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Bo mon vt 1y chét rin da dugc dua vao giang day cho sinh vién khoa Vat
Iy truong Pai hoc su pham Hué tir nam hoc 1980—1981. Muc dich ciia mon
hoc 1 trang bi cho sinh vién nhimng kién thirc co s& cua 1y thuyét chit ran
nhu co s¢ cta 1y thuyét ving ning lugng, cac tinh chat nhiét, tinh chét dién
ctia chét ran néi chung, kim loai va ban din néi riéng. T d6 ma sinh vién
s& hiéu sau hon vé ban chét cac hién tuong nhi¢t, dién, quang...vv xay ra
trong kim loai va ban dan. Piéu nay sé& rat bo ich cho sinh vién trong viéc
giang day vat 1y ¢ trudng phd thong. Ngoai ra sinh vién ciing s& c6 nhing
co so can thiét dé nghién ctru sdu hon vé dién tir hoc, ban dan, vi mach....

Tap bai giang nay duoc bién soan nham dép ung yéu cau vé tai liéu hoc tap
cho sinh vién vé mon Vat 1y chat ran dai cuong trong co cau chuong trinh
khung ctia Khoa Vat 1y hién nay. Do tinh chat dai cuong ctia mén hoc, nén
ndi dung cua bai giang nay khong di sdu vao 1y thuyét chét ran va ban dan
ma chi trinh bay nhimg kién thirc co sé phu hop véi yéu cau ctia chuong
trinh va trinh do cta sinh vién. Vi vay, mot sd phan nghién ciru sau vé 1y
thuyét chat ran khong duoc dwa vao ¢ ddy nhu cac phuwong phéap khao sat
ciu trac ving nang luong, 1y thuyét siéu dan...vv. Hon nita, nhiing van dé
hién dai cua Vat ly chit rin va ban dan hién nay nhu cac hé¢ ban dan thép
chiéu (da giéng luong tir, day luong tir, diém luong tir, siéu mang) ciing
chua duoc dua vao.

Do kinh nghiém con it, diéu kién lam viéc va thoi gian han ché, nén tap bai
giang nay s& khong tranh khoi nhimg thiéu sét. Rat mong duogc su gop ¥
xay dung cua dQc gia.

Hué, thang 5 nam 1999

Tac gia
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CAU TRUC TINH THE

Vat chét & trang thai ran c6 thé chia thanh hai loai: chit ran két tinh va

chat ran vo dinh hinh. Chét rén két tinh tir cac tinh thé trong d6 cac nguyén tir, ion, phan

tir (sau nay ta goi chung 1a cac hat) duoc sip xép mot cach déu dan trong khong gian. Ta

noéi chat ran ¢6 cau trac mang tinh thé.

1.1 KHAI NIEM MANG TINH THE

1.1.1 MANG TINH THE LY TUONG

Mang tinh thé 1y tuong 1a tap hop mot sb rat 1on cac hat duge sap xép mot cach déu dan

trong khong gian. Nhu véy ta c6 thé hinh dung mang tinh thé 1y twdong nhu 1a mot mang

ludi khong gian vo tan ma tai cac nit ciia mang la cac hat tao nén tinh thé. Cac nut

mang dugc goi 1a gbc mang. Cac gbc mang déu dong nhat vé thanh phan ciing nhu quy

luat sap xép. Néu goi T va T’ 1a ban kinh vecto didc trung cho vi tri ctia hai nut bét ky

cua mang tinh thé thi ta ¢c6 moi 1én hé sau:

i

=f+a,,

(1.1.1)

Vi adn=nia;+na+nzas , (11 2)

trong 46 a1, @, @ 3la cac vecto khong dong phang va ny, Ny, N3 1a cac sd nguyén tuy y.

Céc vecto dj, d2, a3 dugc goi la cac vecto co so. DB 1on cua cac vecto co so dugce

goi 1a chu ky dich chuyén hoic hang s6 mang.

1.1.2 O SO CAP

Néu tir 3 vecto co s§ @1, d2, a3
ta dung mot hinh hop (n61 chung
la xién) thi hinh hop nay duoc goi
13 6 so cap. Nhu vay c6 thé xem 6
so cap nhu 1a cac "vién gach dong
nhat" tao nén mang tinh thé.. Thé
tich ctia 6 so cap 1a

Q=(d;[d,,d3])=(a,[43,4,])
= (d3[d,,4,])
(1.1.3)
Ta xét mot sd mang cu thé sau
a) Mang 1 chiéu: Céc hat
duge sip xép déu dan trén mot
duong thing cach déu nhau mot

©

Hinh 1.1: Mang tinh thé mot chiéu don gian (a); phuc
tap vOi niut mang la hai nguyén tr cung loai (b). Nut
mang cO6 hai nguyén tir khac loai (c¢)

khoang a. Pay chinh 1a d¢ 16n cta vecto co s¢ d. "Thé tich" cua 6 so cap ciing 1a a.
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Trong hinh 1.1a 6 so cAp chtra 1 nguyén tr nén mang dugc goi 1a mang tinh thé mot

chiéu, trong luc hinh 1.1b va 1.1c chi mang mét chiéu phtrc tap (6 so cdp chira hon mot

nguyén tir)

b)Mang 2 chiéu: Cac hat duoc sip xép déu dan trén mot mit phang. Cac vecto co

so1a @1 va 3, O so cip 1a cac hinh binh
hanh. Trén hinh 1.2 chi mang tinh thé 2
chiéu. Vi céc vecto co s& duge chon mot
cach khong duy nhit nén 6 so cap I va II
trong hinh 1.2a chira mgt nguyén tur va co
thé tich |[& 1,4 2]|. Trong khi d6 6 so cap III
chia 3 nguyén tir. Nhu vay cé thé co
truong hop mang don gian co 6 so cép
chira hon m{t nguyén tir. Trong trudong
hop nay nguoi ta dua ra khai ni€ém o
nguyén t6. Néu cac vecto co so a; duoc

chon sao cho bay ky mot phép
tinh tién cua mang c6 thé viét
dudi dang Z ni athi 6 co so
n
dua trén cac vecto d; duoc goi la
6 nguyén to. O so cap I va II trén
hinh 1.2a 13 6 nguyén t6, 6 so cip
Il khong phai 1a 6 nguyén to.
Nhu vdy mang trén hinh 1.2a la
mang don gidn. Hinh 1.2 b chi
mang 2 chiéu phuc tap trong do6

(@)

cac nguyén tir dugc sap XEp trén  [inh 1.2: Mang tinh thé hai chiéu don gién (a ,c); phic tap (b)

dinh ctia mot hinh luc giac déu.
Tuy nhién néu thém vao tdm cua

cac luc giac nay mot nguyén tir thi mang trén lai tré thanh mang don gian (hinh 1.2c¢).

¢) Mang 3 chiéu: O so cép 1 hinh hop dung trén ba vecto 1, d2,d 3. Hinh 1.3
chi mang 1ap phuong 3 chiéu trong d6 cic vecto co sé co do 16n bang nhau va thang goc

voi nhau tung d6i mot.
Hinh 1.3a chi mang lap
phuong don gian, trong
ltc hinh 1.3 b chi mang
lap phuong khéi tim va
hinh 1.3c chi mang lap (a)

(b) (©

phuong dién tam. Ta théy Hinh 1.3: O so cédp tng v6i mang tinh thé 3 chiéu. (a):

rd rang la sO nguyén tu

lap phuong don gian, (b): 1ap phuong khoi tam, (c¢): lap

phuong dién tam



CHUONG I: CAU TRUC TINH THE 9

mg v6i mot 6 so cdp ctia mang 1ap phuong don gian 1a (1/8)x8 = 1 trong luc 6 so cp
ciia mang lap phuong khdi tAm c6 2 nguyén tir va mang lap phuong dién tim c6 4
nguyén tu. Tuy nhién mang lap phuong
khéi tam va dién tam van la

mang don gian vi 6 nguyén t6 chi chua
mot nguyén tir. Hinh 1.4 chi 6 nguyén to
cua mang lap phuong dién tam.

d) O Wigner- Seitz: Trong mot sd

truong hop 6 nguyén té duoc chon sao cho .
Hinh 1.4: O nguyén t6 trong mang lap

no ¢o tinh ddi xtng trung tAm. Wigner va
g & gn phuong dién tam

Seitz d4 dwa ra cach chon nhu sau: Lay
mot nut O bat ky ciia mang 1am gdc va tir O ké cac duong thang dén cic nut gan nhét.
Qua trung diém ciia cac doan ndy ta dung cac mit phang thang goc véi ching. Giao
tuyén cua cac mat phfmg nay s€ tao nén mdt da dién chura ntit O. Pa dién nay dugc goi
1a 6 Wigner-Seitz (Hinh 1.5). RS rang rang 6 nguyén to loai nay s& lap day toan bo
khong gian mang tinh thé.

, , = 5 o o o o o
1.2 CAC VI DU CU THE VE
MANG TINH THE o o o o o
Phép phan tich bing tia Roenghen S s
ching to rﬁng da sd tinh thé cua cac kim / 1= N
loai sach déu thudc hé lap phuong hodc e e Jd : : e
luc gidc (hinh 1.6). Kim loai kiém hoa R
tri 1 (Li, Na, K, Rb, Cs), kim loai hod tri o o o @ o
2 (Ba), kim loai chuyén tiép, sat bién thé
dang o, b, 8 va mot loat nguyén té khac o - o - -

¢6 cdu trac 1ap phuong thé tam. Kim

loai Cu, Ag, Au, Al, Pb, Ni, Ir, Pt c6
dang lap phuong dién tim. Tinh thé ciia

cac nguyén t6 Be, Mg, Zn, Cd c6 ciu tric lyc
giéc(*)

1.3 PHAN LOAI TINH THE THEO
LIEN KET HOA HQC

Trong tinh thé, lién két giita cac nguyén tu,

phan tr, ion cling gidng nhu trong phan tir.

Ngoai ra trong tinh thé, v6i cac cdu tric x4c | Hinh 1.6: He tinh thé c6 6 so cép dang
luc giac

) Xem gio trinh Vat 1y chit rdn, Nguy&n Thé Khoi, Nguyan Hiru Minh, NXB ~Gao Duc, Ha NoT, T, 23-
28
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dinh ¢6 thé c6 nhirng dang lién két dic biét. Trong tinh thé co thé ton tai cac dang lién
két sau: lién két dong hoa tri, lién két ion, lién két kim loai, lién két Van Der Waals va
lién két Hydro.

1.3.1 TINH THE VOI LIEN KET ION

Tinh thé ion gém cac ion duong va am xép xen ké nhau. Cac ion nay duoc tao ra do su
dich chuyén electron & 10p ngoai ciing tir nguyén tir ciia nguyén t6 ndy sang nguyén tir
ctia nguyén t6 khac. Tinh thé ion dic trung nhét 13 tinh thé ctia cac mudi kim loai kiém
hodc kiém thé véi cac halogen. Tinh thé ion la nhitng chat cach dién, chi c6 do dan do
su dich chuyén clia cac ion & nhiét do cao. Nhiéu tinh thé ion trong sudt voi anh sang
kha kién va hap thy manh anh sang hong ngoai xa. Cac tinh thé ion thong thuong 1a tinh
thé NaCl véi cau tric lap phuong dién tdm va CsCl véi ciu tric 1ap phuong khéi tam
(hinh 1.3.1)

A A
LIS
v -

N

J
N

N

N

cr Na* cr

Hinh 1.3.1: Cau trdc tinh thé ion ctia NaCl va CsCl

1.3.2 TINH THE VOI LIEN KET CONG HOA TRI

Céc nguyén tir trong loai tinh thé nay co lién két cong ho4 tri. Mdi nguyén tir gop chung
cac electron hod tri v&i cac nguyén tir lan cén tao ra cac lién két cong hoa tri. Mat do
electron kha 16n & mién khong gian giita cac nguyén tir. Lién két cong hod tri duoc dic
trung boi tinh dinh huéng khong gian do sy lai hoa cac orbital nguyén tir. Vi du: nguyén
tr carbon c6 2 electron hod tri ¢ trang thai 2s va 2 electron hod tri & trang thai 2p. Cac
electron nay tao ra 4 cap electron v6i 4 nguyén tir 1an can nam & dinh mét t dién. Kim
cuong, ban dan Si, Ge 1a nhing tinh thé cong hod tri ¢6 ciu triic tir dién. Nhiéu nguyén
chat va hop chét ciing c6 lién két ddng hoa tri kiéu tir dién giita cac nguyén tir khac loai.
Vi du nhitng hop chit ban dan ciia cac nguyén t6 thudc nhom III va V cua bang phan
loai tuan hoan (hop chét A"'BY) Ciing c6 lién két ddng hoa tri kiéu tir dién giira nguyén
tr A va 4 nguyén tir B. Cac hop chat ndy c6 céu trac tinh thé nhu ZnS. Tinh thé cong
hoa tri thudng c¢6 d6 ran 16n va c6 d6 dan bé ¢ nhiét do thap.
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1.3.3 TINH THE KIM LOAI

Dang lién két trong tinh thé kim loai 1a mot dang lién két dic biét. Lién két kim loai
dugc tao thanh nho tuong tac gitra cac electron "tu do", thoat khoi sy rang budc cua céac
nguyén tir va cac hé ion duong dinh x tai cac nat mang. Cac electron nay c6 thé dich
chuyén tu do trong toan bo mang tinh thé (khi electron ti do). Trong tinh thé kim loai,
cac nguyén tir lién két nhau do tuong tac gitta cac ion dwong voi khi electron tir do. Céc
electron khi chuyén dong gitta cac ion dwong s& bu trir lyc ddy ton tai giita cac ion
duong va kéo chiing lai gan nhau hon. Khi khoang cach giira cac ion tré nén nhé hon thi
mat do cua khi electron ting 1én va diéu nay din dén sy tang luc hut giita electron va
cac ion va lam cho cac ion lai gén nhau. Mit khac, khi cac ion lai gén nhau thi luc déy
gitra chiing tang 1én. Khi khoang céch gitra cic ion dat mot gia tri nao d6 thi lyc hit can
bang vai luc day, lac d6 tinh thé ¢ trang thai 6n dinh. Tinh thé kim loai c6 tinh dan dién
tdt, dan nhiét tdt va c6 do déo cao.

1.3.4 TINH THE KHI HIEM VA TINH THE PHAN TU

Pay 14 loai tinh thé c6 lién két Van Der Waals. Lién két nay xay ra giita cac nguyén tir
trung hoa va gitta cic phan tir. Pay 1a mot loai lién két yéu véi do 16n khoang
0,1 eV/nguyén tir. Loai lién két nay do Van Der Waals tim ra khi thanh 1ap phuong
trinh trang thai cho khi thuc. Viéc giai thich bang 1y thuyét ban chat cua luc Van Der
Waals dugc London dua ra ndm 1930. C6 thé tom tit 1y thuyét ndy nhu sau: Cac nguyén
tor hodc phan tu trung hoa c6 mémen ludng cuc dién bﬁng khong, néu dat gﬁn nhau
chiing s& hut 1an nhau béi cac luc dién do su xuét hién cdc mémen ludng cuc tic thoi.
Thé nang tuong tmg véi luc hut khi hai hat cach nhau 1 khoang céch r 1a

Eni = - (A/). (1.3.4)

Phép tinh ctia co hoc luong tir cho biét d6 16n cua thé ning nay ¢& 10 eV néur = 1A.
khi khoang cach giam thi s& xuét hién luc day do su chong phu 1én nhau cia cac dam
may dién tr cua cac nguyén tu Trong truong hop nay nang lugng tuong tac gitta hai
nguyén tir c6 dang tong quat

E= - (AN + Beep(-r/ro) . (1.3.5)

O vi tri cén bang, khoang cach ro giita cac nguyén tr phu thudc vao do lon cua cac
thong s6 A, B va r. D6 dai dac trung r rat nho so voi khoang cach gitra hai nguyén tu.
Hinh 1.3.2 chi so do6 thé nang trong lién két Van Der Waals.

Trong tinh thé thuec, chét rn c6 lién két Van Der Waals s& ¢6 céu truc tinh thé xép chat
trong d6 mbi mot c6 mot sd lugng 16n nhat cac nguyén tir lan can. Céc tinh thé khi
hiém 1a cac vi du vé tinh thé co lién két Van Der Waals. Luc lién két Van Der Waals
ciing 14 lyc chii yéu trong cac tinh thé phan tir, nghia 14 céc tinh thé ma & nit mang ¢
cac phan tir trung hoa. Mot sd tinh thé ciia cac hop chat hitu co bao hoa va céc tinh thé
ciia Hy, No, Oy, F», Cly, Bro va I, 1a céc tinh thé phan tir. Tinh thé phén tir va tinh thé
khi tro c6 nhiét 46 nong chay thap va d& bi nén.
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1.3.4 TINH THE VOI LIEN KET HYDRO

Nguyén tir Hydro trung hoa c6 mot electron. Trong mot sb trudng hop, nguyén tir
Hydro c6 thé lién két v6i hai nguyén tir khac bang mot luc hut dang ké tao thanh lién
két hydro. Lién két hydro duoc hinh thanh do electron ctia nguyén tir hydro lién két véi
mot nguyén tir, con proton (hat nhan) cua hydro thi lién két voi mot nguyén tir khac. Do
d6 nguyén tir hydro tao nén lién két véi hai nguyén tr mic du electron ctia hydro chi da
dé tham gia mot lién két cong hoa tri. Tinh thé co lién két hydro gdm tinh thé nudc da
va cac hop chét cua hydro véi cac nguyén t6 ¢6 do 4m dién 16n nhu F, O, N, C, Cl va S.
Tinh thé cac chit hitu co, co thé sinh vat déu thudc lién két hydro.

1.4 CAC SAT HONG TRONG MANG TINH THE THU'C TE

Tinh thé thyc té dung trong phong thi nghiém hay trong k¥ thuat khong thoa méin cac
diéu kién cua tinh thé 1y twong. Thir nhat 13 tinh thé thuc té c6 kich thudc hitu han nén
tinh ddi xtmg tinh tién cua tinh thé nhu da mo ta ¢ trén khong thoa man dugc. Voi cac
tinh thé c6 kich thudc 16n thi vin dé nay c6 thé khic phuc bang cach dua ra cac diéu
kién bién thich hop (diéu kién tudn hoan Born-Karman). Can luu y 13 diéu kién nay
khong thé 4p dung duogc khi vai tro ciia cac nguyén tir & mat ngoai 1a khong thé bo qua
duoc nhu truong hop cic mang mong chét ran. Tinh tuan hoan cia mang tinh thé con bi
vi pham do nhiing sai hong cia mang tinh thé. Nhiing sai hong nay gom hai loai: sai
hoéng dong luc va sai hong tinh.

Céac hat tao nén tinh thé thuc ra khong nam yén ¢ nut mang tinh thé ma ludn ludn dao
dong chung quanh vi tri cAn bang v6i bién do va tan sé phy thudc vao nhiét do cua tinh
thé. Nhimng dao dong nay lam cho tinh tudn hoan clia mang tinh thé bi vi pham, diéu nay
dugc goi la cac sai hdng dong luc. Tuy nhién vi bién do ctia dao dong mang khong 16n
1am nén ta c6 thé coi tinh tudn hoan cia mang tinh thé dugc thoa man tinh trung binh
theo thoi gian. Nhu vay sai hong chii yéu trong tinh thé 13 sai hong tinh. Sai hong tinh
c6 thé chia thanh cic loai sau: sai hong diém, sai hong duong, sai hong mit va sai hong
khéi. Sau day ta s& khao sat sai hong diém va sai hong dudng 14 cic loai sai hong dong
vai tro quan trong trong tinh thé.

1.4.1 SAI HONG PIEM

Sai hong nay gy ra do nhiing nguyén tir tap chat thay thé vao vi tri ctia cdc nguyén tir
chinh hodc xen k& gitra chung. Nhiing nguyén tir tap chit gay ra bién dang ciia mang
tinh thé & xung quanh ching. Mot dang khac ciia sai hong diém 1a cac nguyén tir xen k&
va cac niit khuyét. Didu nay xay ra khi mot nguyén tir & niit mang c6 thé thoat ra khoi vi
tri cAn bang dé lai 6 mot nut khuyét con ban than nguyén tir thi chuyén dén mét vi tri
xen k& gifra cac nit mang va dugc goi 1a nguyén tir xen k&. Sy tao thanh niit khuyét tuan
theo hai co ché:

a) Co ché Frenkel: Theo co ché nay, do thing giang nhiét, mot nguyén tir & nit
mang c6 thé bi bit ra khoi vi tri cdn bang va do d6 dong thoi hinh thanh mét nit khuyét
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va mot nguyén tir xen k& (hinh 1.4.1a). S6 nat khuyét va sé nguyén tir xen ké& duoc sinh
ra 14 bang nhau. Tinh toan cho thdy ning luong can thiét dé tao ra sai hong nay rat 16n
nén mat do sai hong diém sinh ra do co ché nay thudng rat nho.

b) Co ché ® o o o

Shotky: Theo co ché

nay mot nguyén ta & ® ® K. ® 7 ®
mat ngoai do thang /

gidng nhiét c6 thé bbc @—C—@—@ @

hoi khoi bé mat hodc

chuyén 1én bé mit do ® >—o o

ha’lp I})hu.be Amatx VaAdo ® o o Pt

do d? lai fn(_)t 16 trong (b)

& gin bé mat. Cac (a)

nguyen’ tu; 07 ph‘1a Hinh 1.4.1: Sai hong Frenkel (a) va sai hong Shotly (b)
trong co thé nhay vao
1ap 16 tréng d6 va tao
nén cac nat khuyét. Vi
ning lugng can dé tao nut khuyét kiéu nay kha bé (c& eV) nén mat do nat khuyét Shotly
kha 16n.

Sai hong diém c6 thé khuéch tan trong tinh thé bang nhimng budc nhay. Mot nat khuyét
vira duoc tao ra c¢6 thé bi dién vao nhd mot nguyén tor ¢ cac nat lan cén, vi vay nut
khuyét da doi sang vi tri méi. Qua trinh niy xay ra khi nguyén tir chinh phai c6 mot
ning luong dii dé vuot qua hang rao thé ngan cach gitra nat khuyét va vi tri can bang
ctia n6. C6 thé xay ra trudng hgp mot nguyén tir xen k& nhay vao mot nat khuyét va ca
hai ty mat di, qua trinh nay duoc goi 1a sy tai hop.

1.4.2 LECH MANG

Do tac dung cta Gng sudt hay bién dang hodc do nhimng co ché khi két tinh, trong vat
ran ludn ludn co nhitng sai hong duong, goi 1a 1éch mang. Co6 hai loai 1¢éch mang chu
yéu 1a 1éch mang bién va léch mang xoan.

a) Léch mang bién (Edge dislocation): Xét mot tinh thé c¢6 cdu trac 14p phuong don
gian. Gia sur do tac dung cua luc déy lam cho nira trén cua tinh thé truot mot doan béng
chu ky mang (hinh 1.4.2a). Nhung su trugt d6 chua truyén di khép mat trugt ma chi moi
gii han trong khu vuc AA'BB' ma thoi. Puong AA' chinh 14 bién gidi cua phan da bi
trugt ciia tinh thé, trong mit truot. Néu cit ngang tinh thé bang mot mat mang, vudng
goc voi dudng AA', dang cia cdu tric mang trong mit cit do s& nhu trén hinh 1.4.2b.
Ta théy rﬁng tai diém a trén duong AA' xuét hién mot mat nguyén tir thira ra va bi cut &
a, ma ta goi la mit phang du. Xung quanh diém a trong pham vi vai 6 mang, mang tinh
thé bi bién dang. Nhu vay doc theo AA' c6 mdt sai hdng duong, no 1a khu vuce bién cua
mat phang du AA'C'C. Ta goi sai hong d6 1a léch mang bién. Puong AA' 13 tryc cia
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1éch mang. Khi qua trinh truot tiép tuc thi mat phang du ciing doi di theo phia truot, cho

dén khi AA' dat t&i mat ngoai cua tinh thé va tao ra mot bac thang.

(a)

(b)

Hinh 1.4.2: Minh hoa su léch mang bién

b) Su léch mang X0an (Screw
dislocation): Xét mét tinh thé bi
bién dang nhu trén hinh 1.4.3,
trong d6 mot phﬁn tinh thé bi
trugt xudng phia dudi va phéan bi
bién dang boi duong AA'. O day
phuong truot song song véi
duong AA'. O xa duong AA' ta
thiy mang khong hoan toan bién
dang. Khu vuc bao quanh sai
hong duong AA' dugc goi la
léch mang xoan. Néu di quanh
léch mang xo0dn theo céc mat

NE
/

A a

Hinh 1.4.3: Léch mang xoan

phang nguyén tir thi ta dugec mot dudng xoén dc.

