham phan bs xuyén tam gir) khi do dugc 5o
nhan cau troc $(K). K&t qua d&i vdi Nairi long duge trich bity trén hinh 12.1.

5
b
i /,,
2 [
o
L
B
L - -
¥ y 24 ]z;}
19
e
42
I
% r‘
| s }"5
__-M" | ] | ] L
4 2 % . 8 10
r{A)
Hinh 12.1.

a) Ham phan b& xuyén tam 4xrip(r) cla Natri 16ng; b} Mat 44 trung binh Anrip,:
{6} Phan bd cac nguyén tir xung quanh trong tinh thé Natri,



§2. KICH THICH NANG LUQNG THAP TRONG CHAT RAN VO DINH HINH

Cidc két qua thye nghi¢m vé tinh chét nhi¢t cda vé dinh hinh & nhig¢t dé 1hip
khdc han vdi cha tinh thé va ¢dn chua duge gidi thich bing mo hinh cfu 1mic v
dinh hinh.

Dai vai tinh thé & nhiér do thap Cy ~ T' va duge giai thich bang maé hinh
phonon am cta Debye (xem chuong 4). P61 vdi v dinh hinh cing tuong i,
nhung nhitng nghién ciu thye nghigm cho thiy nhi¢t dung v6 dinh hinh dudi 1K
vugt Khoi cde dong gop Debye 161 1000 1dn. Mot dac tuyén tuyén tinh bét thudng
cla cdc gid tri ¢é thé so sanh duge trong hdu nhu t4t ca chit ran vo dinh hinh. Do
14 do hau qua cta bao chit trang thdi trong v6 dinh hinh. Theo Hunklinger tinh
ch4t v6 dinh hinh bat nguén tir hé dao dong hai mite, chit khong phai nhiéu mic
nhu tioh thé. Hé s& duge bio hoi bdi trudng phonen manh gidng nhu tir trudng
manh bdo hod cta hé hai spin treng tir tinh.

2.1. Tinh nhiét dung

X¢t chit rin vé dinh hinh vdi ndng do N cia hé hai mic nang lugng thap.
Hai muc nay tich khoi nhau khoing A phai nhd hon gidi han kg0 cha Debye.

Lay t = KT, ham riéng phin clia mot trong cic hé la:

Z = exp(Af2T) + exp(- Af21) = 2eosh{A/2T) (12.14)
Nhiét nang trung binh li:

U=- %Alanh(&ﬂ‘r} {12.15)

Vi nhiét dung cia hé don la:
C, = K aU/aT) = Kk, (Af21) sech’(Af27) (12.16)
Gid thi€t It A phan bé quy luat tt A = 0 dén A = A, Gid tri trung binh cia C,
a:

A

Cy = (kg/4T")  [dA(A* /A, ysech®(A/21)

n

Ik Aptic
Bhy [dxx® sech’x (12.17)

3] fl

Tich phéan nay khong gidl mét cdeh don thuan duge. C6 hai gidi han:

Néu 1 << A,, thi sech’x = 1 trong khodng tir x = 0 dén x = |; va sech’x = 0
d6i véi x > 1. Gia tri tich phan gin bing 1/3 nén:

C, = 2k". T/3A, (12.18)
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Néu 1 >> A, (hi gid tri tich phan gén bang (1/3).(A/2k,T)". va

Cy = A /12k,17

(12,19} tién d&én 0 khi T
ting. Day la k&t qud thi vi vé
hai mice hinh.
Con (12.18) ¢6 thé so sdnh tric

Hép véi mo hinh khi dién 1o di

trong vé dinh

cho C, ~ T.

Ta tinh thi cho vo dinh ¥
- ” TR X
hinh vai N ~ 10" ¢m, trong g:
vung nang lugng thap tr O dén
IK. C6 thé nhan gid tri dic g
trung bat thudng theo (12.18); T
doi voi T = 0,IK vy Ak, = 1K §
thi Cy = {2/3) . Nk, (0,1) = | erg
i P
cm K.

Trong khi d6 tinhk cho
phonon  theo (421 C, =
28107 erg em'K' nhé hon

cua vo dinh hinh.