1.5 MANG PAO

1.5.1 KHAI NIEM VE MANG DAO

Do tinh chét tuan hoan cua mang tinh thé nén cac dai lugng dac trung cho tinh thé xét

tai mot di€ém nao do6 la mot ham tuan hoan thoa man dicu kién:

f(F + a,) = f(T). (1.5. 1)
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Nhu vay diém F va diém T + 4, 1a twong duong nhau vé& mat vat 1y. Tir d6 ta co thé
khai trién ham f( ¥ ) thanh chudi Fourrier nhu sau:

f(7) = e'®D, (15.2)
b

trong d6 f, 12 hé sé khai trién. Vecto b duge xac dinh tir didu kién
f(F+ap) =D fpe'® 8 =3 feleD)
b b
Hay ePdn =15 (bd,)=2aN . (15.3)

ViN lasb nguyén va d,cédang a,=n1d 1+ Nyad,+N3d3 néntacd thé viét lai (1.5.3)
nhu sau:

ny(bd;) +ny(bdy) +ny(bd;) = 2n(nyg; +Np9p +n303),  (1.5.4)
trong d6 g1, 02, g3 la cac sb nguyeén.
Twr (1.5.4) ta suy ra
ba; = 2ng;;bd, = 2ng,;bds = 2ngs; . (1.5.5)
Dé x4c dinh b, ta khai trién b theo céc vecto [a1, 3] ;[d2 d3];[d3 d4]:

b=o[dy, d,]+b[do d3] +y[ds d4] (1.5. 6)

Nhén (1.5.6) 1an luot cho @1, d2, &3 roi so sanh véi (1.5.5) ta duoc cac hé sb khai
trién:

2103 2ngq 2ng-
_ B = v = , 15.7
“ Q b Q v Q ( )

trong d6 Q 1a thé tich ctia 6 so cAp: Q = d1[d 5,4 3).

Thay cac hé s6 trén vao (1.5.6) , ta dugc

555929151+9252+9353' (1.5.8)
- 2n - 2n - 27
VOi b, =—1Ja,,d3] ; by =—[d4,a1] ; bya =—[a44,35]. 15.9
o1 1 Q[2 3] by Q[3 1] 5 b3 Q[1 2] ( )

Cac vecto b1, by, bz dugc goi 1a cac vecto co sé ciia mang dao tuong Gng voi mang
thuan co cac vecto cosd ai, ap, as.
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1.5.2 QUAN HE GIUA MANG THUAN VA MANG PAO

Cac vecto co sé cua mang dao va mang thuan quan hé véi nhau theo h¢ thuc (1.5.9), cé
thé chirmg minh duoc rang:

a) di.bj=2nd;. (1.5. 10)
b) Cac vecto bico thu nguyén cua nghich dao do dai.

c¢) Hinh hdp dung trén céc vecto b; dugc goi 12 6 so cap clia mang dao. Thé tich
cua d nay la

Q'=b[bybs] = (2n)%Q . (1.5. 11)

d) Péi véi mang 1ap phuong thi cac vecto co sd cia mang thuan va mang dao
song song v&i nhau tirng d6i mot: a; // bi;voi i=1,2,3. Néu 6 so cAp cta mang thuan
1a 1ap phuong don gian thi 6 so cAp ctia mang dao ciing c6 dang 1ap phuwong don gian.

1.5.3 CONG DUNG CUA MANG PAO

Viéc dua ra khai niém mang ddo c6 nhiéu thuan loi trong viéc khao sat va nghién ctru
chat rin. Chang han nhu viéc khao sat su tan xa cta tia X 1én tinh thé, su nghién ctu
tinh chat nhiét cia chat rin, nghién ctru chuyén dong cia electron trong truong tuan
hoan ctia mang tinh thé...

1.6 CHI SO MILLER

Do tinh tuan hoan ctia mang tinh thé nén cic nguyén tir sip xép trén cing mot phuong
hay trén cling mot mit phang thi c6 cac tinh chat nhu nhau. Trong vat 1y tinh thé ngudi
ta tim cach ky hi¢u nhiing phuong va mit phing tinh thé nay bang cach dua ra chi sé
phuong va chi sb mat

1.6.1 CHI SO PHUONG TINH THE

a) Vi tri cia mot nut bat ky trong tinh thé dugc mé ta boi 3 toa do x, y, z trong hé
toa truc Oxyz trong d6 gbc O dugc chon tring véi mot nut bat ky nao d6. Nhu vay:

X=ma;, y=nap, Z=pas,

trong d6 céc a; 1a hang sb mang va m, n, p 1a cac sd nguyén. Néu ta chon céc aj lam don
vi thi toa d6 cac nat duoc ky hiéu nhu sau [[m,n,p]]. Néu toa do co gia tri 4m thi dau trir
duoc dit & bén trén chi sb. Vi du, véi mot nat co toa dd x =-2a;, y = -3 @y, z = 2 as thi
chi sé nut 1a [[2,3,2]].

b) Chi s6 phuong tinh thé: Dé mé ta chi s6 phwong tinh thé nguoi ta phai chon

phuong di qua gdc toa d6 va dinh nghia chi s phwong 1a chi s6 cua nit ddu tién nim
trén phuong d6 tinh tir géc. Chi s6 phuong duogc ky hiéu 13 [m n p].
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1.6.2 CHI SO MAT PHANG TINH THE

Dé mé ta sy dinh hudng cia tinh thé ta dua ra bo sb nguyén (h k ¢) duoc xac dinh nhu
sau: Gia sir mat phé“ing tinh thé ¢t 3 truc toa do tai cac diém co toa d6 m, n, p (hinh
bén). Nghich ddo cua 3 s6 nguyén nay 1a 1/m , 1/n, 1/p. Ba phédn s nay c6 miu sd
chung la D. Ta dinh nghia chi sd6mitla: h=D/m,k=D/n, (= D/p. Vi du: mat phéng
tinh thé cit 3 tryc tai 2a;, 38, 2 a3 thi 1/m=1/2, I/n=1/3, 1/p = 1/2. Mau s chung la
D=6.Dodoh=6/2=3, k=6/3=2, ¢ =6/2=3. Chi sé6 mit phiang nay la (3 2 3). Chi
s mit phang tinh thé dugc goi 1a chi sé Miller. Hinh 1.6.1 chi ky hiéu mot sé phuong
va mit phang tinh thé co ban trong mang 1ap phuong

[010] _
A/ [101] (N1

(01

\ (10NN
[0 Tor/ Qmoﬂ

1
0 [11]

[100]

Hinh 1.6.1: Chi s6 phuong va mat ctia mang 1ap phuong

1.6.3 CAC TINH CHAT
a) Cac phuong song song v6i nhau c¢6 ciing chi s6
b) Cac mit phang song song nhau c6 cing chi s6
¢) Tap hop cac mit phing twong duong nhau vé tinh ddi xtmg dwoc ky hiéu

{hk?}

Vi du: Cac miat bén cua mang lap dwoc ky hiéu {1 00} gém cac mat phing: (100),
(010), (001), (100), (010), (001). Trong lac d6 cac mit chéo duoc ky hiéu {111}
goém: (111), (111), (111), (111)

d) Trong mang 1ap phuong huéng tinh thé thi thing goc voi mit phang tinh thé
¢6 cung chi sb.
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1.6.4 QUAN HE VOI CHI SO MILLER VA

MANG PAO

a) Vecto mang dao Bg = 9151 + 9252 +

03 bs thang goc véi mit phiang c6 chisé  (hk /)

néu ta co quan hé ti 16 gi: g2: gz = h: k: 7.

b) Khoang cach giita cac mit phing lan

can trong hé (h k /) la

dhk(/ = 27'C/bhkg ,

Vi1 Bhk|:h51+k52+553.

(1.6.1)

Vi du: + Khoang cach giira cac mat phang trong hé (100) cia mang 1ap phuong 1a

d100 = 2n/b1gg = 21/by = 27'5/(211/3.) = a.

+ Khoang céch giita cic mat phang trong hé (111) 1a
dyg = 21/byg; = 2/(b,% + b2 + b2 )Y = 2mi{(2n/a)2.3 Y2 = alv3.

1.7 TINH POI XUNG CUA MANG TINH THE VA SU PHAN LOAI

CAC HE TINH THE

1.7.1. TINH POI XUNG CUA MANG TINH THE

Ta no6i mang tinh thé c6 tinh d6i xtmg ddi voi mot phép bién d6i nao d6 néu qua phép

bién d6i d6 toan bd mang tinh thé van khong doi. Ta xét cac phép ddi xung sau

a) Pdi xtmg tinh tién: Ta ndi mang
tinh thé c6 tinh d6i xung tinh tién néu ta
dich chuyén toan by mang di mdt vecto T=
Nid 1+ N2a»+ ns3a 3 thi mang sé& khéng d@l

b) Bdi xtig quay: Mang tinh thé ¢
tinh d6i xtmg d6i véi phép quay quanh mot
sO truc xac dinh. Dé xac dinh phép quay ta
phai biét truc quay A va goc quay ¢. Noi
chung thi ¢ c6 gia tri bat ky. Nhung d6i voi
tinh thé thi do c4u tric tuin hoan nén mubn
cho phép quay dam bao tinh ddi ximg cua
tinh thé thi goc @ chi c6 mot s6 gia tri nao
d6. Co thé chirg minh duoc goc quay ¢ chi
cocac giatri: 2n, w, 2n/3, ©/2 va 7/3.

quay g6c ©©

nghich dao

A"

phan xa

Hinh 1.7.1: Phép d6i xing gém mot quay mot géc 7
chuyén A thanh A' réi phép phan xa qua mat phiang (P)
chuyén A' thanh A". Téng hop cla hai phép bién déi nay
twong duong v6i phép nghich ddo qua géc O chuyén A
thanh A"
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bat k = 2w/ thi (rng véi cac goc quay trén ta dugec k = 1, 2, 3, 4, 6. k dugc goi 1a bac
cua tryc quay.

¢) Phép dbi xtig nghich dao: Phép bién doi nghich dao 1a phép bién ddi trong d6
vecto vi tri bi d6i diu T = — F. C6 thé xem phép nghich dao chinh 13 phép phan xa va
phép quay mot goc m qua mit phing thing goc véi truc quay (Hinh 1.7.1).

1.7.2 CAC HE TINH THE

Viéc phan loai cac hé tinh thé duoc dit co s trén tinh d6i xung cua hé thé hién qua
hinh dang ctia cac 6 so cp. Ta c6 thé phan thanh 7 hé tinh thé Gmg véi 7 loai 6 so cap
khac nhau. O so cép dugc dac trung boi 6 dai luong: do dai ctia 3 canh aj, @, az va 3
goc a, B3, y tao thanh gifra 3 canh.

1. Hé tam ta (ba nghiéng): a; # a, # az, o.# b #y . Hé nay co tinh ddi xing kém nhat
vo1 mot phép nghich ddo.

2. H¢ don ta (mot nghiéng): a; #a, #az, a =7=90 0 B. Hé c6 phép dbi ximg quay
vé6i truc quay bac 2 va phép phan xa qua mit phang vudng goc véi truc quay.

3. Hé truc thoi: a; #a,#as o= P = y=90° He nay c6 3 truc quay bac 2 vudng gboc
v6i nhau va 3 mit phang phan xa vudng goc véi cac truc quay.

4., Hétorgiac: ag =ax#az a=PB=y=90 0 Heé co 1 truc quay bac 4 theo phuong & 3,
4 tryc quay bac 2 vudng goc voi truc bac 4 va 5 mit phing phan xa.

5. He¢ tam gidc (mat thoi): a; =ax=az, a =P =y <120 0 H¢ ¢o6 1 truc quay bac 3, 3
truc bac 2 cét nhau mot g6¢ 60 %va3 mat phéng phan xa nam gifra cac truc bac 2.

6. H¢ luc giac: a3 =ax#asz, a=p =90 0 , v =120 0 H¢ c6 1 truc quay bac 6, sau truc
quay bac 2 cit nhau 1 goc 30 0 mot mat phang phan xa vudng goc véi truc quay bac
6 va 6 mat phfmg chira cac truc bac 6 va mot truc bac 2.

7. Hé¢lap phuong:a; =ax=az, a=pB=vy=90 0 Hé co 3 truc quay béac 4 qua tam cua
cac mat d6i dién, 4 truc quay bac 3 trung véi cac duong chéo chinh cua hinh lap
phuong, 6 truc quay bac 2 qua trung diém cua cac canh ddi dién, 6 mat phang phan
xa di qua cac canh d6i dién, 3 mit phang phan xa chtra cac truc bac 4 va song song
v6i cac mat phang cua hinh 14p phuong va mot sé yéu td ddi ximg khac.

Do viéc chon 6 so cip 1a bat ky mién sao cho ndé dam bao tinh d6i xtng cao nhét cua

tinh thé nén trong 7 hé tinh thé ta c6 duoc 14 loai mang va duoc goi 1a mang Bravais
(hinh 1.7.2).
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Tam ta nguyén thuy Don ta nguyén thuy  Pon ta ddy tam
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L4 ° °
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Tit gidc ng.thuy Tt gidc tam khoi ~ Luc gidc Mat thoi ng. thuy

Lap phuong don gian  Lap phuong khéi tam  Lap phuong

Hinh 1.7.2; 7 Hé tinh thé va 14 mang Bravais
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1.8 SUNHIEU XA TIA X LEN TINH THE

Do ¢6 cAu trac tudn hoan nén tinh thé dong vai tro cac cach tir nhiéu xa ddi véi bie xa
¢ budc song ¢& hang sé mang. Khi chiéu chum tia X 1én tinh thé thi do hién tuong
nhiéu xa, ta s& thu duge hinh anh cua buc tranh nhiéu xa ma dua vao do6 ta s& biét duoc
cac dic trung clia mang tinh thé. Trudc hét ta chua xét dén anh huong cia ban chét cac
nguyén tir ma chi cin ¢ vao nhirng dic trung hinh hoc cta céu trac tinh thé.

1.8.1 CONG THUC BRAGG

Gia sir ta chiéu chum tia X don sic va song song
1én bé mait tinh thé, tia X s& bi phan xa trén céac
mit phang nguyén tir song song nhau (hinh

1.8.1). Theo phuong phéan xa s& c6 cuc dai nhiéu e 0 . -
xa néu hiéu quang trinh ctia ching thoa man hé
thirc ° ° ® o
2a.sin@ =ni . (1.8.1)
. Hinh 1.8.1: Nhiéu xa tia X lén tinh
Nhu vay diéu kién cua phan xa Bragg la thé theo phuong phap Bragg
A<2a. (1.8.2)

1.8.2 CONG THUC LAUE

Khi chiéu tia X 1én tinh thé, cic nguyén
tor & nut mang do nhan dugc nang luong
cua tia X nén s€ dao dong va trd thanh

ngudn phat birc xa thir cap ¢ cung budce

v
wl

song véi birc xa Roenghen téi. Ta goi 6

song thtr cap d6 1 song tan xa. Su nhiéu B

xa tia X xdy ra khi ¢6 sy giao thoa cia Hinh 1.8.2: Nhiéu xa tia X Ién tinh thé theo phuong

chum tia tdn xa. Theo hinh (1.8.2) thi phép Laue
diéu kién dé co giao thoa cia chum tia
tan xa la

d=n,
Voi 6 =BO +0C = a;c0s0 + a;c0s0’
=a;(cosO' + cosB) =ay(s'-S). (1.8.3)
Trong truong hop mang 3 chiéu thi (1.8.3) c6 thé viét lai nhu sau

51(§'-§) = 917\.

QD
N
—~

w

-

wnl

N—r
11

9ol : (1.8. 4)

QD
w
—~

wn

-

(7))

N—r
11

g3
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Véi g1, g2, g3 1a cac so nguyén.

Nhén (1.8.4) cho 2n/A va tinh dén (1.5.5) ta duogc

@) (5 -5)

by (1.8.5)
Voi bg=gib1+gab, +gsbs Vi k = (21/A)§ 14 vecto song, do do

by=k'- k. (1.8. 6)

Biéu thirc (1.8.6) dwoc goi 1a phuwong trinh Laue. Phuong trinh nay cho thiy sy nhidu xa
tia X xay ra khi song tdi va song tan xa co vecto song cach nhau mét vecto mang dao.

Néu dé y rang k va k' co do 16n bang nhau, thi phuong trinh Laue c6 thé bién dbi
thanh:

ol
«

+

x|
~

Tl
)

1

o

(1.8.7)

Tir d6 ta thiy vecto ( b gt R) thang goc véi vecto b g V& mit hinh hoc, diéu nay co

NP N -

nghia la mut cia vecto k nim trong mat phang

thang goc véi vecto Bg tai trung diém (hinh

1.8.3). Cong thirc (1.8.6) co thé giai thich X

bang hinh hoc bang cach dua ra khong gian +w %

mang dao (¢ hinh 1.8.4 1a khong gian 2 chiéll) é

nhu sau: T mot nit bat ky ta v& vecto —k. o) \
Liy gdc cla k 1am tam, v& 1 hinh cu (trén .

hinh v& 1a duong tron) ban kinh 27t/A. Nat gan

nhit ctia mang ddo ma hinh cau di qua chinh 13 .
Hinh 1.8.3: Minh hoa bang hinh hoc phuong

9 L ' 3 A A 1
ngon cua vecto K'. Hinh cau nhu the duge goi -y .

1a hinh cau Ewald.

Cén luu y rang tir phuong trinh Laue ta ¢ thé

suy ra cong thirc Bragg. That vay, trén

hinh 18.4 ta vé mot duong thing A o
(truong hop 3 chi€u 1a mot mat phang)
théng gboc véi vecto Bg. bay la mat » P I » »
phang c6 chi sd (hk ¢) véih: k: ¢ = ga: / ./

x
02:0s.bat Bhk|:h51+k52+ I53ta
c6 |bgl = n|bl, trong d6 n 1a hé sb ti
1¢. Khoang céch giita cic mit phang
(hkl) 1a Hinh 1.8.4: Giai thich hinh hoc phuong trinh Laue

béng khong gian mang déo
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d = 2/|b | = 2nn/by > by = 27n/d
Theo hinh v€ ta co
bg = 2k.sin6@ > 2(2n/)).sind = 2xn/d
Hay
2d.sin@ =n.A
Pay chinh la cong thuc Bragg

Phuong phap nhidu xa tia X 1én tinh thé cho phép ta nghién ctru duoc ciu tric bén trong
ctia tinh thé. Phuong phap nay hién nay da duoc ty dong hoa cao do va co thé xac dinh
dugc nhimg cau trac phirc tap.

1.9 VUNG BRILLOUIN

Tuong ty nhu trong khong gian mang thuén, trong trudng hop khong gian mang dao ta
cling c6 thé xdy dung mot 6 so cdp co tinh ddi xtng cua toan bd khong gian mang dao.
Cach xay dung nhu sau: N6i mot nat O bat ky cia mang dao véi cac nat con lai bang
cac doan thang, sau d6 dung cic mit phang thang goc voi cac doan thang ndy tai trung
diém. Cac giao tuyén cua cac mit phang da dung tao nén mot da dién c6 tam O. Pa dién
nho nhét c6 tam O duoc goi 1a ving Brillouin thir nhat hay ving Brillouin thu gon (sau
nay ta chi goi 1a vung Brillouin). Khoang khong gian gidi han bdi cac mat cia cung
Brillouin thir nhit va cic mit cta da dién ké tiép duoc goi 1a ving Brillouin thi 2... Co
thé chirng minh rang thé tich cua cac ving Brillouin déu bing nhau va bang (27)*/Q vé6i

Q 1a thé tich 6 so cép ctia mang thuan.

Néu goi k 1a ban kinh vecto v& tir gbc O dén mot diém bét ky trén mat da dién thi
phuong trinh x4c dinh vung Brillouin 1a

%592—(59. k)=0. (1.9.1)

Phuong trinh nay c6 dang twong duong vé&i phuong trinh (1.8.7), chi khac dau ¢ tich
v0 hudng (Bg. k). Nhu vay, cac vecto k ¢6 diém ngon nam bén trong ving Brillouin
thi khac nhau it nhit mot vecto mang dao. Con néu ngon cia k nim ngay trén bién

vung Brillouin thi luén luén tdn tai it nhat mot vecto k'= k + b c6 ngon nam trén
bién vung Brillouin.

Ta xét dang ctua vung Brillouin trong céc truong hop sau:
a) Mang mot chiéu: vung Brillouin 1a cac doan théng (Hinh 1.9.1)

b) Mang hai chiéu: Déi véi mang vuong 2 chiéu canh a ving Brillouin thir nhat
la mot hinh vuéng canh 2n/a, vung Brillouin 1a cdc tam gidc gidi han bdi hinh vuong
xién c6 duong chéo 4mn/a va vung Brillouin thtr hai (Hinh 1.9.2).
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c) Mang 3 chiéu: Vung Brillouin ¢6 dang mét da dién, c6 dang phu thude vao
loai mang. Hinh 1.9.3 chi vung Brillouin déi v6i mang l4p phuong don gian

Viune Brillouin T W Brillouin I

<>

/a

2n/a —m/a O ma 2n/a —2n/a —\”’ A m/a

7

Hinh1.9.2: Vung Brillouin
2 chiéu

VA= g

Hinh1.9.1: Vung Brillouin
1 chiéu

Hinh 1.9.3: Vung Brillouin 3 chiéu

BAI TAP CHUONG I
1. Chung t6 rang trong mang tinh thé khong c6 truc d6i xtng bac 5.

2. Cho mang lap phuong c6 hang sé mang a. Tim khoang cach gitta cac mat phang
(100), (110) va (111).



TINH CHAT NHIET CUA CHAT RAN
R
2.1 MO PAU

Trong chuong nay chung ta s& khao sat cc tinh chét cia vat ran lién quan dén dao dong
clia cac nguyén tir, phan tir, ion (goi chung 1 cac "hat") & cic nut mang tinh thé. Mdi
mot hat & nit mang tuong tac vdi cac hat khac va co vi tri can bﬁng trung binh ma né
dao dong xung quanh. Qua trinh nay khong chi han ché & timg niit mang ma lan truyén
khip mang tinh thé va két qua 1a ta co song dao dong truyén trong tinh thé. Cac song
nay phu thudc vao hai yéu t6: loai luc lién két trong tinh thé va cu trac cua mang. Vi
vdy, bai toan dao dong ctia mang tinh thé 1a mot phan quan trong cta vét 1y chat rin.
Cac van dé khao sat ¢ chuong nay (dao dong mang, 1y thuyét nhiét dung, su din no
nhiét) trude hét theo quan diém co dién, sau d6 theo quan diém lugng tir.

2.2 BAN CHAT CUA LUC TUONG TAC GIUA CAC NGUYEN TU
TRONG TINH THE

O céac diéu kién nhat dinh cic nguyén tir trong tinh thé c6 t6n tai luc hut can bang véi
luc ddy ¢ khoang cach ¢& 10 %cm. Ta xét su twong tac giita cac nguyén tir theo quan
diém nang luong. Xét hai nguyén tir: mot cb dinh & gbec O va mot & diém A. Luyc tac
dung tr O 1én A 1a

F=-gradU=- ——, (2.2.1)

trong d6 T = OA 1a ban kinh vecto ndi O va A (Hinh 2.1).

Tai cac diém ma dU/dr >0 thi F
= 1, UA
nguogc chiéu voi T, lyc tuong tac la
luc hut. Nguoc lai tai cac diém ma
dU/dr <0 thi lyc tuong tac la luc
day. Trén hinh 2.1 duong cong 1
ung voi truong hop hai nguyén tir
day nhau, duong cong 2 ng véi @

trrong hop hai nguyén tu hut nhau
khir>rgva déy nhau khi r <rg. Tai
diém r = ro sao cho (dU/dr),, = 0 thi
F =0, nghia 1a lyc hut can bang véi

lre di o hai ca Hinh 2.1: So d6 thé nang tuong tdc gilta hai
uc day, nguyen tu o trang thai can nguyeén tir

bang bén. Ta xét truong hop do
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1éch khoi vi tri can bang ro clia nguyén tir A c6 gia tri bé thi thé nang U(r) c6 thé khai

trién thanh chudi:

2
U(r):U(r0)+(C:j—lriro (rro)+%[%l (r—r)2+

[]

1(d%u 3
+§[$Jr (r—rg)” +... (2.2.2)

(o]

Pat (d°Uldrf),=bva (d°U/dr),=-2g vax =r - ro, ta dugc

U(X) + Up = %bxz _ (13, 2.2.3)
Nhu vay, lyc tac dung 1én nguyén tir A 1a

F = -(dU/dx) = — Bx + yx°. (2.2. 4)
Néu luc co dang F = — Bx thi ta goi 1a luc chuin dan héi.
2.3 DAO PONG CUA MANG MOQT CHIEU PON GIAN
Céc nguyén tir trong mang tinh thé
chi ding yén khi & nhiét d6 khong n-ll n n;rl
tuyét d6i. O nhiét do T = 0K, nguyén \'IT(_’ ‘uw—’ :x_v_,' >

tir s& bat dau dao dong chung quanh ol

vi tri cAn bang bén. Ta s& khao sat
dao dong cua nguyén tir trong mang
the.O quan diém .c?c_)ng luc' hoc. Doi don gidn
vo1 mang mot chiéu don gidn thi cac

Hinh 2.2: Dao dong ctia mang tinh thé mot chiéu

nguyén tir sap xép trén mot duong thang va mdi nit mang chi c6 mot nguyén tir. Ngoai

ra, & nhiét d6 du cao thi dao dong cuia nguyén tir trong mang tinh thé tuan theo nhing

quy luét cia co hoc cb dién. Xét twong tac gitta cac nguyén tir & 1an cén nit mang thi n.

Luc tac dung cua nguyén tur thir n-1 va n+1 1én nguyén ti thtr n 1a
fana = - b(Un — Un-1),
foner = - b(Un — Uns1).

Nhu vay, luc tong hop tac dung 1én nguyén tir thi n 1a
fn = - b(2un — Un-1 —Un+1).

Phuong trinh chuyén dong ctia nguyén tir thir n 1a

mu" + b(2u, — Up-1 —Un+1) = 0. (2.3.1)

Nghiém cua phuong trinh nay 1a mdt ham séng mé ta sy dao dong cua nguyén tir va sy

lan truyén cta dao dong doc theo tinh thé. Ta tim nghiém ndy bang cach dung phép
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tuong tu khi xét dao dong va song trong mot soi ddy dan hdi . Ta da biét song truyén
trong mot day dan hoi 1 song ngang va c6 dang

uxt) = Ae @ et (2.3.2)

trong d6 A 1a bién do (c6 thé phuc), q 1 d 1on cua vecto séng. Vi trong soi ddy toa do
x 14 lién tuc nén q c6 gia tri lién tuc tir 0 dén oo, tin s6 song trong soi day 13 tan sd song
am va c6 dang o = V,q ciling bién thién lién tuc tir 0 dén oo.

Déi v6i mang tinh thé mot chiéu dang xét thi cac nguyén tir & cach nhau mot khoang 1a
a song truyén c6 dang

i(gan— ot)

u(x,t) = Ae (2.3.3)

trong do ta da 4p dung (2.3.2) va thay x = an. Thay céac gié tri u"y , Up.1, Unsa tir (2.3.3)
vao (2.3.1) ta duoc:

mao® =2 b(1 —cosqa) = 4.sin’(qa/2).
Vay

®= 2(b/m)1/23in(qa/2) = opsin(gqa/2), (2.3.4)
voi @, = ZM 1a tan sb cyuc dai khi q = n/a.

Nhu vay tan sd song o phu thudc vao vecto séong q mot cach tuan hoan. Ta khao sat sy
bién thién ciia o theo q. Trong biéu thirc (2.3.3) néu ta thay q > ¢' = q + (2n/a)g, véi g
1a s6 nguyén, lac d6 ta duoc:

Uln — Ael(q an — ot) — A.e'(q + 2ng/a)an—wt — Ae|(qan —o)'[).el 2ngn = U,

Nhu vay q va q' tuong duong nhau vé mit vat 1y, nghia 1a mé ta cing mot trang thai dao
dong voi cing mot gid tri q. Vi vy ta chi can xét sy bién thién ctia q trong khoang 2m/a.
Do tinh d6i xtmg ctia d6 thi ham sé sin nén ta chon khoang 27/a dbi xtmg quanh gbc O,
nghia 13 khoang [-nt/a, m/a]. D6 thi ham o(q) trong Gng voi biéu thirc (2.3.4) duoc biéu
dién & hinh 2.3.

AO®

7

—in/a -1t/a O mt/a 1 2n/a T q

Hinh 2.3: D6 thi ham o = w(q) d6i vé6i mang 1 chiéu don gian
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Theo 1y thuyét vé mang dao thi khoang [-n/a, m/a] chinh 13 ving Brillouin thir nhat cua
mang ddo twong trng voi mang thudn dang xét.

Bay gio ta xét song tai 1an cén tdm va bién cua vung Brillouin.
(1) Tai lan can tdm vung Brillouin thi q ¢6 gié tri bé nén sin(qa/2) = qa/2. Do do
® = onsin(gal2) = on (9a/2) = (b/m)2ga = ve,
trong d6 vo 13 van tdc truyén song trong mdi trudng dan hoi:
Vo = VE /1, trong d6 modun Young E = (fyn-1)/((Un-Un-1)/a) = ba.
Do d6

Vo = (ba/(m/a))? =ab/m.

Nhu vay khi q nho, ta thiy rang séng truyén trong tinh thé trong truong hop niy tuong
tu nhu séng 4m dan hoi truyén trong soi day dan hoi.

(i) Khi q 16n, van tdc truyén song 1a

Vg = dw/dq = vocos(qa/2).

Tai bién cia vung Brillouin thr nhat q = + w/a thi vg = 0. Nhu vay ¢ bién cua ving
Brillouin c¢6 hién twong phan xa song, két qua 1a co sy tao thanh séng dung trong tinh thé.
Dbi véi tinh thé thyc té c6 kich thudc hitu han thi tinh d6i xing ciia tinh thé giam do anh
hudng cia bién. Vi vay dé bao toan tinh d6i xtng cta tinh tién clia mang tinh thé ta dua
vao diéu kién bién tuan hoan Born-Karman nhu sau: Mang tinh thé c6 N 6 so cip thi s& ¢6
N nguyén tir. Ta xem nguyén tir thir n+N c6 dao dong gidng nhu nguyén tir thir n:

Un = Up +N,
hay
Aei(qan— wt) — Aei(qa[n+N]— wt)
Tur d6 e®N =1 > g=2nn/Na =2mn/L (L la chidu dai cia mang)

Nhu vay ¢ mang tinh thé thyuc thé hitu han vecto song q khong 14y gia tri lién tuc trong
khoang [-m/a, m/a] ma c6 gia tri gian doan cach nhau mdt khoang 2n/L. Trong truong
hop néu N du 16n = L 16n thi 2n/L = 0 lac d6 gia tri ctia q dugc coi 1a lién tuc. Nhu
vay khi mang tinh thé hitu han thi dao dong ctia mang gdém mot tip hop hitu han cac
dao dong diéu hoa. S dao dong d6 bang N, chinh 13 s6 6 so cip clia mang.

2.4 DAO PONG CUA MANG MOQT CHIEU PHUC TAP

Bay gio ta xét truong hop mang mot chiéu phuc tap trong d6 mot gbc mang chira 2
nguyén tir khdi lugng m; va my va c6 do 1éch khoi vi tri can bang lan luogt 1a u, va v,
(hinh 2.4). Phuong trinh chuyén dong ctia 2 nguyén tir nay la:

mMyU"n = = Br2(Un - Vi) - B2(Un = Vi-1)
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MaV"'n = — D1j2(Vi - Un) - D2(Vi - Unet),

trong d6 By 1a hé sd dan hoi gitra 2 nguyén tir ciing gdc mang va B, 1a hé sé dan hdi
gilta 2 nguyén tir khac gbc mang. Dé don gian ta gia st B = B, = p. Khi d6 hai phuong
trinh trén viét lai nhu sau:

miU"n =—B (2Un - Vp - V1) (2.4.1a)
mMaV'"y = = B (2Vy - Up - Unea). (2.4.1b)
Ta tim nghiém cta 2 phuong trinh nay dudi dang:
Up = Ag.e'@®1 oY (2.4.2a) N 0w _—
Va = Ag.e @, %. L e Ia S mr 'm.2 . i m,
(2.4.2b)

Hinh 2.4: Chudi tinh thé mot chiéu phic tap. Mbi géc mang chita
Liy dao ham bac 2 cua (2.4.2) roi hainguyen
thay vao hai phuong trinh (2.4.1) ta
duoc:

Mi’As = - B2A1 - Ag(1 + &%)
Mow’A = — B[2A; — Aq(L + )],
hay
(2b - me?)Ase -BL+e" A, =0
— B+ e A, + (2B — mye?)A; =0.
Hé phuong trinh nay ¢6 nghiém khong tam thuong néu dinh thire ciia hé bang khong:
0 - 2B £(1+ e @)
my m,

£(1+e+iqa) 0\)2 ZB
m, m,

Khai trién dinh thirc nay va rat gon ta duoc mot phuong trinh tring phwong ctia w
o’ - 2p(1/m; + 1/my)e® + (4B2/mimy)sin®(ga/2) = 0. (2.4.3)

Nghiém cua phuong trinh nay la:

2
m2=B[i+iJiB\/[i+ij — % sin2(@ar) . (244)
m; m2 m; m2 m;m,

Bi€u thirc nay xac dinh hai nhénh tan sac ing v6i dau (+) hodc dau (-) ¢ trude céan so.

Dbi voi truong hop dau (-), lac do

2
02, =wf = B(i+ijﬁ\/[i+ij % sin?(qa/2) (2.4.5a)
my m2 m{ m2 mq{my
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va dugc goi 1a nhanh am.

Déi véi trudong hop diu (+), ta co

2
02, =03 = B(L+LJ+B (i+iJ % sin?(qal2) (2.4.5b)
m; m2 m; m2 mqimy

va dugc goi la nhanh quang
Bay gid ta nghién ctru tinh chit ctia dao dong trong ng v6i hai nhanh tan sic nay tai
tam va bién ctia vung Brillouin thir nhat. Gid st m; > my
Tt biéu thire (2.4.5) ta thiy d6i voi nhanh 4m thi
Khi q = 0 thi ta dugc () =0.
Khiq=+m/athi o= pl/m+1/my) - B{(1/mi+1/m,)*- 4/mim,}2 = 28/m,y
Con d6i voi nhanh quang thi
Khi q =0, ta dugc ©°@) = 2 B(1/my+1/my)
Khi g=#n/athi o) =2p/m,.
D thi ciia @ theo q dugc v& nhu hinh (2.5) véi gia sir mg > m.
Ta thay d0 thi (2.5) gébm hai nhanh tan sic.
Nhéanh duéi tng vo1 o) c6 dang nhu treong hop tinh thé mot chidu don gian. Trudng

hop nay nhu di khao sat & trén song truyén trong tinh thé 1a séng 4m dan hdi do do
nhanh nay dugc goi 1a nhanh am hoc.

Nhéanh phia trén ng véi o
o
h

duoc goi 1a nhanh quang hoc (ly

A . \ ~ A 12
do cua tén goi nay s& duoc néu (2P (Um;+1/m2)}

ra dudi day). O nhanh nay o c6

N

gia tri cuc dai ¢ tm va cyc tiéu (2B/m,)"*

& bién ctua vung Brillouin th L (2B7a) ™
nhit. Tir hinh 2.5 ta nhan thay
rang khi q = + m/a (bién cta
vung Brillouin) tan s6 c6 gié tri :
tr op = (2B/m)"? dén ou) = >

-1fa m/a q

=

1/2
(ZB/mZ) . Hinh 2.5: Dé thi cia © = ©(q) trong trudng hop mang tinh thé mot chiéu phic tap
véimbi gfc mang chida hai nguyén ti

Khoang gia tri nay cia tan sb

khong tmg voi mot nghiém nao cua phuong trinh (2.4.3). Pidu ndy c6 nghia 1a trong
mang tinh thé khong c6 dao dong tmg véi tan sd trong khoang d6. Trong truong hop
nay & bién cia ving Brillouin ¢6 mot khu vuc cdm, séng c6 tan sd trong khoang do6
khéng lan truyén dugc trong tinh thé ma bi hap thu manh.
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Bay gio ta xét tinh chat dao dong ctia nguyén tir trong nhanh 4m va nhanh quang.

Lap ti s6

un _ Ay _Ba+e™®) (2.4.6)

Vn Az 2B-myo?

Khi ¢ = 0 thi néu thay w = 0 thi ta dugc (un/vn) = 1, trong lic do6 thay
o °w=2 B/(L/my+1/my) thi (Up/Vy) = —(Mz/my). Tir d6 ta c6 thé két luan ring:

Trong mang tinh thé mot chiéu phtc tap, d6i voi nhanh am cic nguyén tir dao dong
cung pha giéng nhu cac dao dong am hoc c6 budc song 16n (Hinh 2.6 a). Déi véi nhanh
quang thi hai nguyén tor dao dong ngugc pha nhau (Hinh 2.6 b). Song dién tir n6i riéng
va anh sang noi chung twong tdc manh voi dao dong loai nay tir do ta goi loai dao dong
nay l1a dao dong quang hoc. Vi du vecto dién truong cua anh sang twong tac manh vaéi

modmen ludng cyc clia tinh thé néu 4nh sdng c6 tan sb bang o).
2.5 DAO PONG CUA MANG TINH THE BACHIEU PHUC TAP

Xét mot tinh thé ¢6 s nguyén tir trong mot 6 so cap. Khoi luong ciia cac nguyén tir 1a my
(k=1,2...s). Ta s€ khao sat
mot mién co ban cua tinh
thé co thé tich V ¢6 dang

mot hinh hop dung trén 3
vecto Ga, Gajy Gasj, \//
trong d6 a; la cac vecto

() (b)

co s¢ va G la s6 nguyén.

Thé tich V dang xét1a V ) N
3% re = 7 _ 3 Hinh 2.6: Dao dong ciia nguyén tir trong mang mot chiéu phic tap: (a) :nhdnh am,
G'(ai[az d3] =G.Q () phanh quang

= NQ.

Vi tri cia nguyén tir thit k trong 6 so cip thtr n 1a
P =d, + T, (2.5. 1)
Va1 T la ban kinh vecto xac dinh vi tri cua nguyén tir thir k, con @ p =nzd 1+ npd ,+ N3d 3
Goi uy*1a d6 dich chuyén khoi vi tri can bang ctia nguyén tir thi k trong 6 so cap thi n:
= VEia=X, Y, Z.
Phuong trinh chuyén dong cta nguyén tir dang xét 1a

. oU
mkUEa :——k . (25 2)

no

Thé nang U co thé khai trién thanh chudi theo cac uknu.
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2
U= 1 & uﬁauh-ﬁ +
2 ouk ouk
n,n' kK, a,Bl MnaUn'g g, 25.9)
. 5.
1 Y k K A K"
te > PR Ung UnpdU ey + ...
n,n',n" k k' k" a.B,y| OUneOUn'gdunty 000
Trong (2.5.3) ta gi6i han & s6 hang béc 2 thi phuong trinh (2.5.2) tré thanh
N ou o°U g
mkuha == k = k kl u[|§'[3’ (2.5. 4)
OUng, n',k'g UneOUnp
trong don=1,2,3..N; k=1,23...s; a, B = X,y,Z.
Nghiém cua (2.5.4) 1a
1 (63 —
uf, = ———Ak (qe' @ (25.5)

VMg
Trong (2.5.5) néu ta thay G bingq'=q + Bg thi
q'dn =qap +2m(nN19; +Npgp +N3g3) =qdp + 27K,
lic d6 (2.5.5) tr6 thanh

(Uﬁa)z 1 Akei(@a, —on) _ 1 Al&ei(q.an—mt)_eiznk:(uha)_

Jme Jme
Nhu vay song ¢ vecto song §' tring véi song ¢ vecto song § . Pidu ndy co nghia Ia
va §' tvong duong nhau vé mit vat 1y. Tuong ty nhu truong hgp mang mét chiéu ta co
thé khao sat su bién thién ctia § trong mot khoang giéi han nao d6. Pit a,= d; va Bg
= bitadwoc §.4;=(G+bi)ai=q a;+ 2n. T d6 suy ra rang dai luong § & ; lu6n ludn
c6 thé 1ay trong khoang 2:

-n<qga <+mn (i=1,2,3). (2.5. 6)

Thay nghiém (2.5.5) vao phuong trinh (2.5.4) ta dugc

o’AS =Y DES A (25.7)
k'p
trong d6
o 1 o’U  ig(an-a
Dy (@) =3, e ) (25.8)

k k'
A MMy OUp,OUpng
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duoc goi la phén tor ma tran dong luc cua tinh thé. Trong ma tran nay chi sb doi ( j
o

. k' .
chi s0 hang con [B] chi cot. HE phuong trinh (2.5.7) c6 thé viét lai nhu sau:

3 DK — 026140005 A5 =0 (K=12..5 0,b=xy.2).  (25.9)
k'p

Hé phuong trinh (2.5.9) c6 nghiém khong tim thuong khi dinh thirc ctia hé bang khong:

‘D'&E —@Zskk-saﬁ‘ 0. (2.5. 10)

Day 1a phuong trinh bac 3s déi véi ®? va cho 3s nghiém thuc wi(4) =1, 2, 3...35).
Trong s6 3s nghiém nay c6 3 nghiém tng v6i o(G) > 0 khi § > 0, cac nghiém nay
ung voi dao dong 4m hoc. 3s -3 nghi€ém con lai ung vdi cadc dao dong quang hoc vi
chung khong tién t6i khong khi §> 0 Nhu vy dao dong cua tinh thé co 3s nhéanh,
trong c¢6 3 nhadnh am va 3s - 3 nhénh quang.

2.6 TOA PO CHUAN CUA DAO PONG MANG

Ta thay rang dang tong quat nhat cua dao dong cta nguyén tir trong mang tinh thé 3
chiéu phirc tap 1a tong ctia biéu thirc (2.5.5) voi cac gia tri khac nhau cta vecto song §

va tan s6 o(§).Dé dua ra toa do chuin cho mang 3 chiéu, ta dinh nghia vecto riéng
€jk(0) cua ma tran dong lyc Dlélg @)
> D (@)jiep (@) = 0 (@)e o (@), (26.1)
k'B
trong d6 ejka (0 = X,y,z) 1a cac thanh phan cua vecto riéng, con (Dzj(q ) 1a tri riéng thu j
cua ma tran dong luc.

Ta dua ra toa d6 chuan phirc aj( g ,t) qua h¢ thirc

k

Upa = \/—Ze,m(Q)a (G, )", (26.2)

trong do w12 thanh phan thtr a cia do 1éch cia nguyén tir (n, k). N 1a s6 6 so cip. Vi
q lay N gia tri, j: 3s gi4 tri nén ta c6 ca thay 3sN dai luong phuc aj(q). Biéu thirc cua

2j(G ) dugc biéu dién qua u¥o nhur sau

2;(d) = Z\/_una ko @B (2.6.3)

nk(x

C6 thé chimg minh rang dong ning va thé ning cua nguyén tir 1a
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. 2
Pongning T== ka(una) Z\aj(q,t)\ . (2.6. 4)
nka qj
. 1
Thé ning == Z =k, uk =—zm (@ ]a;(@?. (2.6.5)

Ning luong toan phan cta nguyén tir trong mién co ban cua tinh thé 1a
1 . _ N 12
E:T+U:EZhaj(q)|2 +coj?(q)|aj(q)| ] . (2.6.6)
aj

Tir biéu thirc nay ta thay rang ning luong dao dong ctia nguyén tir trong tinh thé bang
2 > 1. .

tong nang lugng dao dong cuia cac dao dong diéu hoa doc 1ap cé dong nang > ENC)) |2

va thé ning %coj2 @) 1a; (ﬁ)z, vi vy dai lugng aj(q) dugc goi 1 toa do chuan tic phirc.

Nhu viy, ta c6 thé quan niém nang luong dao dong cua tinh thé theo hai cach khac
nhau:

(i) B6 1a tong cla nang lugng cia cac nguyén tir dao dong phu thudc nhau va cd
dong nang phu thudc vao dao ham cua u¥ con thé nang thi phu thude vao T

(ii) Do 1a tong nang luong ciia cac dao dong tir didu hoa doc 1ap co nang lwong
phu thudc vao toa do chuén aj(q) va dao ham cua ching.

Vi toa d6 va van tdc 1a cac dai lugng thuc nén ta dua ra toa do chuén thuc Qj(g) duoc

xac dinh theo biéu thuc:
;@) = | Q@+ ——0;(@ | (26.7)
. V2| ! ( ) -

Ning luong ctia toan phan cua tinh thé c6 thé viét duéi dang:

1 22, _ _

> 2[Q @+ o @QF @] (26.8)

q.]

Ta dua ra xung luong suy rong thuc Pj(q ) theo dinh nghia

— 2.6.9
J()GQ()Q() (26.9)

Luc d6 biéu thirc cia nang luong co thé viét dudi dang
1 2,0 1 2, o,
E=Y [P @+ 0] @QF @] = HQP). (2.6. 10)
G.J

trong do H(Q,P) 1a ham Hamilton ctia hé



Chuong II: Tinh chat nhiét ctia chét ran 35

2.7 SU LUONG TU HOA DAO PONG MANG. KHAI NIEM
PHONON

Toan tir Hamilton trong co luwong tir twong tmg v6i ham Hamilton cua dao dong chudn
tic (2.6.10).

~ 1.
H= Z[E (q)+ OF (q)Q (@1 (2.7.1)
a.]
Trong Q-biéu dién thi @ i@ =Q;@) ; ﬁ>j (@) = —in GQ?(Q)’ nén hé thic trén tro
thanh
HQ.P) =Y S B YL (2.7.2)
a2 Qi@ 2

Ta thdy rang mdi thira sé trong ngodc { } ctia (2.7. 2) chinh 1a Hamiltonian ctia mot dao
dong tir didu hoa tuyén tinh véi toa do Qj(G), tan s6 wj(G) va khdi luong bang don vi.
Nhu vay ham song cta hé bang tich cta cac ham song ung véi mot dao dong tir didu
hoa noi trén, con ning luong ciia hé thi bang tong cac ning luong tuong tng.
Ta xét mot thanh phan cia (2.7. 2), khi d6 phuong trinh Schrodinger tmg voi mét dao
dong tr c6 dang

72 82\|1

1
———2+—w2Q2\|/ =y . (2.7.3)
2 5Q° 2

Theo co hoc lugng tir, nghiém ctia phuong trinh nay la

Nang lugng e= en=hAwW(N + %), (2.7. 4)
1 , o2
Ham song v =yn(Q) = e eQ /2 " K—} Q} : (2.7.5)
V2N NI h
Nhu vay ning luong toan phan cua tinh thé 1a
E=> aw(d)[Njg + _] (2.7. 6)

5

Néu chon gbc ning luong tai ning lwong khong thi

E=> aw(d)Njg. (2.7.7)
G
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Nhu vdy ning luong cia tinh thé bao gdm tong cac dai luong hoj(q) ma ta goi 1a nang
lwong cua mot chuin hat twong tmg véi dao dong cua mang tinh thé. Chudn hat nay
duogc goi la phonon. Tuong ty nhu photon 1a lugng tir ciia anh sang, phonon 1a luong tir
cua dao dong mang c6 nang luong & = 7wj(q) va xung lugng P =74§. O trang thai can
bang nhiét, s phonon trung binh c6 nang lugng Aw;(§ ) duoc xac dinh bai cong thirc

Planck

— (27.9)

ig hwj(q)
e et 1
2.8 LY THUYET NHIET DUNG CUA MANG TINH THE

2.8.1 LY THUYET CO PIEN VE NHIET DUNG CUA TINH THE

Z|

Theo 1y thuyét nhiét dung c6 dién thi cac nguyén tir trong vét ran thuc hién cac dao
dong diéu hoa theo cac phuong bat ky. Tuy nhién ta c6 thé xem ching dao dong theo 3
phuong doc 1ap nhau. Do d6 mdi bac tu do ciia nguyén tir tmg v6i 1 dao dong diéu hoa.
Vay vat ran c6 N nguyén tir dugc xem nhu 1a mot hé c6 3N dao dong tur diéu hoa cd
dién doc 1ap nhau va c6 cung tan s6 w. Néng lugng ciia mot dao dong tir 1a

€= %mv2 + % m o*X2. (2.8.1)

Nang lugng trung binh ctia 1 dao dong tir la

) m(vZ+w?x?)
- 2 2420 2kT
2mJ'J.(v +m°X)e dx.dv

<e>= [ef(e)de = D

‘ ﬂ e 2kT  dx.dv

Tinh todn cong thirc nay ta dugc

<g¢> =KkT. (2.8.2)
Nhu vay ning luong cia vét rin theo c¢b dién 1a

E = 3N<e> = 3NKT. (2.8.3)

Nhiét dung riéng dang tich cta vét ran 1a
Cy= % =3NK. (2.8.4)
aT )y

Nhu vay, nhi¢t dung riéng cta vat ran 12 mot héng ) khong phu thudc nhiét do. bay
chinh 1a ndi dung cta dinh luat Dulong-Petit dugc tim ra b::ing thuc nghiém. DPinh luat
nay phu hop kha tét v6i cac gia tri thyc nghiém vé nhiét dung toan phan ciia nhidu chét
rin ¢ nhimng nhiét 6 twong ddi cao (ké ca nhiét d6 phong). Nhung ¢ nhiét do dii thap thi
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dinh luat nay bi sai 1éch. Trén thuc té nhiét dung giam khi nhiét d6 giam va tién dén gia
tri khong khi nhiét d6 T = 0.