Tren hinh 122 1a k¢t qua

thue nghi¢m  ctia thuy  tinh
thach anh Si0, theo O = ¢, T +
¢ trong d6 ¢ = 12 erg g 'K

viie, = 18 erg p 'K,
2.2. B dan nhiét

B3 didn nhiét eha thuy tinh rat

Nhodng nhiet d¢ phong, con nhict do dudi IK quéd trinh
phonen bude séng dai hai trang thai hay trang thdi xuyen him diy hi hié

w6l trong déng gép nhict dung trén.

Theo (424 do dén nhiet phonon: K

dv vi the ueh, v - ¥An 10¢ trung
phonoun. Néu 13y: K = 1,41
thii=6.10%m,

thily budc chay 1 d

2]

07T em's 'K,

214101 ndy cing o8 cia vo dinh hinh. Gia Iri nay cua phonon cho

(12,19
T I T
180 ]—
wl (353 Mg, 0) — .
v
/
/
4
b
of
L L 1 | ] |
202 004 of [43 1 0,4 K

Nhvér &8 (k)

Hin' 12.2. Nhigt dung cda thuy tinh thach

anh va Si0;Na,O phu thude vaao nhiét d$ duai

1K Gy ~ T. Budng gach tinh cho thuy tinh
thach anh theo céng thirc Debye.

thap. Tinh toin dudi day chi gidi han

trong do:

]
— (vl
3

binh cia phonon,

= 1.6 em K" <v> = 42107 ¢

o it ngin. O nhiet dé phong (trén nhict do Debye} hdu hét

kKhéng chd bai he
m nhu da

C - nhigt dung maot

I - bude chay tu do ena



cie cde phonon ¢é nita bude sony ¢ khodng cdch giira cdc nguyén tr. B 1 do
gui trinh khi pha.

§3. MOT SO VAT LIEU VO DINH HINH

Vit ligu vo dinh hinh vira ¢6 loai vat lieu truyén théng nhu thuy tinh, gém
vira ¢6 loal vat li¢u méi nhu bang hop kim tiy, bdn dan, polymer... Dudi day i
thicu mot s& vat tigu dang duge nhidu ngudi quan tam.

3.1. Thuy tinh thach anh Si0,

‘[rén hinh 12.3 12 d6é thi ham phan bé xuyén tam 4xr°p(r) theo rcda thuy tinh
$i03, (thach anh ndu chay). Khoang céch trung binh 8i - O 1a 1,624 m6t nguyén W
oxy }ién k&t vai 2 nguyén 1 Si, cdn gita O - O Ta 2.65A, Thuy tinh co do dan

ithiét thap 3 do cdu trie luéi Guh co (hinh 12.4).

T /
I| | [ ___l ./
f ‘ 50 0-0 15§ -0 0-0 /ﬁ'-sf'
T
o |
~ /-\V
0 10 20 3,0 40 50 ) 70

~(A)

Hinh 12.3. D& thj phan bé xuyén tam ciia thuy tinh thach anh $i0,. Phan tich Fourier cho
vi tri cac cuc dai ing v8i khodng cach giita cac nguyén tr Si hay Q. Dién tich dudi dudng
cong cho s6 tac nguyén ti lang giéng tai khoang cach 46, Vi tri cac doan thang ding 1a
khodng cac gilta cac nguyén bl ghi dudi, do cao cda chung la dien tich duwdi dudng cong.
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Hinh 12.4. So dé hai chiéu dé so sanh:
a. C4u truc |udi tuan hoan cia tinh thé; b. Cau truc Iuéi tinh ca, vé trat tu cda thach anh.

3.2. Thuy tinh

V& nguyén tac khong c6 diém chuyén pha Iéng - rin cta thuy tinh. Ngudi ta
quy udc nhiét do T,, néu T > T, thuy tinh coi la 16ng, con T < T, thuy tinh rén.
Vat liéu duoc coi la thuy tinh néu dé nhét ciia né dat dugc 10" Nsm™ (trong hé¢
SI). Con cia nuée tai 0'C 1a 1,8.10 Nsm-2.

Do nhét cha thuy tinh duoc xdc dinh theo céng thic:

n = %pEl (12.20)

trong d6: n la d6 nhét; p la khai lugng riéng, € 1a van t6c nhiét trung binh val la
budc chay tu do trung binh. _

Trong chidt léng | ¢& khoang cich gita hai phan wr. Lay p = 2 gem™;
€ =10"cms' val=5.10%cm c6 Mmin = 3.10* Nsm™. Nhung trong thach anh va
thuy tinh cin dé y dén hang rao thé va tdc dung cua nhiét do kich hoat cdc phan
tr chuyén déng nén: '

M = N0 exp(E/k,T) (12.21)
truhg d6 E - nang luong kich hoat. .