2.8.2 LY THUYET NHIET DUNG CUA EINSTEIN

Nam 1906 Einstein da dua ra mét 1y thuyét don gian nham giai thich viéc nhiét dung
giam khi nhiét d6 giam. Theo Einstein, tinh chat nhiét cia mang tinh thé chia N
nguyén tir dao dong c6 thé giai thich nhu tinh chat nhiét cua 3N dao dong tir diéu hoa
mot chiéu doc 14p co cung tan sb. Sau d6 Einstein dd luong tir hoa niang lugng cac dao
dong tir 4y theo phuong phap ma Planck d3 thuc hién khi nghién ctru 1y thuyét birc xa
nhiét. Nhu vay theo Einstein ning lugng ctia mdi dao dong tir 1a

en = Nao,N=1/2,2,3... (2.8.5)
Ning luong trung binh ctia mdi dao dong tir 1a

<g>= z ENWN ,
N

trong d6 wy = c.e —/T 13 x4c suat dé o trang thai can bang théng ké dao dong tir co

< <A cn 2 , £ N 1
ndng lugng en. Do diéu kién chuan hoa xé4c suat ZW N =1 nén c= W
N (&
N
Vay
SNe—sN /KT
<g>=NL (2.8. 6)
Ze—sN /KT
N=0
Thay (2.8.5) vao ta dugc
3 —Nhe/KT
NZ=O N7we (e 4 27T 4 ) .
<g>= - = - _ . .0.
3 e_th/kT 1+e holKT +2e 2ho/KT +) ( )

N=0
Ta tinh (2.8.7) bang cach phuong phap doi bién sb: x = —AwW/KT, lac d6 ta s& tinh duoc
d X 2X
<ge>=hw— In(l+e” +e” +..).
dx

S6 hang ¢ trong déu () 12 mot cAp sb nhan Iui (geometric progression/ geometric
sequence,) cong boi (scale factor/multiplies) 1a q = e*. Tong (geometric series) cua cip
sd nhan nay 1a S = 1/(1-q) = 1/(1- ).

Vay
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<g> = hwdi In[(1/ 1-e*)] = aw/ (e * -1).
X

Hay cuoi cung ta dugc

ho
<E€ >:W . (288)
Ning luong cua vat ran 1a
E=3N<e>=3N— 12 (2.8.9)
e" —1
Nhiét dung riéng tuong ung la

Ta xét hai truong hop tng voi 2 mién khac nhau cta nhiét do:
(i) O nhiét do cao thi Aw/kT <<1, lac d6 trong (2.8.10) ham mii & tir s6 bang 1,
con & mau sd ta dung phép khai trién ham e mi, lic d6 (2.8.10) tré thanh
Cy = k.3N.
Nhu vay ¢ nhiét d cao Cy = 3Nk dung theo dinh luat Dulong-Petit
(ii) O nhiét d6 thap. Trong (2.8.10) ta dat x = Aw/KT va Fg(x) = x%e*/(e*~1)? 1a
ham Einstein. Luc d6
Cv =3NKFg(x). (2.8.11)
O nhiét d6 thap thi x >>1 nén ham Einstein tré thanh Fg(x) ~ X% ¥, do d6
Cv =3Nk. x% % = 3NKk. (Aw/kT)%e™ "WKkT, (2.8.12)
Tir (2.8.12) ta thiy khi T=>0 thi Cy = 0 theo ham e mil. Trong liic d6 cac két qua thuc

nghiém lai cho théy rﬁng trong mién nhiét d6 thép Cy ti 1€ v6i lliy thira bac 3 cua nhiét
d6. Vi vay 1y thuyét nhiét dung Einstein khong phti hop thuc nghiém & nhiét do thap.

2.8.3 LY THUYET NHIET DUNG CUA DEBYE

Ta thdy rang nguyén nhan cua sy khong phil hop thyc nghiém cua 1y thuyét Einstein 1a
viéc cho rang cic dao dong tir trong vét ran la doc lap va co cing tan sd. Thuc ra cac
dao dong tir nay 1a dao dong lién két, két qua 1a c6 hién twong séng truyén trong tinh
thé. Nang luong trung binh ciia mdi séng chinh 1a ning luong trung binh cta dao
dong®”;

™ Xem thém gido trinh Nhiét dong luc hoc va Vat 1y théng ké ctia Vii Thanh Khiét, NXB "PHQGHN”,
Ha néi, 1996.
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_ ho;(4)
<81(q) >=W

e keT _1

Nhu vay ning luong trung binh cia toan bé tinh thé 1a

(2.8. 13)

Trong mang tinh thé thuc t& vecto G co gia tri bién thién khong phai lién tuc va thanh
ting phan gian doan. Nhu viy mdi gia tri ciia vecto séong § Gng v6i mot thé tich
(2n)*/V & trong khong gian mang déo (khong gian vecto séng § ), vi vay tdng theo {
dugc chuyén thanh tich phan. Nhu vdy ning luong cia tinh thé don gian co6 N nguyén tir

(i=3)1a

= 2y (2.8. 14)

3V J' hw;(4) da

. @K g
Pé tinh duoc nang lugng theo (2.8.14) ta phai biét duoc dang cua su phan cuc (su phu
thudc cia tan s ® vao vecto song § va ta phai biét dang ctia mién Brillouin. Pay la
mot diéu kho khin, vi vay Debye d dua ra cach tinh gan dung cong thic (2.8.14) bang
mot sO gia thiét sau:

(i) Thay mién Brillouin bang mdt hinh cau c¢6 ban kinh qp dic trung cho ting vat

rin. Gia tri qp phai dugc chon sao cho hinh cau niy ciing c6 thé tich bang mién
Brillouin tirc 12 ciing chira ciing mot sé diém q;

(41/3)q% = NQ2r)*IV > qp = (6°N/V)H3 (2.8. 15)

(i) Tan s6 phu thudc vecto song theo dang: wj(q) = ugq, trong d6 u 1a vén toc
truyén séong am dan hoi. Nhu vay (2.8.14) tré thanh

V huq ~
E = oy 3N| v —7 99 (2.8. 16)
q

Trong hé toa do cau d § = gdgsin6dode. Vay

_ Vv 9o huq ) T . 2n
. (Zn)3 BNE[ehuq/kT _1q dqi[Sln edegd@_

Vi tich phén theo 0 bang 2 va tich phan theo ¢ bang 27 nén biéu thirc ctia nang luong 1a

E (2.8.17)

3V % nugidq
o 22 _([ehuq/kT 1’

Cong thirc nay co thé viét lai theo tin s6 ®
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(2.8.18)

“p hoogdoa
J. hw/kT
0

Tén s6 gi61 han wp duoc tinh tir diéu kién: téng ) song béng s6 bac tu do cia hé
®p
IZ(m)dm =3N, (2.8. 19)

Z(ow)dw chinh 1a sd séng trong khoang tn sb tir @ > o + do. Z(®) duoc goi 12 ham
phan bd tan sb. Cong thirc (2.8.18) bay gidr duge viét theo Z(w) nhu sau

E= TZ(Q)) <eg>dow. (2.8. 20)

So sanh (2.8.18) va (2.8.20) ta duoc biéu thirc clia Z(w)

vV,
Z(0) =— @2, 2.8.21
(w) 23 ( )

Thay biéu thirc nay vao diéu kién (2.8.19) ta tim duoc biéu thirc cia van toc u

3 _ Var
67°N

(2.8.22)

Ham phan bo tan s6 c6 thé viét lai nhu sau

INw? /@S khi o > o
Z(w) = { b _ D }
khi op <o

Thay biéu thirc ciia u vao (2.8.18) ta duogc

E=

®p 3
9N I ho’do (2.8.23)

kT4
O 0 ek _q

Ta tinh (2.8.23) bang cach di bién s6
Pit x = hw/kT, lic do

ONK*T* "? x3dx

E= .
oy pe*-1

Ta ky hiéu iwp/k = Tp 1a nhiét 4 Debye, thi biéu thuc cua nang luong tré thanh

4 Tp/T 3
g = INKT [ X ax —3NkTD(TDj (2.8.24)

trong d6 D(Tp/T) 1a ham Debye
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Tp/T 3
D(T—Dj:( 3 | xTax (2.8. 25)
T) (To/T)® 3 e -1

Ta xét cac mién nhiét dd khac nhau

(i) O nhiét d6 cao: T >> Tp luc d6 biéu thire dudi ddu tich phan trong ham Debye
¢6 thé viét nhu sau
3 1 1.4

X _x2_Zx®yx
e* -1 2 12

Lac d6 ham Debye tré thanh
D(To/T) = 1—§(T /T)+i(T IT)? -
° g P 20" °
Biéu thirc ctia ning luong (2.8.24) tro thanh
3 1 2
E= 3NkT[1—§(TD /T) +%(TD Ime-.1.

Vi vay nhiét dung riéng cua tinh thé & mién nhiét d6 cao 1a
CV = 3NKk.
Két qua nay phu hop véi dinh luat Dulong-Petit

(ii) O nhiét d6 thap sao cho T << TD thi cén trén cua tich phan ¢ trong ham
Debye co thé 1iy bang oo, do d6 tich phan 4y trd thanh

o0 X3
j—dx=n4 /15.
e -1

Biéu thtic ctia nang luong bay gio 1a

4
E_ § NkTn .
5 T3
Vay nhiét dung la
3
cy=22 Nkf“ T3 = 23aNK —— | | (2.8. 26)
5 T3 T,

Nhu vay, theo 1y thuyét Debye, khi nhiét 46 cua tinh thé T 0 thi nhiét dung cta tinh
thé do dao dong mang Cy = 0 theo dinh luat liiy thira 3 cta nhiét d6. Ly thuyét nhiét
dung Debye hoan toan phu hop véi thuc nghiém ¢ mién nhiét d6 du thap sao cho trong
vat ran chi ¢ nhirng song am dan hdi duogce tao nén. Khi tinh thé & mot nhiét do nhat
dinh thi nhi€t o Debye c6 mot gia tri xac dinh. Bang 2.8.1 cho mdt ) gia tri cua nhi¢t
do Debye ctia mot sb chit co ban.
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Bang 2.8.1
Chit |Be Mg Fe Pd Cu Au Cd Pt Al C(Kimcuong)Si Ge
Tp(K) | 1160 406 467 275 339 165 300 229 418 2000 658 366

Can nhin manh rang 1y thuyét nhiét dung Debye ciing chi 14 gan dung vi n6 dua trén hé
thirc tan sic W = u.q, ma dinh luat nay chi dang trong trudng hop giéi han & song dai.
Hon nita nhiét d6 Debye bién thién theo nhiét do cua tinh thé (tuy khong 16n 1am).

Trong khao sat noi trén ta chi xét nhiét dung cho tinh thé don gian (6 so cip chira mot
loai nguyén tir). Di véi tinh thé phuc tap thi ta chi c6 thé ap dung mau Debye cho
nhirg nhanh 4m hoc. Con dbi v6i nhitng nhanh quang hoc khi w khong bién ddi nhiéu
theo q thi ta dung mau Einstein.

2.9 SUNO Vi NHIET
Trong 2.8 khi xét dao dong clia cac nguyén tir trong vat ran ta da ching dao dong diéu
hoa chung quanh vi tri can bang. Luc va thé niang twong mg trong trudng hop nay 1a

f=-px va Uix)= %BXZ.

Tuy nhién néu xem cac nguyén tor dao dong diéu hoa thi khi xét hién twong dan n&
nhiét ctia vat ran s& gap kho khan vi hién tuong nay lién quan dén tinh chét phi diéu hoa
ctia dao dong cuia cac nguyén tir. Thyc té dao dong clia cac nguyén tir twong Gmg voi thé
nang co6 dang

U(x) = ox* — gx* — fx"... (2.9.1)

Trong d6 hai s6 hang sau twong (mg v6i dao dong phi diéu hoa ctia nguyén tir. S6 hang
thir hai 1a s6 hang phi diéu hoa mé ta tinh bat déi xing ciia luc tuong tac giita cac
nguyén tir. S6 hang thir ba mé ta sy giam dao dong & bién do 1on...

Goi x 1a d9 léch ciia nguyén tir khoi vi tri can bang thi x4c suat dé nguyén tir co do léch
X tuan theo phan bd Boltzmann

p(x) = Ag VKT (2.9.2)
Heé s6 A duogc xac dinh tir diéu kién chuan hod

[p()dx=1-> A JeV0KTgy =1,
Hay

A = 1/JeVKTgy . (2.9.3)

b3 1éch trung binh cua nguyén tu
<X >= IXp(X)dX : (2.9.4)

Thay (2.9.1) va (2.9.2) va (2.9.3) vao (2.9.4) ta duoc
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o0 o0
23 4
Ixe —U(x)/KT dx Ixe —(cx“—gx>—fx*) /KT dx

<X>=2 == .
o0 o0
J’e—U(x)/kT dx J‘e—(cxz—gxs—fx“)/kT dx
—00 —00

Vi cac hé s6 tmg véi cac sb hang phi diéu hoa bé, nén ta thuc hién phép khai trién
e(@3 DK _ 1 4 gx3 /KT +fx* /KT.

Biéu thirc cia <x> tré thanh

% 4 5 o
I (x+gx+lix)e KT dx
<X>=—= YR (2.9.5)
j Q+== )e T dx
Str dung tich phan Poisson ta tinh dugc
3V /4.(g/c)(KT /c)®?

<X

- Jr(KT10)Y? +3Jr 14.(f Ic) (KT /c)*¥? (2.99)

S6 hang tht hai & mau s trong biéu thirc trén dugc bo qua vi ti s6 (f/c) nho. Két qua ta
duoc

3
<x>=>3yr1. (2.9.7)
4c
Gia su ta xét theo phuong x, vi khodng cach trung binh gitta cdc nguyén tir tdng theo
nhiét d, nén vt ran bi dan no. Hé s6 dan no dai dugc dinh nghia theo biéu thirc

_<X> E&E (2.9. 8)
ar 4¢2a’

trong d6 a 1a khoang cach giita hai nguyén tir. Nhur vy, ta thay hé s6 dan nd nhiét phu
thudc vao sb hang phi diéu hoa g.

Tir (2.9.8) ta thdy hé s6 dan n& nhiét o 14 mot hing sb. Piéu nay chi dung & nhiét do
cao. O khu vuc nhiét d6 thdp T<Tp thi nguoi ta chimg minh duogc ring o s& ti 18 véi liy
thtra 3 cua nhiét do.

BAI TAP CHUONG II
2.1  Chtrng minh cong thirc (2.82)

2.2 Chung minh ring biéu thirc ctia ning luong trung binh cia mot hé cb dién co thé
viét dudi dang
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<E> = szdh’]Z

, vOi1 Z la tich phan trang thai va c6 dang

Z = [[e E@PXTgndq, trong d6 q; xung lugng, q: toa do

2.3 X4c dinh nhiét dung tinh thé mot chiéu néu dao dong ctia nguyén tir 1a phi diéu
hoa véi thé ning c6 dang: U(X) = cx? - gx°.

2.4 Chting minh cong thtrc (2.9.6)

2.5  Trong mot mach c6 N nguyén tir xép cach déu nhau. Ching té ring trong phép
gﬁn ding Debye, nhi¢t dung ctia mach ti 1€ véi T khi nhiét do thép.



LY THUYET CAU TRUC VUNG
NANG LUQNG CUA CHAT RAN

(c:{M}75]

3.1 MO PAU

Céu tric vung cua vat ran 13 co s& cua céc quan ni¢m hién dai vé co ché cua nhiing hi¢n
tuong khac nhau trong vat ran. Theo quan niém ndy electron trong vét rin c6 ning luong
thay dbi lién tyc trong nhiing khoang xac dinh ndo d6 (dwoc goi 1a ving cho phép), ngin
cach nhau boi cac mién gia tri khéng cho phép cta ning luong (goi 1 ving cam). S cac
trang thai kha di trong cac ving cho phép 1a hitu han, do dé sé electron trong céc ving d6
cling hitu han (do nguyén 1y Pauli). Sy dich chuyén electron tir viing nay sang ving khac
lién quan dén su bién d6i mot lugng ning luong khong nho hon bé rong ciia ving cim.
Ning luong dé tao nén sy dich chuyén nay c6 thé 1ay tir ning luong cua dao dong mang, tir
nang luong anh sang hodc ning luong cua trudng ngoai. Vé mit 1y thuyét, cdu tric ving
ctia tinh thé thu dugc nho viéce giai phuong trinh Schrodinger cho tinh thé sau mot s6 phép
gan ding dé don gian hod bai toan. Sau day chung ta s& khao sat xac dinh phd niang lugng
ctia electron trong vat ran dé di dén viéc xac dinh ciu tric ving ning luong.

3.2 PHUONG TRINH SchrOdinger CHO TINH THE

Vat ran duge xem nhu 1a mot hé nhiéu hat gém cac electron (hat nhe) va céac hat nhan (hat
nang). Mot cach tong quat phwong trinh Schrodinger cho hé nhu vy c6 dang

HY = EY, (3.2. 1a)

trong d6 Hamiltonian c6 dang (gia str hat khong ¢ trong truong ngoai)

HZ—

h2

—Z—+Z U(fi,Re) += U(RQ,RB) (3.2.1b)

2|¢] I

Trong (3.2.1b) thi hai s6 hang dau 14 toan tir dong nang ciia cac electron va hat nhan, sb
hang thir ba 13 nang luong twong tac ciia timg cip electron, sé hang thu tu 1a ning lugng
tuong tac cua tit ca electron voi tit ca cac hat nhan, s hang thir nim 13 niang luong tuong
tac gilra cac hat nhan véi nhau. Ham séng cua tinh thé phu thudc vao toa do T; cua cac
electron va toa do I?{a cac hat nhan ¥ = W(T, Iia ). E 12 ning lugng cia tinh thé. Néu
giai dugc phuong trinh (3.2.1.a) ta s& tim duoc ham séng va ning lugng cua tinh thé tir 6
x4c dinh duoc cdu trac ving cua tinh thé. Phuong trinh nay chaa 3(Z+1)N toa do cua hat
(gia st tinh thé c6 N nguyén tir, mdi nguyén tir c¢6 sd dién tich 1a Z). Vi sb nguyén tir trong
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tinh thé 1a rat 1on (c& 5.10% nguyén tlﬁ:/cmg) nén sd nghiém cua phuong trinh rat 16n nén vé
nguyén tic khong thé giai dugc. Dé giai phuong trinh nay ngudi ta tim cach quy bai toan hé
nhiéu hat v& bai toan mot hat dua trén mot sé phuong phap gan ding, d6 phép gan ding
doan nhiét va phép gan dung mot electron.

3.2.1 PHEP GAN PUNG POAN NHIET

Trong phép gan dung doan nhiét hoic phép gin diing Born- Openheimer, ngudi ta tinh dén
dic tinh chuyén dong khac nhau ctia cac hat niang (hat nhan) va hat nhe (electron). Vi trén
thuc té hat nhan chuyén dong chim (dao dong quanh vi tri cin bing) nén ta ¢ thé coi
chung dimg yén. Trong trudng hop nay Hamiltonian (3.2.1b) tré nén don gian hon. S6 hang
thir 2 chi dong niang cua hat nhan tré nén bang khong. S6 hang thr 5 chi thé ning twong tac
cdp gitra cac hat nhan 1a mot hang s6 ma ta c6 thé cho bang khong néu chon gbc ning
luong thich hgp. Nhu vy, Hamiltonian (3.2.1b) tr¢ thanh Hamiltonian cta hé electron
trong tinh thé

- 12 1€ =0
He =Y ———Aj+=> —+> U(G,R%). (3.2.1¢)
- 2m 2= ii : o
i iz o
Ham soéng cua electron phu thudc vao toa dg cta cac electron va toa dg cta cac hat nhan

¥, = (T, ﬁi ). (3.2.2)

Phuong trinh (3.2.1) v61 Hamiltonian (3.2.1c) va ham séng dang (3.2.2) tré thanh phuong
trinh cho céc electron chuyén dong trong trudng cac hat nhan dting yén:

2 =0 1 e’ =0 50 50
—Z%Aiw(ﬁ,Ra)+ EZ_+ U(G.Ry) (Wi Rg) =Ey(f.Rg). (32.3)

i)
Trong phwong trinh nay R® khéng phai 1a bién s6 ciia phwong trinh vi phan ma 1a mot

thong sd. Phuong trinh (3.2.3) ciing 1a mot phwong trinh ¢6 nhiéu bién sd va khong thé giai
duoc mot cach chinh xac.

3.2.2 PHEP GAN PUNG MOQT ELECTRON

Phuong trinh (3.2.3) cho hé electron trong tinh thé ciing chua giai duoc vi tinh cong kénh
ctia nd. Ngudi ta chi giai dugce nd khi tim cach quy bai toan nhiéu electron nhu trén vé bai
toan mot electron. cach lam nhu thé dugc goi phép gan ding mét electron. Noi dung cua
phép gan dung nay 1a dwa bai toan cia hé electron twong tac vé bai toan cta hé electron
khéng tuong tac. Diéu nay co thé thuc hién duoc bang cach dua ra khai niém truong tu
hop. Gia str ta theo ddi chuyén dong cua chi mot electron nao d6, nd s& chuyén dong trong
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truong cac hat nhan va céc electron con lai. Lic do thé nang tuong tac cua electron vdi hat
nhan la

U(F1 Ta.. R%, R%.) =D U(Ty). (3.2. 4)

Néu ky hiéu truong gdy ra do cac electron con lai 1én electron thir i 1a Q(F;) thi ning luong
tuong tac gitra cac electron duogc biéu dién boi

1oe’ .

S LG (3.2.5)
255 i i

Truong thé Qi(F;) duoc goi 1a truong tu hop. Thé ning (T ;) cua electron thir i khong chi
phu thudc vao chuyén dong cua cac electron con lai ma con phu thudc chuyén dong cua
chinh electron d6. Vi truong (¥ ;) khong chi xac dinh chuyén dong ciia electron thir i, ma
con phu thude vao chinh chuyén dong cia electron d6, do dé trudng ndy c6 tén 1a trudng tu
hop. Trong (3.23a) Hamiltonian cta hé electron bay gio c6 dang

2
H=>H, =Z{—§—Ai +U(Fi)+Q(Fi)] (3.2.6)
- - m
I 1
Con ham séng cia hé bang tich cac ham song cia cac electron riéng 18
\IJ(F 1y T 2,...) = \|11(F 1). Wz(? 2)
Trong lic d6 nang lugng clia hé bang tong nang lugng ciia mdi electron

E:ZEi.

Nhu véy, phuong trinh (3.2.3a) 1a tong clia cac phuong trinh cho mot electron riéng 18
chuyén dong trong truong tu hop va trudng cac hat nhan

{_ﬁAi +U(?i)+Q(Fi)}W(Fi):EiW(Fi)- (3.2.7)
2m

3.3 CHUYEN PONG CUA ELECTRON TRONG TRUONG TUAN
HOAN CUA MANG TINH THE

Nhu trén da khao sat, khi dua ra khai niém truong tu hop ta da quy bai toan nhiéu electron
thanh bai toan mdt electron vdi phuong trinh Schrodinger cho boi (3.2.2). Cac truong
V(Ti) va Q(F;) co thé hop nhét thanh mot trudng V(F) = U(F)+ Q(T) (ta da bo chi sb i).
Truong V(T) dugc coi nhu 1a mot ham cua toa dd co tinh tudn hoan véi chu ky ciia mang
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V(F+ @) = V(F), (3.3. 1)

trong d6 @, =nyd 1+ Nyd,+nNn3ds, voicac a;la vecto co sé cua mang.

3.3.1 PHUONG TRINH SCHRODINGER CUA ELECTRON TRONG TRUONG
TUAN HOAN

Nhu vay, ning luong va ham song cia electron trong tinh thé 1a nghiém cua phuong trinh

[_ﬁA + V(T )}\y(? )=E w(), (3.3.2)
2m

v6i V(T) thoa man diéu kién (3.3.1).

(i) Néu electron trong tinh thé 1a hoan toan tu do thi V(T) =0, luc d6 phuong trinh

(3.3.2) trd thanh .

2 A

—;—Aw(f)=E ().
m

Nghiém cta phuong trinh nay 1a

w(f)=AekT

bay chinh la dang ham séng cua song

phang. Ning lugng cua electron tu do K

trong tinh thé c6 dang

2 20 2 Hinh 3.3.1: Phd ning luong clia electron tu do trong tinh
p° _ Ak (33.3)  hé(ruimghop 1 chiéu)

Eﬁ -rF _
2m 2m

Phé ning lugng cia electron trong truong hop nay c¢6 dang mot parabol dbi xting (Hinh
3.3.1).

(ii) Truong hop V() # 0 thi electron chuyén dong trong tinh thé chiu tic dung ctia
truong tuan hoan ciia mang. Luc d6 ham séng cua electron dugc coi 13 chong chat cua
nhiéu song phang tmg vai cac vecto song khac nhau

y(f) = | c(k)e* dk . (3.3.4)
k

Diéu kién tuan hoan (3.3.1) din dén nhing tinh chét xac dinh ctia ham song va phd nang
luong ca electron trong tinh thé.

Vi thé nang V(T) co tinh tudn hoan nén ta c6 thé khai trién thanh chudi Fourrier
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V() =YV, e, (3.3.5)
b

trong d6 V 13 hé s6 khai trién. Diéu kién tuan hoan (3.3.1) cho ta

ib(r+a,) _ ibF
Zﬁ:vae = ;Vﬁe ,

—

b.dn

Phuong trinh nay thod man v&i moi a néu; ¢ =1,

hay b.a,=2nn. (3.3.6)

Tur (3.3.6) ta thdy b chinh la vecto mang déo. Thay biéu thirc ctia ham séng & (3.3.4) va
biéu thirc cua thé niang ¢ (3.3.5) vao phuong trinh (3.3.2) ta dugc

2 - e o
[—h—A+ZV5.e'br]jc(R).e'krdR =E[c(k) ™ dk,
- ) )

2m
K K
hay
n% oo o R i [y KT 4 oy KT
to- [KZc().™ dk + > Vg e"" [c(k).e'dk = E[ c(k).e'"dk, (3.3.7)
My b k k
trong do6 ta da thay Aei_k’F = —kzeiRF :

Nhan 2 vé ctia (3.3.7) cho e Kot r0i 14y tich phan theo T, ta duoc

‘*‘%IKZC(E)I ei(lz_lzl)rdlzdr+ZVBIIC(E)ei(E+B_El)r-dFdE — EIC(IZ)J‘ei(IZ_IZl)FdFdIZ.
K r b 4 K T

K
Do tinh chét cua ham Delta-Dirac

[l K KT 47 — 2m)3 3K —Ky) va [FRIBK —ky)dK = f (Ky).
T k

Nén phuong trinh ¢6 thé viét lai nhu sau

hkf —E |c(ky) + > Vic(ky —b) =0 (3.3.8)

Thay k1 = k, thi phuong trinh (3.3.8) tr6 thanh tdng quat hon


DINHLE
Pencil
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h2k?
W—E c(k )+261v5c(k ~-b)=0. (3.3.9)

Day 13 hé phuong trinh vi phan cho ta xac dinh cac hé sb C(R), tir d6 ta c6 thé xay dung
ham song (T ) dua theo (3.3.4). Khi biét dugc tit ca cac c¢(k) ta c6 thé xac dinh duoc
trang thai ciia electron trong tinh thé.

Can luyu y rang phuong trinh (3.3.9) chinh 13 dang dai s6 ctia phuong trinh vi phan (3.3.2).

Trong phuong trinh (3.3.9) tng véi mdi cia E va k da cho, hé sb c( k) chi lién hé v6i hé
s6 ¢ K ") voi k va k' khac nhau mét vecto mang ddo: k'=k+ b. T d6 ham song (3.3.4)
c6 thé viét dudi dang tong

i (1) = S e +B)e kDT (3.3. 10)
3

Cac hé sb ¢( k+ B) thoa man hé phuong trinh sau

7% (k +b)? L o
~E [c(k+b)+ > Vic(k +b—Dby) =0. (3.3. 11)

2m b,

Giai hé phuong trinh (3.3.11) ta dugc cic nghiém 1a cac hé sb o k +B), tor do6 ta xac dinh
duoc ham song yk (T) theo (3.3.10) nghia la xac dinh dugc trang thai ctia electron trong
tinh thé tmg vdi vecto song k.

Hé phuong trinh (3.3.11) ¢6 nghiém khong tam thuong néu dinh thirc ctia hé bang khong
D(E, k) = 0. (3.3.12)

bay la hé phuong trinh cho ta su lién hé gilra nang luong va vecto song K. Nghiém cua h¢
13 E1(k), E2(K),... Eq(K). Nhu vy phd ning luong cua electron trong tinh thé dugc chia ra
thanh ting mién, trong mdi mién co gia tri ning lugng E bién thién theo gi4 tri cla vecto

song k.. Ttr d6 ta noi rang pho nang lugng cé cau trac vung.
Trong mdi ving, ning lwong 1a mot ham tuan hoan clia vecto séng K

En(k) =En(k — b). (3.3.13)

bicu nay c6 nghia la trong khong gian vecto song, nang luong & cac di€m cd vecto song
cach nhau mot vecto mang dédo la tuong duong nhau.
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Hinh (3.3.1) chi sy phu thudc ctia nang luong vao vecto song k trong mang tinh thé mot
chidu ¢ hing sb mang 1a a. Trén hinh chi 2 ving ning luong En(k) va Ensa(K), trong 2
vung ndy nang lugng cé gid trj bién thién tudn hoan theo k va dwoc goi 13 ving cho phép.
Céc ving cho phép cach nhau mot khoang trong d6 khong thé co gia tri ning luong. Ving
nay duoc goi 1a viing cam hay khe ning luong (bandgap).

AE

VAVA)
ana

SBnfa 2nfa w/fa 0 mwa 2m/a 3mfa k

Ving cim ;:meg cho phép

Hinh 3.3.1: Phé ning lugng cla electron trong tinh thé mot chiéu 6 hing s6 mang a

3.3.2 HAM BLOCH VA CHUAN XUNG LUQNG

Ham song (3.3.10) c6 thé viét lai nhu sau

v (F) = eiE.?ZB:C(R+B)eiB.? _ eiR.fuRm , (3.3.14)

trong do ta da dat

u(F) = Zglc(lz +b)e®". (3.3. 15)

Ham u () thoa man diéu kién tuan hoan
Uk (F)=ug(r+any). (3.3.16)

That vay, thay (3.3.15) vao (3.3.16) ta duoc
up(F+d,) = Zc(R+B)eib(?+a”) =>"c(k+ b)e Tl — up(f), vi ¢ ban_q
b b
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Ham (3.3.5) thoa man diéu kién (3.3.6) duoc goi 1a ham Bloch.

Dua vao biéu thire (3.3.14) va (3.3.16) ta thay rang song tng v6i chuyén dong cua electron
trong tinh thé c6 dang séng phang bi bién diéu vé bién do véi chu ky bang hing s6 mang.
Bay gid ta dua ra khai niém chudn xung luong Gmg voi trudng hop electron trong tinh thé,

twong tu nhu khai niém xung luong cho electron chuyén dong tu do. Tir hé thic (3.3.14) ta ¢6

I 2 TN X S P 0 X PSS o
w (r+a)=e""e""u (r+a)=e""e""u (r)=e""y.(r). (3.3.17)

Nhu vay, khi dich chuyén tinh tién tinh thé di mot vecto mang thuan &, thi ham song cia
electron thay d6i mot thira s6 pha el
Néu trong trudng hop electron tu do thi khi dich chuyén tinh tién mot vecto @ bat ky thi ta
c6 thé viét

w(f+a) =) +avVy(r)+..=(+av+..)w () =ey(r). (3.3.18)

Thay toan tir V bang toan tir xung luong P = -i 2V, thi (3.3.18) tr& thanh

w(F+a)=e" w(r). (3.3.19)

So sanh (3.3.17) va (3.3.19) ta thay vecto song k dong vai trd tuong ty nhu P/7 dbi véi
electron ty do. Tir d6 ta néi rang khi chuyén dong trong tinh thé, dudi tac dung cia truong
tuan hoan thi dai luong coi nk dong vai tro trong ty nhu xung luong trong chuyén dong ty
do va duoc goi 1 chuan xung luong. Giira xung lwong va chuan xung luong c6 mot s6 khac
nhau co bén:

(i) Khi electron chuyén déng ty do trong tinh thé thi [P,H] = 0, nghia 1a xung
luong dugc bao toan. Trong lic d6 khi tinh dén tuong tac cia truong mang tinh thé thi
[IS , I:I] # 0, diéu nay chimg t6 xung lugng khong bao toan trong trudng hop electron
chuyén dong khong tu do trong tinh thé. Pé dam bao dinh luat bao toan xung lugng trong
khong gian mang tinh thé ta phai thay xung luong bang chuan xung luong.

(ii) Chuédn xung lugng duoc xac dinh khéng don tri: Chuan xung luong nk vah lZl,

voi k1= k+ b thi twong duong nhau vé mat vat 1y. Diéu d6 ¢ nghia 1a trong khong gian

vecto song cac diém k va k+b 1a tuong duong nhau.
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3.4 PHEP GAN DUNG ELECTRON LIEN KET YEU
Ta biét rang dé tim ning luong cia electron trong tinh thé ta phai giai phuwong trinh
Schrodinger

H vy = Ey, (34.1)
trong d6 Hamiltonian c6 dang

H = (-h?2m)V? + V(T), (3.4.2)
trong d6 V(T) 1a thé ning twong tac cia electron véi truong tuan hoan ciia mang tinh thé.
Dbi véi cac electron hoa tri & 16p ngoai cung thi chiing lién két yéu véi cac 16i nguyén tu,
nén ta co thé xem thé niang V(¥ ) rat bé. Tir d6 ta c6 thé ap dung phuong phap cua 1y thuyét
nhiéu loan dé giai phuong trinh (3.4.1).

Y tuéng ctia phuong phéap nay 1a khi giai phuong trinh (3.4.1) ta xem thé ning V(T ) nhu 1a
toan tir nhiéu loan.

|:| = |:|0+V(F) = |:|0+ W,
trong do H o 14 toan tir Hamilton cho truong hop electron tu do thoa man phuong trinh
HowO(F) = (-722m).v2yO(7) = EyO(F). (3.4.3)

Phuong trinh (3.4.3) ¢6 nghiém 1a yO(F) = Ce'K-Tva ning lugng E® = n22/2m. Pay
ciing chinh 1a nghiém ctia phwong trinh (3.4.1) trong phép gan dung bac khong.
Theo két qua cua 1y thuyét nhidu loan thi ham séng va ning luong trong phép gan diing bac

nhét 1a

[wo W () (Fydr
Ham séng:  w(F) = l//f(f) + z r 5 ://lg, (3.4. 4)
ksk Elg - Elg-
Ning lugng E° = E2 + j p (P Ny (F)dF = EZ+ <V >, (3.4.5)

Nhu vay trong phép gan dung bac nhat, ning luong cua electron dich chuyén mot doan co
gia tri bang tri trung binh cua thé nang V so véi trudng hop electron tu do. Trong phép gan
dung bac 2 ta chi xét nang luong. Biéu thirc ning lugng c6 dang

(3.4. 6)
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Phén tir ma trdn V k' k trong (3.4.6) c6 dang

Vg = [wdV (P odr. (34.7)

Thay biéu thirc cua y° va V(F) vao ta duge

VE'E :l C lz J‘efiﬁ'.rzvaei‘.reiﬁ.rdr =| C |2 Z
T b b

o=

j el D gr (3.4, 8)

Trong khong gian hitu han c6 thé tich V thi ham séng cua electron tir do c6 dang
\VO‘k’(F) - Vl/2 eik T
va thoa man diéu kién chuén hoa
<’k (Fy’k (F)>=8k k. (3.4.9)
Tur d6 (3.4.8) tro thanh

V.. =S V.8(K,K'=b) 0 khi k=k-b (3.4.90)
- = . ) — = - . 4.Ya
o V. khi k=k-b
Vay s6 hang tht 3 trong (3.4.6) tré thanh
2 2
@ _v Vikl” Vsl
ER _ZEO 0 _ZEO 0 (3.4.10)
b E. —EL b B TEL &
k k k k+b

Nhu vy ta thay bo chinh ning luong trong phép gan dung bac 2 phu thude vao thira sé V
trong khai trién cua thé nang V(7 ) va nang luong trong phép gan ding bac 0 g voi cac gia
tri clia vecto song K va k+ b . S6 hang bd chinh nay nho khi Vb nho, nghia 14 thé nang V()
nho. Tuy nhién $6 hang nay khong thé coi 1a nho khi Vp #0 nhung E° K = E° K+b, hay

k?=(k+b)> > 2k.b +b?=0. (3.4.11)
Phuong trinh (3.4.11) chinh 1a diéu kién phan xa (phuong trinh Laue) cua electron trong

tinh thé. Nhu da khao sat & chuong 1, khi diéu kién nay dugc thoa thi vecto k nim & bién
cta vung Brillouin.

Trong truong hop nay ung véi maot gia tri nang luong ta c6 hai ham séng WO k va \yo K+b
nghia 1a mc nang luong cla trang thai khong nhidu loan bi suy bién bdi 2. Liic nay cac
cong thirc (3.4.4) va (3.4.10) khong ap dung duoc. Ta can ap dung phuong phap nhidu loan
dimg c6 suy bién.
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Nhu di biét & 1y thuyét nhidu loan, ham séng cua trang thai nhiéu loan 1a chong chat cua
cac ham song khong nhiu loan, vi vay ta khai trién sau

v =agy® M +ag 5w (). (34.12)
k k+b
Dé don gian ky hiéu, trong biéu thic (3.4.12) ta dat
0 (Fy —wre - w0 (FYmvrn oA - oA . —
vo(M=yy sy (N=vyy ag=a;ag ;=P
k k+b
Thay (3.4.12) vao phuong trinh (H o+ V) wk (F) = Eyk () ta dugc

(Ho +V)(oy1 +By2) = E(ayy +Byp) = (3.4.13)
aHoyy +BHow 2 +aVyy +BVy;) = E(ayy +By2)

Nhan v6 hudng hai vé cta (3.4.13) 1an luot cho <wyi| va <yy| va dé ¥ dén diéu kién truc
chuan (3.4.9) ta dugc

oE; + oV + BV12 =akE
BE2 + BV22 + aVa1 = BE,

trong d6 E; = E' :E,= E%. b, con phén to ma tran Vjj tuan theo h¢ thirc (3.4.9a). Néu
ta chon gbc ning lugng sao cho Vi3 = Vi = <V>= 0 thi hé phuong trinh trén tré thanh

OL(El - E) + Bvlz =0
aVo + B(Ez - E) =0.
Diéu kién dé hé phuong trinh nay c6 nghiém khong tam thuong 1a

Ei1-E Vp

=0. (3.4. 14)
Vo, E,-E

Diéu kién (3.4.14) cho ta mot phuong trinh bac hai ¢6 nghiém 13 ning luong E

E2 — (E1 + EZ)E + (E1E2) - V12V = 0. (34 15)
Nghiém cua (3.4.15) 1a

e-575 i\/(El B vy,
2 4

Chuyén vé lai cac ky hiéu ban dau
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0 0 0 0 12
R

+ MAVAE 3.4. 16
5 1 |V | ( )

E=

Tir (3.4.16) ta thdy khi diéu kién (3.4.11) duoc thoa mén thi ning luong duogc tach thanh hai
gia tri tmg voi ddu (+) va ddu (-) ¢ trude ddu can bac hai. Noi cach khéc tai bién cua ving
Brillouin thi mot mirc nang luong cia electron trong tinh thé bi tach thanh hai muc.
Khoang céch hai mtc nay la

AE=E,-E_= 2|Vp| (3.4.17)
A E,
Ving cdm
Viung cho phép
Ving cam
Ving cho phép
—2nfa -m/a 0 n/a dnja k -b/2 0 b2 k

Hinh 3.4.1: D6 thi clia sy phu thuoc ning lugng vio vecto séng trong tinh thé mot chiéu: (a) hing s6 mang la a

(b) Hang s6 mang bat ky

Db thi phd ning luong cua electron trong tinh thé khi xem thé ning cia truong tudn hoan
c6 gia tri bé dugc mo ta o hinh (3.4.1). Tir d0 thi ta thdy tai 1an c4n tAm ving Brillouin ning
luong bién thién theo k theo quy ludt Parabol giéng nhu truong hop electron tu do. Tai 1an
can bién cua viung Brillouin d6 thi ning luong c6 nhiing diém udn. Tai ngay bién ving thi
nang lugng chiu nhitng budc nhay. Truc ning luong c6 thé chia ra thanh timg doan tuong
g v&i cac gia tri cho phép va gia tri cAm cua niang luong. Hay nhu ta thudng néi ning
luong cua electron trong tinh thé ¢6 cdu trac ving.
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3.5 PHEP GAN PUNG ELECTRON LIEN KET MANH

Trong truong hop tic dung cua trudng mang tinh thé 1én electron khong duogc coi 13 bé thi
phép gan dung electron lién két yéu khong ap dung dugc. Ta phai sir dung phép gan dung
electron lién két manh. Y tudng cua phuong phap nay la:

Dé giai phuong trinh Hy =Ey, (35.1)
trong do: H =— (#°12m)A + V/(F).

Ta dung 1y thuyét nhiéu loan, trong d6 phuong trinh cho phép gin dung bac khong 1a
phuong trinh cho nguyén tir c6 1ap

|:| O\VO(F) = E\IIO(F),

trong do Ho = — (A42m)A + Vo(F), (3.5.2)

VGi Vo(T) la thé ning cua electron trong nguyén tir ¢6 lap. Dat H = Ho+ W. Lic d6
toan ttr nhiéu loan c6 dang

W = H — Ho=V(F) - Vo(F). (3.5.3)

Tir (3.5.3) ta thiy ring, toan tir nhidu loan bang hiéu giita trudng toan hoan cta mang tinh
thé va trudng ctia nguyén tir ¢ lap tai noi da cho. Pé tim ning luong cia electron trong
tinh thé ta phai xuat phat tir ham song ctia electron trong nguyén tir ¢o 1ap.

Chon géc toa do tai mdét nut mang nao do6. Vi tri cua
electron cia nguyén tir ¢ nit thir n dugc xac dinh boi ban
kinh vecto T ddi véi gbc di chon. Khoang cach cua
electron dén hat nhan nguyén tir thir n 1a |F — &, Ham
song cua electron & mdt trang thai nao d6 trong nguyén tir
thir n c6 dang o(|F — &@4,). Trong mau tinh thé c6 N

nguyén tir thi trang thai nang lugng E,” suy bién bdi N. Do
d6 ham soéng cia electron trong tinh thé trong phép gin
dung bac khong c6 dang:

Vo (1) =2 Cavo(F-dp). (35.4)
n
Chon C, sao cho ham y°k thoa mén diéu kién tinh tién
0/, = ikd, . 0=
\VR(r +ap) = ' an\VR(r) :

Tur d6
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C, _ 1 ke,

N

Ham (3.5.4) tré thanh
0sy 1 ikd -
\ua(l‘)z—Ze "yo(F-ap). (3.5.5)
K JN -

Ta tim ning luong trong phép gan ding bac nhat
E=E®+EWY (3.5.6)

trong do E® 14 bd chinh ning luong trong phép gan dung bac nhit, E® chinh 1a nang
luong cia electron trong nguyén tir ¢ 1ap. Theo két qua cua 1y thuyét nhidu loan thi

£ = LSS ety (-8, V() - V,(4,) Je Sy, (¢ -, )ar
1’“ - " , (35.7)
=ﬁZZe““E‘m‘ﬂ Ve (B [V (F) = V,(5,) Jw, (5,)dF,

trongdotadadat vt —an=pn.

Vi cac nat mang 13 tvong duwong nén biéu thic (3.5.7) khong phu thudc vao chi sé m va n
mot cach riéng ré ma phy thudc vao hiéu sb gitra ching, nghia 1a phu thudc vao vi tri twong
dbi ctia cac nat mang. Néu ditm =0thi 8, =0, pm= T, khi d6 z: N ( sb nat), biéu

thtrc (3.5.6) tr¢ thanh:

E=E@ + Y e™n [yo (MIV() - Vo )vo (n ). (3.5.8)

n r

a) Xét truong hop n= 0, luc do

E=@ 4 [wo (MIV(T) = Vo (NIw (F)dF EO, w>=E@®_¢c. (35.9

i

Vi tri trung binh cua toan tir nhiéu loan 1a mot h.':ing sb nén ta dit <W> = —C. Nhu vay khi
chuyén tir nguyén tir c6 14p sang nguyén tir trong tinh thé thi ning luong cua electron dich
chuyén mot doan C = —<W> khi chua tinh dén anh hudng ctia cac nguyén tir 1an can.

b) Xét trudng hop n # 0, nghia 1a tinh dén anh hudng cia cac nguyén tir khac 1én nguyén tir
dang xét (nguyén tir thar m). Néu n 16n thi khong c¢6 sy chong phi 1én nhau cta cac ham
song clia cac nguyén tir & xa nhau, do d6 tich phan trong (3.5.8) bang khong. Nhu vay ta
chi xét cac nguyén tir 1an can, nghia la khi n bé.
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bat
Js O (F) =V, (8w, (5,)F = ~A(n). (35. 10)

Tich phan duoc goi la tich phan trao ddi, né duoc xac dinh boi sy chéng phu 1én nhau cua
cac ham séng cuiia cic nguyén tir 1an can nhau cach nhau mot khoang & , va boi thé nhiéu
loan [V(T) — Vo(T)]. Piéu nay tuong tmg v6i su trao ddi electron cua cac nguyén tir cach
nhau 1 khoang &, . No6i cach khac electron khong dinh xt & mdt nguyén tu riéng ré ma
dich chuyén tir do trong tinh thé nho hiéu tng trao doi. Pay 1a mot hiéu ung luong tir do
tinh khong thé phan biét dugc ciia cac electron. Nhu vdy ning luong cua electron trong tinh
the 1a

E=E@ _c-Y Am)ekan . (3.5. 11)
n

Do cic nut trong tinh thé 1a ddng nhat nén A(n) = A = const, tir d6 (3.5.11) tro thanh

E=E@ _c_AY ekdn (35.12)
n

Ta xét cac mang cu thé:
- Mang 1ap phuong don gian: Cac nguyén tir & gan nguyén tir da cho c6 toa do (tinh theo
don vi hang s6 mang)
@0,0); (-10,0)
dnh =1(0,10); (0,-1,0),.
(0,0,; (0,0,-1)

Biéu thuc (3.5.12) trd thanh

E-g© —C—A(eikx'a Lo ikxa +eiky-a +e_iky-a +elkz 2 +e—ikz.a),
hay

E =E© - C - 2A[ coskya + cosk,a + cosk,a ]. (3.5.13)
- Mang 1ap phuong khdi tdm: Ta chimg minh dugc

E =E® - C - 8A[ cos(kya/2) cos(kya/2) cos(k.a/2) ]. (3.5.14)

- Mang lap phuong dién tdm
E= E(O)—C—4A[cos(kxa/2).cos(kya/2) + cos(kxa/2).cos(k,a/2) + cos(kya/2)cos(ka/2)]  (3.5.15)

Vi -1 < coskja < 1, nén nang luong ¢6 hai cuc tri 1a Enpin va Emax.
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Déi v6i mang 1ap phuong don gian
Emin = E® — C - 6JA|, (3.5. 16a)
Emax = E@ — C +6/A. (3.5. 16b)
Déi v6i mang 1ap phuong khéi tAm
Emin = E® - C-8|A|, (3.5. 17a)
Emax = E?Q — C + 8A. (3.5. 17b)
Déi v6i mang 1ap phuong dién tim
Emin=E@ - C-124], (3.5. 18a)
Emax = EQ — C + 12A. (3.5. 18b)

Nhu vy, khi tao thanh tinh thé tir cac nguyén tir tu do bang cach dwa ching lai gin nhau,
thi cac murc ning luong electron trong nguyén tir bit dau dich chuyén mot luong C va tach
thanh vung co bé rong AE. Gia tri cua bé rong nay phu thudc vao loai mang. DPéi voi mang
lap phuong don gian thi AE = 12|A|, d6i véi mang 1ap phuong khdi tam AE = 16|A|, lap
phuong dién tim thi AE = 24|A|. Néu tinh thé 1a v6 han thi ning luong trong ving s& bién
thién lién tuc. Néu tinh thé 1a hiru han thi do k gian doan nén gia tri ning luong trong ving
cling bién thién gian doan. Néi cach khac mdi ving ning luong chira mot s 10n cac mirc
con (Hinh 3.5.1).

E® E©_C E® —C + 6A HRZ =N

/

S g

—T/a 0 mt/a k

Hinh 3.5.1: Su tao thanh ving nang luong tir céc

nhau. Hinh 3.5.2: Su lién hé gilta nang lugng va vecto
song trong vung Brillouin thit nhat

Tt hinh v€ trén ta nhan thay rang khi nang

luong tang thi do 16n cua C cang 16n, nghia

13 cac mirc ning lwong phia trén ha xudng manh hon va tach thanh ving c6 bé rong 16n hon.
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Tir cic cong thire (3.5.16 - 3.5.18) ta ciing nhan thiy rang gia trj cuc dai cia ning luong Epmax
mg véi coskja = —1, nghia 13 k; = + /a. Py chinh 1a bién cta ving Brillouin thir nhét.