O nhiét do T, = 2000 K thi k,T, = 2,7.10" erg va E = 6 eV. Thé thach anh
nang luong kich hoat ¢d 1 eV, con & thé khong phii thuy tinh nang luvong kich
hoat ¢& 0,01 eV.

D¢ gia cong thach anh cén nhiét do ¢& 2000 K. D¢ lam thdp nhiét do gia
cong xubng 1000"C, ngudi ta pha thém 25% NaO,.
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3.3. Sgi cap quang

Sei thuy tinh diing ¢ truyén cic tin hiéu dnh sdng di xa trén nguyén 1y phan
xu toiin phan., Sgi thach anh lam mat 50% cudng Jdo dnh sing sau |5 km. Ngay
nay neudi 1 ché lao duge cde sgi cip quang cd the k& ndi trén khodng cach 100
ki va thay thé ¢ho cdp déng trong k¥ thudt vién thong. Hon the nia, toe do
truyén trong sgi quang 1t cac.

3.4, Vatliéu tir vé dinh hinh

Hop kim tir duge 1am ngudi nhanh bing cdch phun hop kim néng chay lén
cdc lang tréng bing déng lanh quay cho ¢ic bang tr vo dinh hinh. Nhing bang tir
v dinh hinh duge quan tam vi day la vat licu dang hudng s¢ khong ¢d nang luang
1ot di hudng nhu cGa tinh thé, Ngoal ra cdc thong s6 nhu lue khi W nho, tén hao
tir tré nhé, 4a tir thdm cao va dién tré sudl cao, Vat li¢u thuong pham con goi la
thuy tinh kim loai {metglas).

Thanh phdn ¢ua melglas gém cic kim loai chuyén ti€p nhu Fe, Co va Ni
chiém ¢& 80% v6i cae phi kim loai nhu B, C, Si, P vi Al. Cdc chdt phi kim loai ¢6
nhiét do néng chiy thdp cé tdc dung lam dong k&t meiglas o nhiét dd thiap hon
nhi¢i do néng chay cha kim loai chuyén ti€p va tao cdu triée 6n dinh. Vi dy
Fe. B, 6 T, = 441"C trong khi Fe nguyén chat c¢6 nhi¢t 6 nong chay la 1538"C.

Céc metglus ¢6 tinh chdt (i wu viét: nhigt do Curie Tp = 647K, Jye kKhar tir chi
khodng 0,006 dén 0,04 G.

Dé dat duge cdc val ligu ¢ Iye khie tir cao ngudi ta cling dung phuong phép
nau nhu teén nhung giam 16¢ do ngudi dé thu duge cau trde vi tinh thé 161 wu cho
cde midn tir, Pay 1a pha cdu tric gia dn dinh. Ngudi ta da dar duge He = 7.5 KG
d6i véi hop kim Nd, ,Fe,, , bang t6c do phun 5 ms™.

3.5. Ban dan vo dinh hinh

Bin din vo dinh hinh thudng 12 mang mong duge ché tao hi”mg phuong phip
bée hay hodac phin xa catot Ién bé mat d€ sicu lanh.

Mo hinh viing nang lugng cia tinh thé khong dp dung duge. Co thé coi do
dan gidng do dan rieng, cd dién 1l va 16 déu 1a hat ddn va bi tdn xa manh bdi cdu
tric vo trat i Trong tinh thé mic Fermi duge xdc dinh tai gitta vung cdm, song
né bi dich lén hoac xudng néu b sai hong hoac ap chat Trong vo dinh hinh
ciing hinh thinh khe nang lugng va ciac mie nhu th¢ nhung khéng théng nhat
trong ca min. C6 thé ndi, diy viing dén di dong.

Céc ban dan vo dinh hinh duge nghién edu nhidu nhit la loai cdu tric ban
mit nhu Si, Ge vi nhom thuy tinh chalcogen sulfur, selemum, tellurium.

Bin din vo dinh hinh Lh vat lidu tuang lai d€ ¢h€ tao cdc pin miat rdi vdi aid
thitnh ¢ o load tinh theé hign nay dang ding,
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