Trong khi d6 gié tri cuc tiéu cia ning luong Enin tng voi coskia = +1, nghia 13 k; = 0. Day
chinh 13 tAm cua vung Brillouin thtr nhét. Tir d6, tuong tw nhu phép gan dung lién két yéu
ta co thé v& so dd ving ning luong trong gidi han ciia ving Brillouin nhu sau (Hinh 3.5.2)

3.6 CAC KET LUAN RUT RATU LY THUYET VUNG NANG LUQNG
1) Pho ning luong cua electron trong tinh thé gdm mot diy cac ving. Khoang cac gia tri
kha di cua ning lugng duge goi 1a ving cho phép. Khoang céc gid tri cim cta ning lugng
ngan cach cac ving cho phép dugc goi 1a ving cam. Phép gan dung electron lién két yéu
cling nhu phép gan dung electron lién két manh déu din dén ciu tric ving ning lugng cia
vat ran.

Trong thuyét electron lién két yéu, sy tao thanh cic ving ning luong lién quan dén sy phan
xa Bragg cua song dién tir tai bién cac vung Brillouin.

Trong phép gan dung electron lién két manh, cic ving ning luong duoc tao thanh do sy
tach cac murc nang luong nguyén tir gdy boi tuong tac gitra cadc nguyén tir.

2) Ddi véi tinh thé c6 kich thudc hitu han chira N nguyén tir thi mdi ving ¢6 N mtrc con.
khoang cach giita cic mirc con ti 1& nghich v6i sb nguyén tir trong tinh thé.

3) Khi ning luong tang bé rong cuia ving cho phép ting nhung bé rong ciia viing cim giam

4) Céc electron lam day cac mirc nang lugng trong cac ving cho phép theo nguyén 1y Pauli:
trén mdi mirc nang lugng con ciia ving khong thé c¢6 hai electron. Vi sb electron trong tinh
thé 14 hiru han nén electron 1am day cac ving tir thap dén cao. Ving trén ciing duge lam
day (hoan toan hodc khong hoan toan) dugc goi 1a ving co ban. Ving cho phép tiép theo
hoan toan tréng dugc goi 1a ving tw do. Dé hiéu duoc cac qua trinh xdy ra trong chit ran,
chi can khao sat tinh chat ctia hai ving nay va bé rong clia ving cam.

Sau day ta s€ dua trén tinh chét nay dé phan biét kim loai, ban dan va dién méi theo ly
thuyét ving nang lugng. Ta phén biét hai truong hop:

-Trudng hop I: Khi viing co ban duoc 1am diy mot phan thi electron ¢ cac mic con trong
ving nay chi can mot luong ning luong rat nho (bang khoang cach giita cac mirc con) thi
electron c¢6 thé nhay Ién cac mirc cao hon dé trg thanh cac electron ty do sin sang tham gia
vao qué trinh dn dién. VAt ran c6 cdu triic ving nhu trén duoc goi 1a kim loai. Chu ¥ rang
vung bi 14p day mot phan c6 thé dugc tao thanh do sy chong 1én nhau mot phan cta ving
co ban hoan toan day va ving tu do ¢ phia trén (Hinh 3.6.1).
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-Truong hop II: Khi ving co ban dugc lap dy hoan toan va ving tu do hoan toan trong, thi
su chuyén electron giita cac muc con trong ving co ban (goi 13 ving hoa tri) bi cAm theo
nguyén 1y Pauli. Mudn c6 electron ty do thi phai co su chuyén electron tir viing hoa tri 1én
ving tu do (goi 1a ving din). Piéu nay thuc hién duoc khi electron ¢ ning lwong 16n hon
bé rong cua vung cam. Tuy thudc vao bé rong ciia ving cAm Eg ma ta chia vat ran thanh hai
loai: ban dan va dién moi (chat cach dién). Chat ban din thudng co6 Eq nho hon 2 eV. Vi
du nhu Ge ¢6 Eq= 0,66 ¢V, Si: 1,08 eV, InSb: 0,17 eV, GaAs: 1,43 eV. Chét cach dién c6
Eg 10n. Chfmg han nhu Kim cuong c6 Eq = 5,2 eV, Al,03: 7 eV. Can luu y la su phan chia
vat rdn thanh ban din va dién mdi co tinh tuong ddi va tuy thudc rat 16n vao nhiét do (Hinh
3.6.2)

3 3
3s
3s 2p
Eg
E, E, E,
\
Hinh 3.6.1: C4u tric ving cua kim loai Hinh 3.6.2: C4u tric viing cta ban dn va dién moi

3.7 PONG LUC HOC CUA ELECTRON TRONG TINH THE

3.7.1 PHUONG TRINH CHUYEN PONG CUA ELECTRON TRONG TINH THE.

KHAI NIEM KHOI LUQNG HIEU DUNG

Trang thai ciia electron trong tinh thé dugc xac dinh béi ham Bloch yk (F) = eik r
uk (). Van tdc chuyén dong cua electron chinh 1a van tbc nhom va duoc tinh theo biéu
thirc

Vv =dwo/dk = (1/n)dE/K = (1/h)V kE. (3.7.1)

Ta xét chuyén dong cua electron khi tinh thé dugc dit trong truong ngoai, chang han nhu
dién truong £. Ning luong cua electron thay d6i do cong ma dién truong thyc hién

trong khoang thoi gian dt 1a
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dE = F.v dt . (3.7.2)

VidE = ‘;—ESR nén theo (3.7.1) ta dugc

dE = h.v. dK. (3.7.3)
Tur (3.7.2) va (3.7.3) ta dugce
dk = F.v dt/av = (F,/h) dt

Lk _

ha - F 3.7.4
y ™ :. ( )

Néu ta cha y rang chuin xung lugng P = nk thi biéu thirc trén duoc viét lai nhu sau

- F, (3.7.5)

Nhu vdy chuyén dong cua electron trong tinh thé tuan theo dinh luat II Newton néu thay
xung luong bang chuan xung luong.

Ta tim gia toc chuyén dong cua electron trong tinh thé khi c¢6 truong ngoai

éﬂ_zg(d_EJ_i d°E |dk
dt ndt\dk) # |gk2 )dt

Néu dé y dén biéu thirc (3.7.4) ta duoc

2
] =hi2(_3k'§} F. = FJm* (37.6)

trong d6

( 1 j 1 8°e | ., _
- :_—1a1b_xayaz1
m*) "~ 52| akgokg

hay
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0%E 0%E 0%E

ok Okydky Okyok,
2 2 2

ﬁzhiz aka ai ZkZE aka aEk ’ (378

y X y y=hz

0%E 0°E 0%E
Ok oky Ok, Oky  OK3

duoc goi 1a tenxo nghich dao khdi lugng hi€u dung. Pay 1a mot tenxo débi xung. Néu chon
hé toa dg sao cho tenxo c6 dang chéo, thi ta co:

1 1
[mj :(ﬁ) O
of a

hay

(%j_ 1 8%E (3.7.8b)

0%E
ok 2
z

Déi v6i tinh thé 1ap phuong thi vi 3 phuong tinh thé twong dwong nhau nén

(I/my*) = (1/my*) = (I/m;*) = (1/m*).
Phuong trinh chuyén dong cua electron trong tinh thé khi chiu tac dung cua trudng ngoai
bay gio co thé viet:

Fe =m*dv/dt (3.7.9)
Néu dung khéi lwgng thudng thi phuong trinh nay ¢6 dang nhu sau

F. + Fi=mdv/dt, (3.7.10)

trong 40 F; 1a luc tac dung cua trudng mang tinh thé 1én electron. Nhu vdy, ta thiy ring
khéi lwong hiéu dung thay thé cho khéi luong thudng khi khong tinh dén tuong tic cia
truong mang tinh thé 1én electron trong biéu thirc cia phuong trinh chuyén dong. Khéi
luong hi€u dung 1a mot dai lugng dac thu va rat khac véi khéi luong thong thuong. N6 cod
thé duong, 4m, 16n hodc nho hon nhiéu 1an khéi luong thuong, diéu dé phu thude vao vi tri
ctia electron trong mién ning luong. Ta khao sat didu nay mét cach chi tiét hon.
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Theo két qua ctia phép gan ding electron lién két manh, biéu thirc ning luong cia electron
trong tinh thé phu thudc vao vecto séng k theo quy luat (3.5. 19)

E =E® - C - 2A[ coskya + coskya + coska ].
Chon géc toa dd sao cho C =0, ta sé co

E = E® — 2A[ coskya + coskya + coskza ]. (3.7.11)

Khi k c6 gid tr1 bé (¢ lan can tdm vung Brillouin hay day vung nang lugng) sao cho
kia <<1, ta c6 thé khai trién coskix theo kix:

coskix = 1 — 1/2(kix)?. (3.7.12)
Tur @6, hé thuc (3.7.11) tré thanh

E=EQ-6A+Aa2 K (ki + Kk, + k), (3.7.13)
trong do

K> = (ke + k2 + k).
Co6 thé viét lai biéu thirc (3.7.13) nhu sau

E=E®-6A +Aa’K®. (3.7.14)
So sanh véi biéu thirc ning luong cua electron tu do Eo=h?k? /2m véi do chinh xac dén
hang s6 ta co

m* = 1?/2a°A.
Vi A >0 nén ta thly m* >0, diéu nay c6 nghia 13 & gan ddy ving nang luong thi khdi luong
hiéu dung cua electron c6 gia tri duong. Nhu vay electron s€ dugc gia toc theo hudng cua

luc tac dung. V& d6 16n thi ta thiy khi A cang 16n, nghia 1 bé rong ctia ving 16n thi khéi
luong hi¢u dung bé va nguoc lai.

O 1an can bién ving Brillouin hay dinh ctia ving ning luong ta c6 thé viét: k; = + ni/a + q;.
Khai trién coskix theo kix rdi thay vao (3.7.11) ta dugc

E=EQ+6A- A% (3.7.15)
trong d6

0’ = (a4’ +aq’ +0)

Tuong tu nhu trén ta suy ra khoi luong hiéu dung & gan dinh ving c6 dang
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m* = —7%/2a°A. (3.7.16)

Vi A >0 nén ta thdy m* < 0, diéu nay c6 nghia la & gan dinh ving niang luong thi khéi
lugng hi¢u dung cua

electron c6 gia tri am. m

Nhu vay electron s¢
dugc gia tdc theo
hudng nguoc voi hudng

cua lyc tac dung. Vé 3o

\=

l6n thi tuong tu nhu
trén, ta thdy m* s& bé

khi bé rong cia ving
16n. Db thi su phu thude /

cia khdi luong hiéu

dung cua electron vao —m/a —n/2a 0 n/2a nt/a

vecto Séng k du'()’C bi€u  Hinh 3.7.1: Su phu thudc cua khoi lugng hiéu dung vao vecto séng k
dién trén Hinh 3.7.1 trong truong hgp mang mot chiéu ¢6 hing s6 mang a

3.7.2 MAT DANG NANG

Ning luong ctia electron trong tinh thé 1a mot ham cia vecto song k. Trong tirng vung cho
phép pho ning luong En( R) c6 nhitng cyc dai va cuc tiéu & mot sb gid tri ciia k. Gia s ko
la diém ung voi cuc tri. Ta co thé viét nhu sau

En(k) =Enlko* (k — ko)]
Khai trién En( R) thanh chudi theo (R - Ro) tai 1an can Ko, ta dugc:

- - 3
En(k)=En(ko)+ Z(Zin] (k koa)—i- Zz (ak E@kBJ (ka_kOa)(kﬁ_kOB)+
a /0

a=1

Vi nang lugng co6 cyc tri & k = konén sb hang thr hai ¢ vé phai ctia biéu thirc trén bang
khong. Tur do

Dé y dén biéu thirc ctia tenxo khdi lwong hiéu dung.
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(Lj _ 1 o
m* UB hz akaakﬁ .
Ta viét lai (3.7.17) nhu sau:

B B 2 3 3
En(K) = En(Ko) +h7 Z_:lgl (#j B (Kg —Kog)(kp —kop) +.  (3.7.18)

Néu tenxo khdi lwong hiéu dung c6 dang chéo (3.7.8b) thi

2 3
En(K) = En(Ko) +h7 Z[ﬁj (Ko —Kog)? - (3.7.19)
a:l (04

Cho Eq(k ) = const thi phuong trinh ndy cho ta xac dinh cac mat dang ning & gan cac diém

cuc tri.
AZ
2

(kx_kOx)2 +(ky_k0y) +(kz_k02)2 —1

2 2 2 o

ay ay ay
(3.7.20)

t dé >
rong do g

)

X

Nhu vdy, ta thdy mit ding ning c6 dang
ellipxoid (Hinh 3.7.2)

Hinh 3.7.2: Dang ctia mat dang nang trong trudng
hop tenxa khoi lugng hiéu dung cé dang chéo

BAI TAP CHUONG III
Trong trudng hop tinh thé di hudng, ning lugng 1a mot ham ciia cac thanh phan cta vecto
song, co dang: E = axky + ayky” + ok, .
Tim phuong trinh chuyén dong cua electron tmg v&i dinh luat IT Newton.


DINHLE
Pencil


SU DAN PIEN CUA KIM LOAI

R

Trong céu trac tinh thé cta kim loai, cac electron ¢ vong ngodi cling clia nguyén tir lién
két yéu véi 161 nguyén tir nén c6 do linh dong rat 1on. Cac electron nay co6 thé dich
chuyén khip mang tinh thé va nhu vay ching duoc coi nhu nhiing electron ty do. Dé
giai thich su dan dién ctia kim loai ta co thé coi céc electron tu do nhu 13 "khi electron”
¢b dién va do d6 ta c6 thé ap dung thuyét dong hoc phan tir dé nghién ctru cac tinh chat
ctia kim loai (thuyét electron c6 dién). Tuy nhién mau electron ¢ dién nay khong giai
thich dugc nhiét dung cua electron trong kim loai cling nhu mot sb tinh chat khac. Vi
vay, ly thuyét dang dén nhét 1 phai xem electron nhu 13 hat tuan theo cac quy luat cia
co hoc lugng tir (thuyét electron lugng tir). Ta 1an luot xét hai thuyét quan trong nay

4.1 THUYET ELECTRON CO DPIEN

Thuyét electron c6 dién dé cap dén mé hinh ctia Drude va Sommerfeld vé sy chuyén tai
dién tich trong kim loai. Mac du mé hinh nay ap dung cho kim loai nhung trong mot sb
diéu kién nao d6, no ciing hiru ich cho ban dan. Trong thuyét nay Drude xem electron
trong kim loai nhur 1a mot chét khi 1y tuong chuyén dong xuyén qua 18i cac hat nhan
ding yén. Cac electron nay la céac electron hoa tri & vong ngoai cung ctiia nguyén tir bi
tach khoi nguyén tir khi chung duoc sap xép dé tao thanh mang tinh thé (xem phan lién
két kim loai & chuong I).

Thuyét electron ¢ dién dya trén cac gia thuyét sau:

1. Céc electron hoa tri hoic electron tir do khi chuyén dong trong tinh thé s& va
cham vao céc ion duong ¢ nit mang tinh thé. Gia st rﬁng gitra hai l4an va cham,
electron chuyén dong ty do nghia 1a khong tuwong tac véi ion hodc cac electron
khac. Khi c6 ngoai lyc chuyén dong cia electron giita cac 1an va cham tuan theo
co hoc Newton.

2. Va cham giira electron va cac ion xay ra tic thoi va ngau nhién. Goi t 1a thoi
gian trung binh giira hai 1in va cham thi xac suat dé mot va cham xay ra trong
khoéang thoi gian dt 1a dt/t.

3. Electron ¢ trang thai can bang nhiét véi tinh thé

Ly thuyét electron c6 dién c6 nhimg thanh céng co ban nhu: giai thich duoc dinh luat
Ohm, dinh luat Joule-Lenz, dinh luat Widemann-Franz va tinh duoc hang s Hall.

4.1.1 PO DAN PIEN VA PINH LUAT OHM

Mot trong nhitng két qua sém nhét cta viéc nghién ctru dong dién trong kim loai 1a
dinh luat Ohm:

| = UIR, (4.1.1)
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trong d6 I 1a cudong d6 dong dién qua day dan, U 1a d6 giam dién thé doc theo day, R 1a
dién tré cua doan day.

Goi V1a van tdc trung binh cua electron theo hudng cia di¢n truong, n 1a néng do cua
electron, thi theo Lorenz, mat d§ dong dién dugc tinh theo biéu thuc

j=nev. (4.1. 2)
Chon tryc x hudong theo phuong cua di¢n truong thi (4.1.2) trd thanh

Jx = nevy. (4.1. 1a)
Theo dinh luat II Newton thi

m %VX = Fy = eby 4.1.2)

trong d6 m 1a khdi lugng cua electron. Ta xét dién truong khong phu thudc thoi gian,
luc d6 phuong trinh (4.1.3) c6 nghiém
Vx = Vo + (e/m) &yt. (4.1.3)

Lay trung binh ctia biéu thirc (4.1.3), ta duoc
<> = (elm) 6, = [tdt =~ & (4.1, 4)
T 2m

trong d6 © 1 thoi gian trung binh giira hai 1an va cham.
Chu ¥ rang <vyxo >=0 . Biéu thirc (4.1.4) c6 thé viét lai nhu sau
Vi > = by (4.1.5)

trong do p dugc goi 1a d§ linh dong cua electron

p = et/2m. (4.1.6)
Nhu vay

jx = nep &y
hay

jx = oby 4.1.7)
V61

o = net/2m. (4.1.8)

Pay la biéu thirc ctia d6 dan dién cuia kim loai theo co dién.
Theo thong ké c6 dién, van toc trung binh cua chuyén dong nhiét cua khi electron la

u= 2kBT (4.1.9)
Tm
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Goi / 1a d dai cua quang chay tu do trung binh cua electron. Khi dién truong c6 cudong
do khong 16n 1dm thi <vy > <<, ltc d6 thoi gian 1T dugc xac dinh boi T = //u, tir do, do

dan dién dugc viét lai nhu sau

o = ne’/ /2mu. (4.1. 10)
Biéu thuc (4.1.4) duoc viét dudi dang tong quat 1a

j=oc € (4.1. 11)
Biéu thirc (4.1.11) v6i o dugc tinh theo (4.1.10) dugc goi la dinh luat Ohm.

Khi dién truong tang thi dinh ludt Ohm khong con c¢6 dang nhu (4.1.11) ntra. That vay,

khi &y tang thi <vy > tdng. Khi <vy > >>u thi t = //<v,>, tir d6
n=e l2m<vy >,
Thay gia tri nay vao (4.1.5) ta dugc
<Vy > = (& £12m<vy >) by
hay
<vy > = (e £/2m)"NE,
Tu do, mat d§ dong dién trd thanh
jx = ne <vy > = ne (e ¢/2m)*2 &, (4.1.12)

Nhu vay trong truong hgp dién trudng manh thi mat do dong dién ti 1€ véi can bac hai
cua cuong do dién truong.

4.1.2 PINH LUAT JOULE-LENZ
Pong ning cua electron ¢ cudi quing chay tu do 13: Eq = %m Vy 2. Theo (4.1.3), ta
duoc

% mvy 2= %{on + (e/m) Ex 1}° (4.1.13)

Goi AW la nang lugng ma electron mat di do va cham voi cac ion ¢ nit mang sau moi
lan va cham, thi

AW =E4—Eg= m%{vxo + (e/m) & 1} — % m (Vyo )

=e 6xTVxO + (ez’tz/zm) 6)(2.
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Vi <vyo > = 0, nén ning luong trung binh ma cac electron truyén cho céc ion trong mot
don vi thé tich la

AW, = n<AW> = (n.e?t%/2m) &,°.

Nhu vay, trong mdt don vi thoi gian, trong mdt don vi thé tich kim loai, cac ion & nit
mang nhan dugc mot nang lugng la

AW; [t = (n.e®t/2m) &2,

Khi sy trao d6i nhiét di dat dén trang thai dimg thi ning lugng nay ding biang nhiét
lugng ma kim loai tod ra trong mot don vi thé tich trong mot don vi thoi gian

Q= (ne’t2m) 62 = & (4.1. 14)

Biéu thuc (4.1.15) chinh 1a n6i dung cta dinh luét Joule-Lenz.

4.1.3 PINH LUAT WIEDEMANN-FRANZ

Theo 1y thuyét c6 dién, hé sé dan nhiét ctia "khi electron” 13

1
K= E nUszg,

Vv6in la néng dd cta cht khi, u 1a vén toc cua chuyén dong nhiét trung binh, ¢ 1a quang
chay tu do trung binh. Ta lap ti s6

klo = (kele?)nu?.
Vi u = (8kgT/mzm)*?, nén

k/c = (8kg/me)T. (4.1.152a)
Tir d6 ta c the viét

k/cT =const. (4.1. 15b)
Nhu vy, ti s6 giita d6 dan nhiét va d6 dan dién cta electron trong kim loai & mot nhiét
do da cho la mot hang s6. Pay chinh 1a nd1 dung cta dinh luat Wiedemann-Franz.
4.1.4 HIEU UNG HALL

Khi vat dan c6 dong dién chay qua dugc dit trong mot tir truong déu c6 phuong thang
gbc v6i phuong ctia dong dién thi trong vat dan s& xuét hién mot suat dién dong, goi la
sudt dién dong Hall. Strc dién dong nay co phuong thang goc véi mat phang chira vecto
mat do dong dién va vecto cam ung tir. Nhu vay co thé dinh nghia hi¢u ung Hall nhu
sau: hi¢u ing Hall 1a hién tugong xuét hién mot dién truong ngang khi vat dan dugc dat
trong mot tir trudng vudng goc voi phuong cua dong dién.

Trong thyc nghiém khao sat hiéu tmg Hall, ngudi ta quan tim dén hai dai luong:

- Tutrd: p(B) = &jx
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- HésbHall: Ry=6/(jxB)
Heé s6 Hall duoc cho bi biéu thirc (xem chwong VI)
Ry = 1/ne (4.1.16)

Vi dién tich electron e < 0 nén hang s6 Hall dbi v6i kim loai c6 gia tri 4m. Bang 4.1.1
cho mot s6 gid tri cia Ry theo 1y thuyét va thuc nghiém

Béang 4.1.1 Gid tri thuc nghiém va ly thuyét cua h&ng $6 Hall ciia mét s6 kim logi

Kim loai Hing sb Hall (10** m®C)
Thuc nghiém Ly thuyét
Li -17,0 -13,1
Na -25,0 -24.4
Cu -55 -7.4
Ag -84 -10,4
Au -7,2 -10,5
Be +24.,4 -25
Zn +3,3 -4,6
Cd +6,0 -6,5

Tur bang trén ta théy mot s6 kim loai héng sb Hall ¢6 gia tri duong theo thyc nghiém,
trong ltic theo 1y thuyét hang s6 nay phai c6 gia tri am.

4.1.5 THIEU SOT CUA THUYET ELECTRON CO PIEN
Thuyét electron ¢ dién c6 mot s6 thiéu sot sau:

(i) Theo thuyét electron c6 dién trong liic chuyén dong, electron ludn ludn va cham véi
cac nit mang tinh thé, do d6 quang chay ty do trung binh phai c¢& hang sb mang. Tuy
nhién thuc té tinh toan cho thiy quing dudng nay 16n gip hang trim lan hang s mang.
Ly thuyét c6 dién khong thé giai thich duoc vi sao electron lai it va cham v6i nat mang

(i1) Theo trén ta théy do dan dién cua kim loai ti 1& voi AT, tuy nhién thuc nghiém lai
cho thiy dai luong nay lai ti 1& voi 1/T. Ly thuyét c¢6 dién khong giai thich dugc diéu
nay.

(iii) Ly thuyét electron c6 dién khong gidi thich dugc vi sao hiang s Hall trong mot s6
kim loai lai c6 gié tri duong.

Nhu vay, thuyét electron tuy dé giai thich duoc mot sb tinh chét cua kim loai nhung to
ra chua phai 1a 1y thuyét diing dén. Van d& 1a & chd 1y thuyét c6 dién di bo qua céc hiéu
tmg luong tir khi khao sat chuyén dong cua electron trong tinh thé. Thuyét electron
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lwong tir s& khic phuc cac thiéu st cua thuyét electron c6 dién va mang lai nhitng két
qua hoan toan phu hop thuc nghiém

4.2 LY THUYET LUQNG TU VE ELECTRON TRONG KIM LOAI

4.2.1 SU PHAN BO NANG LUQNG CUA ELECTRON TRONG KIM LOAI

Ta c6 thé khic phuc dugc nhitng thiéu sot ma thuyét electron c6 dién méc phai bang
cach xem electron trong kim loai nhu 1a nhitng hat vi mo tuan theo cac quy luat ctua co
hoc luwong tir. Ta da biét vai trd quyét dinh ciia nguyén 1y Pauli trong viéc giai thich cdu
tric va ndi dung cua bang phan loai tuidn hoan Mendeleev. Trong viée giai thich nay,
ngudi ta thira nhan ring trang thai cua electron trong nguyén tir c¢6 1ap duoc dic trung
bdi bd 4 sb luong tir (n, £, m, mg). Khi 4p dung nguyén 1y Pauli vao cac electron trong
kim loai ta can phai dua ra mot bo sb lugng tor ddc trung cho ching nhu ta da lam véi
electron trong nguyén tir ¢d lap. Mudn vay ta phai giai phuong trinh Schrodinger cho
electron trong kim loai.

Phuong trinh Schrodinger cho electron ty do trong kim loai la:

2

() =Ev (). (42.1)
Nghiém cua phuong trinh nay la

y(7)=ce' KT 4.2.2)
Néu hat chuyén dong trong thé tich hitu han V thi hé s6 chudn hoa C 1a V" . Ta dung
diéu kién bién tuan hoan Born-Karman.
Xét mot thé tich hiru han c6 dang hinh 1ap phuong canh L va doi héi ham séng phai
tuan hoan theo x,y,z voi chu ky L:

v(x+Ly,2) = y(x,y,2)

v(xy+Lz) = y(xy.z) . (4.2.3)

v(xy,z+L) = y(x,y,2)
Thay dang ctia ham song tur (4.2.2) vao (4.2.3) ta dugc cac thanh ph?ln cua vecto song K

Ky = (2m/L)ny

ky = (2n/L)n, (4.2. 4)

k, = (2n/L)n,
Véi
ni=0,+1,+2..(i=xy,2).

Diéu kién bién trén dan dén vecto séng k bi lugng tir hoa
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T 21 e e = 27'5_,
k—T(nX|+nyj+nzk):Tn. (4.2.5)

Twr do, nang lugng cua electron ciing bi lugng tir hoa

2p2 2 2
hek he(2n > 2 9
E= =—-1|— 1| (ng +ny +n3), 4.2. 6a
= 2] 02 +nf ) (42,63
hay
2 2
E:h—[@) n?, (4.2.7b)
2m\ L
trong do n’ =(n)2( + nf, + n§).

Nhu vy niang lugng cua electron trong kim loai phu thudc vao 3 s6 nguyén ny, Ny, N.
Néu tinh dén sb lugng tir spin cua electron thi ta cé thé dung b 4 sb lugng tir (ky, Ky, Kz,
ms) hay (ny, Ny, n;, Ms) dé biéu dién trang thai electron trong kim loai. Ta lan luot xét
cac trang thai (mg véi cac gid tri khac nhau cia ning lwong (nghia 12 cta k? hay n?).

O trang thai co ban Eg = 0, thi n? = 0 2 n(x) = n(y) = n(z) = 0. Trén trang thai ndy co
thé c6 hai electron c6 spin trai dau: mg = + 1/2. Khi hé c6 thém 1 electron thi electron
nay phai nim & muc niang luong cao hon do nguyén Iy cdm Pauli. Mirc ning lugng E;
ung véi n? =1 ¢6 thé bj chiém theo cac cach sau (Bang 4.2.1).

Béng4.2.1

n(x) | nly) |n@ |ms n(x) |nly) |n@@) |ms |n(x) |nly) |n@) |ms

1 0 0 1/2 0 1 0 1/2 0 0 1 1/2

1 0 0 |-1/2 0 1 0 |-1/2 0 0 1 |-1/2
-1 0 0 1/2 0 -1 0 1/2 0 0 -1 1/2
-1 0 0 |-1/2 0 -1 0 |-1/2 0 0 -1 (-1/2

Theo bang trén ta thdy mirc kich thich dau tién Gng vé&i 12 trang thai doc lap va theo
nguyén 1y Pauli co thé chira 12 electron. Mtic co ban va muc kich thich dau tién c6 thé
chita 2 + 12 = 14 electron , néu thém vao hé mdt electron nita thi electron nay s€ nam &
trang thai kich thich th 2, mutc nay c6 thé chia 24 electron. O nhiét do O°K, céc
electron cta kim loai c6 thé 1am day cac muc niang luong tir thip dén cao. Miic ning
luong 1am ranh gidi gitta cac mirc bi chiém day va cac mic con tréng duoc goi 1a muc
Fermi. Nang lugng ung véi nd dugc goi 1a nang lugng Fermi ¢ nhiét do khong tuyét
dbi, thuong duoc ky hiéu 1a E¢(0) (Hinh 4.2. 1).
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4.2.2 HAM PHAN BO FERMI-DIRAC VA MAT PQ TRANG THAI

4.2.2.1 Ham phén b6 Fermi-Dirac

Vi electron dugc coi 1a mot h¢ hat lugng tr c6 spin ban nguyén nén tuan theo théng ké
Fermi-Dirac, theo d6 mdi trang thai dugc dic trung boi bo 4 $6 luong tir ky, Ky, Kz, mg
(trang thai mot hat) chi c6 thé chira 1 electron. Xac sudt dé electron chiém trang thai co
nang luong E & nhiét d6 T tuan theo phan bd Fermi-Dirac

fET)= 1 (4.2. 8)

ElkeT L7’
trong d6 E 1a ning lugng toan phan dic trung cho trang thai cta hat, p chinh 13 ning
luong Fermi ¢ nhi¢t d¢ T. Viéc chiing minh ham
phan b6 nay dugc trinh bay chi tiét ¢ gido trinh Mic Zero

vat 1y thong ké. O day ta s& xét mot s tinh chat
co ban cia ham phan bd nay. /}Mﬁ’c Fermi
Gia st T > 0, khi do . A
1 khi E < u E 8
f(E,T)= _ . (4.2.9) i \A
0 khi E > u %’3 —
N —
5
Khi E = p thi ham f khong xac dinh va bi gian o %
doan. Hinh 4.2.2 m6 ta d thi cua ham phén bo f. z W
Tir d6 thi ta thdy rang khi T = 0 tat ca cac trang v
thai co nang luong E < p déu bi chiém day, trong  Hinh 4.2.1: So do biéu dién sy lam day clia cdc electron
trong kim loai

khi d6 tat ca trang thai c6 ning lugng E > p hoan
toan tréng. Trang thai co ning

lugng E = p 1a trang thai ¢6 xac fE 4
suat chiém day bang 1/2. Tir d6

ta c6 xem nang luong Fermi la

nang luong cuc dai ma electron
trong kim loai c6 dugc & nhiét
d6 khong tuyét doi.

Nhu vay c6 thé noi rang muc

.,.T eu v

. ) , Hinh 4.2.2: Ham phan b6 Fermi-Dirac va dao ham cua né theo
day va céc trang thai con trong. namg lugngd e nhiét do khac nhau. Puong chim chim chi dé thi

Fermi la mtc ranh gidi gitra cac
trang théai dugc electron chiém

Bay gio ta khdo sat truong hop ciia dgo ham dE

khi T # 0. Lac nay véi moi

T # 0 bat ky thi f = 1/2 khi

E = u. Khi E << p thi f(E,T) ~ 1, con khi E >> i thi ham phan b6 Fermi-Dirac c6 thé

viét dudi dang
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f(E,T) ~ et/ kBT g~F/kBT (4.2. 10)

Ham f(E,T) s€ c6 mdt cuc dai nhon tai lan can E = p trong khoang nang lugng co kgT.
That vay, dao ham cua f(E,T) theo nang luong ta duoc

oF  eEWNT g
COE [ Ew VKT
ekeT +1

Pao ham nay co6 cuc dai & E = p, va gia tri nay cang 16n néu f cang bién thién dot ngdt.

Trong phép gan diing bac nhat, ta c6 thé coi day 1a mot ham Delta-Dirac

of
—-—~=~d(E- 42.11
~S(E-W) (42.12)

Néu dit E = p +£ kgT, voi & 1a mot dai lugng bién thién, lac d6
f=1/(e5 +1).
Bang 4.2.2 chi sy bién thién ctia ham f theo cac gia tri ctia bién &

Béng4.2.2

€ -5 -4 -3 -2 -1 0 1 2 3 4 )

f 099 (098 |09 (088 |0,73 (050 |0,27 (0,12 |0,05 |0,02 0,01

Hinh 4.2.3 chi d6 thi cia ham (&)

f(<)

0,5

-6-5-4-3-2-10123456

4.2.2.2 Mat d¢ trang thai

Theo (4.2.7b), nang luong Fermi dugc cho bdi hé thuc

2,2
n2K2

Er = , 4.2.12

F=m ( )
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trong d6 kr 14 vecto song tmg voi electron & mirc Fermi. Dé tim mat do trang thai ta dwa
ra mot khong gian k 3 chidu co cac truc 1a ky, Ky, kz. Viki = 2u/L)m;, i=x,y,z. nén
khong gian k bi chia thanh timg 6, mdi 6 c6 thé tich (27/L)%. M&i 6 ny tng v6i mot
trang thai dugc xac dinh bai 3 s6 lugng tir (kx, Ky, K;). Mi trang thai nay c6 thé chira 2
electron c6 spin doi song (trang thai 2 hat). Ciing c¢6 thé cho rang moi 6 trong khong

gian K ung voi 2 trang thai mot hat (ky, Ky, Kz, mg). O OK ta ¢

2,2
k
g0 _7"Kfo

= const. (4.2.13)
F 2m

Nhu vay mat dé“ing nang la mot mat cAu ban kinh kgo, goi 1a mat cdu Fermi. O nhiét d6
khong tuyét ddi tat ca trang thai trong hinh cau nay déu duoc electron chiém day, ngoai
hinh cdu céc trang thai hoan toan tréng. Khi nhiét d6 ting 1én T > O K thi s& c6 mot sb
electron ¢ cac mirc dudi mirc Fermi chuyén 1én cac mirc con trong trén muic Fermi. Néu
xét theo hinh cau Fermi thi déu ndy Gmg v&i su chuyén tir cac trang thai trong hinh cau
Fermi sang cac trang thai & ngoai hinh cau Fermi. Pé tim s6 electron trong mot don vi
thé tich ta dung cong thirc

o0
n= If(E,T)N(E)dE, (4.2. 14)
0
trong d6 N(E)dE 1a s trang thai trong khoang ning lugng tir E 2 E + dE. N(E) 1a s

trang thai trong mot don vi nang lugng va dugc goi 1a mat do trang thai. Ta can tim
N(E).

Néu xét trong khong gian k thi mdi 6 thé tich (2n/ L)3 = (21[)3/V chura hai trang thai mét
hat. Vay mdi trang thai mot hat tng véi thé tich (2n)3/2V. Khoang nang lugng tur
E > E + dE tng véi mot 16p cau gidi han boi hai hinh ciu dong tim ban kinh k va
k + dk. Goi Z 1a s& trang thai mot hat trong 16p cau nay. Ta co

2V

7 =
(2n)°

[dvi. (4.2.15)

S trang thai trong mot don vi thé tich 1a

2

z=7/V = 3
(2m)

[dvi. (4.2.16)

Pai luong z trong biéu thirc (4.2.16) chinh 13 s6 trang thai trong khoang ning luong dE
Nhu vay

2

N(E)IE = ——
(2m)

[dvi. (4.2.17)
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Tich phan 14y theo thé tich trong khong gian K gi6i han giita k va k + dk , dV chinh Ia
thé tich cua 1 hinh tru day dS, chidu cao dk,, thing goc véi dS.

Vay
N(E)dE :Ljdk ds (4.2. 18)
@mn)l’y " .
‘ R dE e .. ., s
vi gradgE = dE/dK, nén dk, = = , biéu thirc (4.2.18) tro thanh
dE/dk,, |VE|
N(E)dE = 2 3j S e
(2rm) S|VkE|
n%k 2 ds

Vi |VE =, nén N(E)=——[——>—.
m @m)® 3 n%k/m

Vi | dS = 47k? nén N(E) = mk/n?h%. Ma k = (2mE/#?) *, ta tim dugc

N(E) = (4.2. 19)

V2NmiJE 1 (2mY?
n’h’ - 2n? \ n? =
Ta dung biéu thirc nay dé tinh nang lugng Fermi.

Trong cdng thirc (4.2.14) néu chon cén trén cua tich phan 1a E° thi ham phan bd Fermi-
Dirac bang 1.

Er (0) Eq (0) 3/2
n= j f (E,0)N(E)dE = j ZL(Z_mj EY2dE.

2|1 22
5 oﬂ'h

Tinh tich phan nay ta dugc

2
EF(0) = 1 (3n2n)2/3, (4.2. 20)
2m
Ta thir danh gia gia tri cua Eg(0). Mat d6 electron trong kim loai thong thuong cd
n~ 10?2 cm™ thi E¢(0) = 5 eV.

Ta c6 thé tinh dugc niang luong trung binh cta electron trong kim loai bang cach lay tri
trung binh cua E

EF(0)
J.EN(E)dE
.o 3 N
€ =5 = CEF(0)=3eV. (4.2.21)
jN(E)dE

0
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V& mit vat 1y nang luong Fermi Er(0) tmg voi van téc chuyén dong tinh tién v ctia cac
electron & muc Fermi (van tbc Fermi)

Ve = (2E£(0)/m)*2. (4.2.22)
Ning luong trung binh <E> thi timg véi van toc hiéu dung
Veft = (2<E>/m)Y2. (4.2.23)

Chuyén dong cua electron v6i nang luong Ex(0) tng v6i ¢ dién 1a chuyén dong nhiét &
nhiét d§ Tr va dugc goi l1a nhiét d§ Fermi

Te = EF(O)/K. (4.2.24)
Phép tinh cho thiy, Tk ¢& 10* K, Ve c¢& 10° cmis.

Ning luong Fermi ¢ nhiét d6 T duoc tinh theo biéu thirc

2 2

Er—ErOn-"[ K| (4.2. 25)
12  EE(0)

Ta thay nang lugng Fermi ¢ nhiét do T phu thudc yéu vao nhiét do, nén thudng & nhimng

nhiét d6 khong cao 1am ta thuong cho Er(0) = Ex(T) va cung dugc goi chung 13 ning

luong Fermi.

4.2.2.3 Nhiét dung riéng cia kim loai

Vi trong kim loai c6 electron dan nén nhiét dung ctia kim loai gdm 2 phan: phan do dao
ddong mang va phan do electron. Nhiét dung do dao dong mang tudn theo cac quy luat da
khao sat & Chuong 2. O day ta s& tim nhiét dung do phan déng gdp cua electron dan
trong kim loai.

Ta biét rang cac electron trong kim loai phan b trén cdc mirc ¢6 ning luong tir thip dén
cao, nén khi cung cap cho kim loai mot lwong ning luong 1a kT thi chi c6 nhiing
electron ¢ lan can mirc Fermi mdt khoang kT mai bi kich thich, nghia 1a nhan duoc
nang luong va tham gia vao nhiét dung ( cht khong phai toan bd electron déu nhan
dugc ning lang kT nhu 1y thuyét ¢o dién).

Ta tim s electron nay. Goi N 14 sb electron trong kim loai thi trong khoang 0 > Eg(0)
¢6 N/2 murc. Khoang cach gitta cac mic 1a AE = E¢(0)/(N/2) = 2E£(0)/ N . S6 muc trong
khoang nang luong kT la

NKT N T

2Ef(0) 2 T¢

(KT/AE) =

S electron ¢ trong cac muc ndy la
AN = 2NT/2T¢ = NT/TE.

Ning lugng tong cong ma cac electron niy nhan duoc 1a
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NT/TekT =NK(T%/Te) .
Nhié¢t dung cua cac electron nay la

(Cv)e = 2NKT/Tg =7T. (4.2.26)
O nhiét d6 phong Tr ~ 10% va T =~ 10° nén (Cy)e ~ 10°% Nk << 3Nk.
Vay, ¢ nhiét do cao thi

(Cv)kL = 3Nk. (4.2. 26)
O nhiét do thap

(Cv)kL~ bT? +9T. (4.2.27)

Bay gio ta tim nhiét dung ciia khi electron mot cach dinh lugng hon bang cach dung
ham phén b Fermi-Dirac.

O nhiét @6 T >0 K, ning lugng cua electron 1a
E, :jf(E,T)EN(E)dE. (4.2.28)
0

Nhiét dung riéng ding tich cta electron la

= :Taf(E,T)
er o oT

EN(E)dE. (4.2.29)

Ta tinh hé thic nay nhu sau:

S6 electron trong kim loai co thé tich V 1a mot dai luong khong ddi theo nhiét do
N =J'f(E,T)VN(E)dE. (4.2.30)
0

Nhan 2 vé (4.2.30) cho Eg rdi 1y dao ham theo T ta duoc

E-V.N(E)dE = 0. (4.2.31)
Trir hai biéu thire (4.2.29) va (4.2.31) vé theo vé ta duoc

C,, =Iafg5T’T) (E—E,)VN(E)dE . (4.2.32)

Dao ham ctia ham f theo T bang

of _E-Ep el
oT kBTZ " E-Eg
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Dit x = (E — Ep)/kgT, biéu thirc (4.2.32) trd thanh

C.—VNENKT) [ x—fdx 4.2.33
o =VN(Ee)(k3 )j T (42:33)

trong d6 N(Ef) 1a mat d0 trang thai ing v6i cac electron. Tur (4.2.19) ta c6

N(E )_ 1 (Z_mJS/ZEllz_i(z_mei/Z E?:/Z
PP on2 2 " on2\ g2 E.

Xem Eg(T) = Ex(0) va thay biéu thirc ctia E¢(0) tir (4.2.20), ta duoc

3n
=

Can dudi tich phan trong (4.2.33) c6 thé liy bang —oo, va tich phéan 4y trd thanh

, e 2
J-X dezn /3

—00

Tir d6 (4.2.33) trd thanh

1
Ce|: ETC ndBT—:—TC NkBT— (4235)
Nhu vay, nhi¢t dung cua electron dan ti 18 bac nhat voi nhiét do khi nhiét do thép.

4.3 PHUONG TRINH PONG HQC BOLTZMANN VA PQ DAN
PIEN CUA KIM LOAI

4.3.1 PHUONG TRINH PONG HQC BOLTZMANN

Céc hién tugng vat 1y gay ra do su dich chuyén cua cic phan tir mang dién dudi tac
dung cta truong ngoai va ndi truong bén trong tinh thé thi duoc goi 1a cac hién tuong
chuyén. Cac hién twong nay ciing c¢6 thé duoc gy ra do sy chénh 1éch nhiét do giira cac
phan khac nhau trong tinh thé. C6 thé ké ra mot sé hién tuong chuyén nhu: su dan dién
va sy dan nhiét, cac hién twong Galvanic tir, nhiét tir, nhiét dién, cac hiéu tmg quang
dién va quang tu. Pé mo ta cac hién tuong dong hoc trong tinh thé ta can phai nghién
clru su chuyén dong cua cac hat mang dién dudi tac dung cia trudng ngoai. Bé co duoc
mét biéu thirc chinh xac cla cac dai luong mo ta cac hién tugng dong hoc ta phai xét vai
tro cta cac hat mang dién & céac trang thai khac nhau. Phuong phap 1y thuyét dé mé ta
cac hién tuong dong hoc la phuong phap phuong trinh dong hoc Boltzmann. Phuong
phap nay mé ta sy bién doi trang thai cua hat do tac dung cta nhiéu yéu té khac nhau.
Ta gi6i han khao sat trudng hop trudng ngoai bé, lic d6 ndong d6 cua electron khong
thay d6i ma chi c6 ham phan bd thay doi dudi tac dung cta trudng ngoai.
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Ham phan bd trang thai electron trong tinh thé phu thudc vao toa do T, xung luong k
va thoi gian t. Néu tinh thé dugc dat trong trudng ngoai thi ham phéan bd trang thai s&
thay d6i theo thoi gian nhu sau

—f(rkt)_af afor of ok _of HV A Lo B, @a
ot erat okaot ot

- k
trong d6 V= 4 r va F= hd—
dt dt

Khi di dat duoc trang thai 6n dinh thi ham phan b6 khong ddi theo thoi gian: % f=0,

nén o (V.V.f) +1(E.vﬁf). (4.3.2)
ot h

Phuong trinh (4.3.2) chi su thay doi ham phéan b theo thdi gian tai mdi diém trong
khong gian pha (T, k ) do chuyén dong cta hat trong khong gian théng thudng va khong
gian vecto song. Luc F dugc xac dinh boi trudng ngoai va cac yéu td gy nén su pha
huy tinh 1y tuwéng cia trudng mang nhu cac khuyet tat, cac nguyén tur va ion tap chat,
cac dao dong nhiét cuia mang tinh thé. Ta coi luc F gom hai thanh phan: mot thanh
phan do truong ngoai ky hiéu Fe (ngoai luc), mot thanh phan do sy sai hong tinh tudn
hoan ctia mang ky hi¢u la Fi (ndi luc). Hai thanh phan luc nay cé tac dung nguoc nhau.
Ngoai lyc 1am cho cac hat mang dién chuyén dong c6 hudng, trong liic ndi lyc lam thay
do6i van toc va chuan xung lugng cua hat do sy va cham cia chiung véi cac tdm tap chat,
cac khuyét tat hodc vdi dao dong mang.

Nhu vay, phuong trinh (4.3.2) ¢6 thé viét lai nhu sau

of 1= 1, =
—E:(V'Vff)+%(Fi'VEf)+%(Fe'VEf) . (43.3)

.. . . of .
Ta ky hi€u su thay d61 ham phan b6 do tac dung cua truong ngoai la (Ej . Taco

€

of - 1z
_(51 =@V A+ RV, (4.3.4)

S6 hang nay duoc goi 1a thanh phan truong cua phuong trinh dong hoc Boltzmann. Sy

. . ) of
thay d61 ham phan bd do tac dung ctia cac va cham dugc ky hiéu la [Ej .Taco
c

of) 1,
—(ch =R V). (4.3.4)
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Thanh phan nay duoc goi 1a tich phan va cham (tan xa). Nhu vay sy thay doi caa ham
phan bb theo thoi gian gdm hai sb hang:

3)-2) ),

Sb hang va cham duoc tinh theo phwong phéap théng ké nhu sau:

Gia st rang do va cham, hat chuyén tir trang thai (T, R) sang trang thai (T, k ’). Goi xac
suit chuyén trang thai cta hat trong mot don vi thoi gian 14 w( k,k "). Ta xét hai phan tir
thé tich dVy va dVi bao quanh hai diém k va k’. Nhu da biét sb trang thai mot hat
trong mdi phan tir thé tich ay la de/(4TE3) va de'/(4T53) . S6 trang thai bi chiém la
(T, R)de/(4n3) va f(T,k ')de/(4Tt3), con sb trang thai con tréng Ia
[1- (T, R)de/(4n3)] va [1 - f(F,k")dVi /(4n3)]. Do va cham, electron chuyén tir dVy
sang dVi va nguoc lai. S6 dich chuyén duoc xac dinh boi xac suat W(R ,R'). Do su
chuyén hat tir dV sang dVje (chuyén thuan) va tr dVy sang dVy (chuyén nghich), s6
trang thai bi chiém trong khoang thoi gian dt thay doi mot lugng

_dt{w(ﬁ k" dvg f(F,K)[1— f (F,k")] dvg‘}+
A Adr
(4.3.6)
+dt{w(l€ ' k) dvks' f(F,k[1—f(F, E)]d—vg}.
A A

S6 hang dau chi su giam mat dg hat trong phén tir thé tich dVy do su chuyén hat sang

dVi, sb hang tht hai chi sy gidm cua mat do hat trong phﬁn ter thé tich dVi do su

chuyén hat sang phan tir thé tich dVi.

Sy thay ddi sb trang thai bi chiém trong thoi gian dt trong toan bd mién bién thién cua

k'la

dvk ﬂl_’ = -1 4’_>I = 1) =

o [ £ (7RO 1 (7 K)]-wik, k) £ (7KL~ 1.(7.K )
Ve

Vk

dv,,

dt C
A7 (43.7)

Mit khac s6 céac trang thai bi chiém tai mdi thoi diém bang (T, R)de/4n3 va sy thay
ddi ctia né trong thoi gian dt do va cham c6 thé viét dudi dang

(ﬂj dtdig. (4.3.8)
ot c 4n

So sanh (4.3.7) va (4.3.8) ta dugc
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of 1= =N
(El = Bk =

= | {W(R' KT (F, KL F (F, K)] - w(k, K)F (F, )L F (T, R-)}‘i\/g
T

(qj = {[w(R',k’)f(f, k') —w(k,K)f (, R)]— [w(k',k’) - w(Rf‘)]f(f, K)f (F, R')}—' . (4.3.9)
Trong trudng hop xac sudt chuyén thuin va nghich bang nhau

w(k, k") =w(k" k)
thi biéu thirc (4.3.9) trd thanh don gian hon

(at] J.w(k K)IF (7, K') = (T, k)] de (4.3.10)

Cudi cung (4.3.5) tré thanh
(%j:_(ﬁ h- (Fe’v fJe Jwik KIIFRR) -1, k)]dvk (4.3.12)

Vk

Phuong trinh (4.3.11) duoc goi 1a phuong trinh dong hoc Boltzmann.

O trang thai dimg g—: =0, va phuong trinh dong hoc c6 dang
()%
at € at C ’

(v,vff)%(ﬁe,vﬁf) [wik.K)LF (7. k)~ (7, k)] de . (4.3.12)
Vk

hay

4.3.2 PHUONG PHAP GAN PUNG THOI GIAN HOI PHUC

Pé giai phuong trinh dong hoc trong trudng hop tong quat ta 4p dung mot phuong phap
goi 1a phuong phéap gan ding thoi gian hdi phuc. Gia st tai mot thoi diém nao d6 truong
ngoai bi ngit di thi thanh phan truong trong phuong trinh dong hoc bang khong. Lic do,
phuong trinh dong hoc tré thanh

ﬂ:(ﬂj . (43.13)
ot Lat),

Tai thoi diém ngit truong hé hat ¢ trang thai dimg khong can bang. Sau khi truong bi
ngit thi qua trinh va cham s& dua hé trd vé trang thai can bang dic trung boi ham phan
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b fo( ¥, K). Noi cach khéc sy va cham 1am phuc hdi trang théi can bang bi pha huy béi
trudng ngoai. Tde d6 cua sy hdi phuc ti 16 v6i do 1éch [f(F,k,b) - fo(F, k)] khoi can
bang

, (4.3.14)

(afj _f(T k)~ (F,K)
ot ), T(R)

trong d6 fy 14 ham phén bd & trang thai can bang, f1a ham phan bd ¢ trang thai khong
can bang, l/t(R) 1a hé sb ti 16 phu thudc vao k va ¥ nhung sau nay ta chi xét sy phu
thudc ctia t vao K.

Pai luong t(k) dugc goi 1a thoi gian hdi phuc. Ham phan bd f c6 thé viét dudi dang
khai trién sau:

f(7,k) =fo(T,K) + fo(F,K) +..., (4.3.15)

trong d6 fy 1a ham phan bd can bang (khi chua c6 truong ngoai), f do l1éch cua ham
phan b ra khoi can bang khi ¢ truong ngoai. T (4.3.14) va (4.3.15) ta duoc

(&) L. (43.16)

Mit khac ham phén b f ciing c6 thé viét dudi dang khai trién khac nhu sau
= - of
f(k)=fo(k) + a—+... (4.3.17)
oE
O day dé don gian ta khong xét su phy thudc cua f theo . So sanh khai trién nay véi
khai trién & (4.3.15), ta duoc

of -
oz =f(K). (4.3.18)

Thanh phén f1(k ) ¢6 thé viét nhu sau:

f1(k) = =C(E) A( ﬁ)% , (4.3.19)

trong do C(E) va A( R) 1a nhitng ham can xé4c dinh.
Phuong trinh dong hoc bay gio c6 dang:

of

. Lo o (0f) _ fi_CEMK) of,
WV A+ —(FV)= (atl = .

—_— (4.3.20)

T ©(k) Ok

Vi ta dd xét truong hop ham phan bd f khong phu thuée T nén trong (4.3.20), ta co
(V.V.f) =0. Gia su truong ngoai bé thi f; << fy thi vdi d¢ chinh xac dén s6 hang bac 1

ta co
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faV.f = éfﬂ of, OB
ok OE ok’

ma E =2k %/2m*,

nén (4.3.20) tré thanh

ﬁ of, n°k) _ C(E)MK) of,
nl °oE m=* (k) OE’

hay eh i of, _ CEMK) o,
m* " 0E (k) OE

Tur day, ta suy ra
Ak) =k va C(E)=(en/m*) Tk &
Nhu vay, ham phan bd bay gio c¢6 dang

- of,
OE

f(k) = fo(k

Biy gid ta tim biéu thirc cua do dan dién cua vat ran néi chung va kim loai néi riéng.
Mat d¢ dong dién dugc tinh theo cong thirc

j=env= ej vf (K)N(E)dE, (4.3.22)
trong do6 ta da ap dung cong thirc cua méat do trang thai (4.2.14).

Vi V = ik/m* va N(E)dE = ﬁjdvk , voi dV 1a yéu t6 thé tich trong khong gian
) %

k , nén, biéu thtc (4.3.22) tré thanh

i= j L Rkf®av, (4.3.23)

Thay (4.3.21) vao (4.3.23), ta duoc

j= j K[f, (K

4m*

(4.3.24)

Vi khi chua c6 truong: k fo(k )dVy = 0. Pé ¥ rang

oA, _of, ko, K_m*
oE ok CE oE R’k

biéu thirc (4.3.24) tro thanh
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e’ Ty o, of
—-< k(kE)(——=2)dV,. 4.3.25
) e Kk SV, (4.3.25)

]:

Néu viét cac thanh ph?m cua ] theo 3 truc ciia toa do Descartes, ta duogc

2
. e Tk af
i, = 4n3m*_[?kx(kxsx +kye, + kzsz)(—a—;)dvk,

: e? Ty of,
Jx = 4Tt3m*‘[? ky(kxgx + kygy + kzgz)(_a)dvk,

. e? T of
Jx J‘_kkz(kxex +ky8y +kzgz)(_a_;)dvk'

T adme) K
Hay
Jx = Oxxéx + Oxy€y T Oxz&;
Jz = Oxex + Oy t 0778
trong do ta da dat
2
e Ty of,
G 5 = —(k k)~ dV, 4.3.27
b = grrme] Kk GOV (4.327)

la tenxo d§ dan dién cua tinh thé chat ran. a, B lay cac gia tri x, y, z.

Trong trudng hop kim loai, mat Fermi 1a mat ciu nén chi c6 cac thanh phan cta ¢ & trén
duong chéo chinh khac khong, cac thanh phan con lai déu bang khong:

Bay gio ta tim biéu thirc ctia o
Diing hé toa do cau: dVy = kdksin 6d0de , ky = ksinBcose thi

e2

o =—
Az°’m™*

x — O

fr k—Zsin249cos2 ¢(—%)kzsin 0déd ¢
)k ok

of

2
€7 a;)dkj sin® 6d 6| cos’ gdg,
0 ¢

= ——[ak(-

47°m™* 1
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b 2n
J-Sin39.d9=4/3 ; J.cosz(pd(p=n ;
0 0

Itkk3(— ‘Zflz ]dk = [Tik*8(k — kg )dk = Tk )k?
0

0
Biéu thirc ctia do dan dién trg thanh

c = eZ’C(kF) ﬂk?:

C 4nPm* 37
Vi ke = (37t2n)1/3
2
nén 5 = ”fnfj . (4.3.28)

Tir (4.3.28) ta thdy rang, theo 1y thuyét lwong tir chi nhitng electron nam & trén mat
Fermi hodc 1an can mirc Fermi m&i c¢6 thé chuyén 18n céc trang thai cao hon dé tro
thanh electron tu do va tham gia vao qua trinh dan dién khi c6 tac dung cia dién truong
ngoai. Ta thiy biéu thirc (4.3.28) c6 dang gidng nhu (4.1.8) trong truong hop cb dién.
Tuy nhién trong biéu thirc ¢6 dién t dugc xac dinh boi van tdc chuyén dong nhiét: t =
I/u, trong d6 1 13 quing dudng ty do trung binh giira hai 1an va cham, u 13 van tbc
8kgT
™m

chuyén dong nhiét u = Nén 6 gien oc LT, Trong lac do, theo 1y thuyét luong

tor ¢ 0 cong thue (4.3.28) 1a thoi gian dac trung cho qua trinh tan xa cia céc electron &
lan can mirc Fermi. Tinh toan 1y thuyét cho thiy tr o Tp/T". Trong d6 Tp la nhiét do
Debye, vy 1a s6 nguyén.

O nhiét d6 cao: T >> Tp thi y=1,nénoc~1UT
O nhiét d6 thap: T << Tp thi y=15,nénc ~ 1T,

Cac két qua do 1y thuyét lugng tir mang lai hoan toan phu hop véi thuc nghiém.

BAI TAP CHUONG IV

1. Néng do6 electron tu do trong kim loai Natri & OK 1a 2,5.1028 m~. Xac dinh nhiét 3o
Fermi va van tdc cua electron & mtrc Fermi.

2. Ti sd d6 dan dién cia Bac va Pong & cung nhiét do 1a 6,12/5,76. Tinh ti s6 d6 linh
dong cua electron trong 2 kim loai nay, cho biét mdi nguyén tir chi cho mét electron
tu do.

3. Giastr E = o + 8, chimg minh ring véi bat ky 8, ta c6 f(8) = 1- f(—3), trong d6 f(8)
chi ham phan bd Fermi- Dirac khi E = pg + 8, twong tu ddi véi f(—=3).

4. Tim xéc sudt dé ¢ nhiét d6 phong (kT = 0,025 eV) electron chiém cac trang thai &
cach mirc Fermi mot khoang 0,1 eV vé phia trén va phia duéi.



CHUONG IV: SU DAN DPIEN CUA KIM LOAI 89

5. Chung minh ring J(?—EjdE = —1, v6i £ 1a ham phan bd Fermi- Dirac.

6. Chung t6 rang doi véi mang vuong hai chiéu don gian, dong nang cua céc electron
tu do & goc vung Brillouin thir nhat 16n hon hai lan ¢ gitta cadc mét bén cua vung.



vo
Q\%\ vV N®

SU DAN PIEN CUA BAN DAN

5.1 CAC PAC TRUNG TONG QUAT CUA BAN DAN

Nhu d3 khao sat & chuong II1, theo quan diém cua Iy thuyét ving ning luong thi & 0K
chét ban din c6 ving hod tri hoan toan bj chiém diy va vung dan hoan toan trong. Bé
rong ctia vung cdm co gia tri khong 16n 1dm va phu thudc vao cdu tao cia timg loai ban
dan. Khi ban dan & nhiét @6 T > OK thi cic electron & cac muc trén cua vung hod tri c6
thé nhan duoc niang luong kT > Eg, nén co6 thé nhay 1én ving dan va tré thanh electron
ty do va san sang tham gia vao viéc dan dién. S$ electron tao nén do co ché nay phu
thudc rat manh vao bé rong ving cam. Ngoai ra, c6 thé néi rang ddi véi ban din diéu
quan trong nhét 1a sy phu thude rat nhay cuia cac tinh chét dién vao diéu kién ngoai: dién
truong, tr truong, anh sang, nhiét do...

Xét vé mit gia tri cuia do dan thi ban dan c6 gia tri cia dién trd suat trung gian giita kim
loai va dién moi . Pién trd suét cua kim loai & trong khoang 10® dén 10°° Om. bién tré
suét cua ban dan nim trong khoang 10~* dén 10" Wm (chang han Ge c6 dién tré suit
trong khoang 5. 10° dén 0,047 Wm, CdS ¢6 dién tré sut tir 107> dén 10™ Wm. Céc vt
lidu c6 dién tro sut 16n hon 10® Qm duoc goi 1a dién méi (vi du: mica c6 dién tro suat
tir 10* — 10* Qm, thuy tinh ¢6 dién tré sudt tir 10° — 10" Om). Khac véi kim loai ma
d6 dan dién phy thudc vao nghich dao cia nhiét do, chit ban dan c6 d6 din phu thudc
vao nhiét 4o theo ham e mii o ~ exp(-o/kgT), trong d6 o 1a mot hang sd. Tuy nhién
trong mot mién nao d6 cua nhiét do, dién tré clia ban dan co thé tang khi nhiét do tang.
Ta chi gii han trong viéc khao sat ban dan rin® ¢6 cu trac tinh thé. Cho dén nay
nguoi ta di tim ra hang loat ban dan tinh thé nguyén chat va hop chéat. Nhiing thong s
dic trung cua chiing nam trong mot khoang rat rong, phii hop véi cac muc dich ki thuat
khac nhau. Ngoai ra bang cach pha thém tap chat hodc thay doi cac diéu kién vat 1y ta
¢6 thé thu dugce cac ban dan hoan toan méi.

Céac ban din nguyén chét thong thuong 1a Silicium (Si), Gemanium (Ge), thiéc xam
(Se—av), Tellure (Te), Selenium (Se)...Ge va Si 1a hai ban din thong dung nhat. Chung
¢6 céu trac tinh thé loai kim cuong. Bé rong ving cAm cua Sila 1,08 eV, Ge 14 0,66 eV.
Hinh 5.1.1 chi ciu triic ving ning luong cua hai ban din nay. Ban dan hop chat duoc
ciu tao tir mot s6 nguyén t6 khac nhau. Loai ban din ndy c6 tinh ning vo cing rong rai
va da dap ung dugc nhitng yéu cau cua khoa hoc cong nghé hién dai. Pac biét thong
dung nhét 1a c4c hop chét cua nhém I & V (ban din A"'BY), nhém 1T & VI (bén dn
A"BVI). Nhitng hop chét nay c6 bé rong ving cAm nam trong mot khoang réat rong, do
linh dong cia cac hat mang dién co thé c6 gia tri rat 16n, nhd d6 c6 thé ché tao cua linh
kién ban din moi dap Gmg cho nén k¥ thuat hién nay. Ban dan hop chat A"BY ¢6 chu

®) Gan day thuc nghiém va 1y thuyét da ching minh dugc rang mot s chat 16ng va chét rin vo dinh hinh
cling c6 tinh cht ban dan dién (Vi Pinh Cu, Vit 1y chit rin, NXB "Khoa hoc & K§ thuat”, Ha Noi,
1997, t. 316)
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trc tinh thé 14p phuong kiéu kim cwong nhung voi hai loai nguyén tir, c6 lién két dong
hoa tri (Hinh 5.1.2)

E, =0,66 eV
E,=1,08eV N
[111] K (0,0,0) [100] [114] k (0,0,0) [100]
Hinh 5.1.1a: Céu trdc viing ctia Si Hinh 5.1.1b: Cau tric tinh thé clia Ge

GaAs

Hinh 5.1.2 a: Céu tric tinh thé clia bén dén hop
chit A"B' (O : A: ®: B) —d/

Hinh 5.1.2 b: Cau tric viing nang lugng cua
ban dan InSb va GaAs

5.2 BAN DAN THUAN

5.2.1 CAU TAO CUA BAN DAN THUAN

Céc chit ban dan khong chira tap chat va c6 mot s6 lwong khong déng ké cac khuyét tat
hodc sai hdng vé mit tinh thé thi goi 1a ban dan thuan. Ban dan thuan bao gém cac don



CHUONG V: SU DAN BIEN CUA BAN DAN 92

chét nhu Ge, Si, Se, Te, ... va cac hop chit nhu GaAs (gallium arsenide), InAs ( indium
arsenide), InSb (indium antimonide), SiC (silicon carbide).... Ta ldy chat ban dan Silic
1am vi du. Si thuéc phan nhom IV cta bang phan loai tudn hoan. M&i nguyén tir Si co
cAu hinh electron 1a 1s22522p63323p2 va nhu vy c6 4 electron & ngoai cung. Lién két
gifta cac nguyén tir Si trong mang tinh thé (c6 cu trac kim cuong) 1a lién két cong hoa
tri. Cac nguyén tir 1an can nhau gop chung 4 electron dé tao nén lién két bén virng. Khi
nhiét dd cua tinh thé da nho sao cho cac electron hoa tri khong thé tach ra khoi lién két
dé tré thanh electron tu do thi tinh thé 1a mot chét cach dién. Vé mat vung nang lugng,
didu nay tmg véi viing hoa tri hoan toan bi chiém diy, ving dan hoan toan con trong.
Khi nhiét d6 cua tinh thé tang 1€n sao cho co 1 s6 electron trong cac lién két nhan du
nang lugng va du stc dé thiang ning luong lién két ching trong nguyén tr, chung s&
tach ra khoi lién két va trd thanh electron ty do c6 thé dich chuyén trong toan bd mang
tinh thé.

V& mit cu trac ving diéu nay Gng véi su chuyén electron tir viing hod tri 1én ving dan.
O ving dan bay gio c6 mot sb electron ty do, con & ving ho tri ¢6 cac 16 trong. Do céc
hat mang dién tu do nén khi tinh thé s& xuat hién dong dién khi duoc dat trong mot dién
truong. Néu nhiét do ting thi s6 lién két bj pha vo cang ting dan dén ndng d6 hat mang
dién tang 1én, do d6 dién dan suat ciia ban dan ting theo nhiét d6. Hinh 5.2.1 chi ciu tao
ctia ban dan Si vé mit lién két hoa hoc ciing vé cau tric ving.

—&

T=0K T>0K

Hinh 5.2.1 a: Mo hinh lién két hoa tri ctia ban dan thuan Si

-
I
Q
A

T>0K

Hinh 5.2.1b: Su tao nén electron tu do trong ban dan thuan theo ly thuyét
vung nang luong



CHUONG V: SU DAN BIEN CUA BAN DAN 93

Néu bé rong ving cidm cang nho va nhiét do cang cao thi sd electron tir ving hoa tri
chuyén 1én ving din cang nhiéu, do d6 d6 dan cta ban dan ting 1én. Vi du, ban dan
thuan Ge ¢6 Eq=0.66 €V, né)ng do electron dan ¢ nhiét do phong cd 10° m3va dién
tr suit ¢ 0,48 W.m. Trong khi d6 v6i cing mét diéu kién thi kim cwong (Eg=5,2¢eV)
c6 ndng do electron din ¢ 10% m™ va dién tré sudt ¢& 102 W.m. Khi nhiét d¢ ting 1én
dén 600K thi ndng do electron dan ¢ kim cwong ting 1én nhiéu bac d6 16n do d6 dién
trd suét tro nén thép hon nhiéu so véi khi & nhiét do phong. Vé d6 dan dién cia ban dan
thuan, can luu ¥ hai diém sau:

(i) P9 dan cia ban dan thuén 13 d6 dan kich thich. Su dan dién chi xay ra khi co
cac yéu t bén ngoai nhur nhiét do, anh sang...

(i1) Su phan chia vat ran thanh ban dan va dién moi rat tuong dbi va phu thude
nhiéu vao nhiét do. Kim cuong la dién méi & nhiét d§ phong nhung lai 1a ban dan &
nhiét 6 cao hon.

5.2.2 KHAI NIEM LO TRONG

O nhiét @6 T > OK, electron nhin duoc 1 ning luong ksT va bat dau dich chuyén tir
ving hoa tri 1én vung din néu kgT > Eg va tré thanh electron tu do. O trong ving hoa
tri, viéc electron chuyén 1én vung dan s& dé lai mot chd tréng ¢ vung hoa tri. L héng
nay duogc goi 14 16 trong (hole). Ta khéo sét chi tiét khai niém nay:

Khi cdc muc nang lwong ¢ ving hoa tri hoan toan bi electron chiém day thi tong van toc

cia cac electron ¢ vung hoa tri 2\7i =0. Bay gio ta gia su c6 1 electron (goi 1a
i

electron thir k) chuyén khoi ving hoa tri va dé lai d6 mot 16 tréng (hinh 5.2.2). Luc d6

> v+, =0,

i=k
hay
- - E
z Vi=— Vg /F v
i=k
16 tron Es
\ A , o 0 tron
Dong dién do céac electron con lai trong \L B
C

vung hoa tri gay ra la

(-e) Z Vi=-e(-Vy) =eVy.

izk

® 90 ©® &
® o0 ©® oo P

Dong di¢n nay tuong duong vdi dong

dién do hat mang ‘,iién co dién tich +¢  pinh 5. 2.2: So dé minh hoa viéc tao thanh 18
gdy ra. Vay 10 trong & vung hoa tri  trong

tuong duong voi mdt hat mang dién cod

dién tich +e. Sau nay ta ky hiéu 16 trong 1a (h). L6 trong c6 khédi lwong hiéu dung duong
trong ltc electron c6 khéi lwong hiéu dung 4m (xét & dinh ving hoa tri).
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5.2.3 PO DAN PIEN THUAN

5.2.3.1 Co ché din dién
Trong ban din thuan cac electron va 16 trong déu tham gia vao qua trinh dan dién va co
vai trd nhu nhau. Ta xét dong dién theo mot phuong x bat ky (cing phuong véi phuong
cua dién truong ngoai)
Mait do dong dién trong ban dn thuan 1a

Jx = NeBVex + NhEVhy ' (5.2.1)

trong do ep =—e>0.

Thay Vex = teEx va ven = pnEx vao (5.2.1) ta duoc

jx = oEx (5.2.2)
V61

G = Ne€Ue + Np.Ep.up’ (5.2.3)
trong d6 pe va pp 1an lugt 13 d6 linh dong cua electron va 16 trong.

Biéu thtc (5.2.3) ¢6 thé viét lai nhu sau

o = ep(Nete + Npptp). (5.2.4)
Nhu vdy do dan cta ban dan gom 2
thanh phan: thanh phan do electron v
va thanh phan do 16 trong. Co ché " (oO— >
dan dién cua ban din thuan dugc Jex
minh hoa ¢ hinh 5.2.3. @ S
Vhx Jhx

5.2.3.2 Nong d9 hat mang dién

Ta di biét nong do electron trong .. .
. . , A , Jx = Jex + Jhx
kim loai dugc tinh theo cong thuc

n = [ f(E)N(E)dE, Hinh 5.2.3 Minh hoa co ché dan di¢n clia ban

, ) dan thuan
trong do f(E) 1a ham phéan bo Fermi-

Dirac, N(E) 1a mat d¢ trang thai
3/2
N(E) = %(z_r;j g2, (5.2.5)
2n° \ h
Dé tinh ndng do electron ¢ ving dan va nong do 16 tréng & ving hoa tri ta ap dung cong
thire (5.2.5) nhung phai thay m bang khdi luong hiéu dung me cia electron hodc my

cta 16 trong. Khi tinh dén gbc nang lwong dbi véi ving héa tri va ving dan & ban dan,
ta duoc biéu thirc tinh mat do trang thai cua electron va 16 tréng nhu sau:
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1 Zm 3/2 2m 3/2
N (E)_ [ hz j (E_Ec)l/2:4n( hgej (E_Ec)ll2

1 2m 3/2 om 3/2 '
N (E)_ ( hz j (EV_E )1/2:47{ hzh} (EV_E):U2

(5.2. 6)

Nong d6 electron va 16 tréng duoc tinh theo biéu thirc sau

TN (E)f,(E)E  va n, = j N, (E)f,(E)dE. (5.2.7)

C

m

Ham fi(E) duoc tim tir diéu kién

1 1

SEWKeT L1 gWBIkeT L1 (5.2.8)

fu(E)=1-f(E)=1 -

O nhiét d6 thong thudng, voi ving dan E — p >> kgT, véi ving hoa tri p — E >> kgT.
Luc d6 ham phan b Fermi-Dirac cho electron va 16 tréng trd thanh ham phéan b
Boltzmann

fe(E)zexp(i;—_FJ va fh(E)~exp[kB“J (5.2.9)

Bén dan c6 ham phan bd cac hat mang nhu (5.2.9) duge goi 1a ban dan khong suy bién. ¥
nghia vat 1y ciia diéu nay 1a trong ban din khong suy bién, ndng do electron & ving dan
va ndng d6 16 trong ¢ ving héa tri thuong rat nho so véi nong do electron trong kim loai.

Ta tinh nong dd electron va 16 trong ciia ban dan khong suy bién.

Thay (5.2.9) vao (5.2.6) ta dugc
2m 3/2
n, :47[( hzej e/l/kBT‘[(E E )1/2 —E/kBTdE,
Fe (5.2.10)

312
n :4”(2:2%) oHlkeT J‘ (E, - E)V2e E%T gE.

Ta tinh 2 tich phan trén

Ec —0

Ta dung phuong phap doi bién sé. Pat e = E —Ec ; de = dE, ta dugc

o0 o0
J‘ 12 —(5+EC)/kBTd8 —EC/k TJ‘(C,_llze—g/kBng
0

0

Dung ham Gamma
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['(z) = Ie_xxz_ldx ,

0
Véi (1) =1;T(1/2)=r; [(3/2) = \n/2...
Ta tinh dugc
ne = NceW-Ec)kaT (5.2.11)
trong d6 ta da dat
27m kT \*?
N¢ = 2(h—§j (5.2.12)

1a s0 hiéu dung céc trang thai ¢ vung dan.

Tuong ty ta tinh duoc nong d¢ 16 tréng

np = NeEv kBT (5.2.13)
trong do
3/2
Ny = Z[M] (5.2.14)
h

13 sb hiéu dung cac trang thai ¢ ving hoa tri.
Tu (5.2.11) va (5.2.13), ta lap tich ngny, thi

n.n, = N_N,.e Fe Bkl

— 4(@) 3/2(memh)3/2 e—Eg/kBT’ (5215)

h
trong do Eq=Ec-Ev.

Hé thirc (5.2.15) cho thidy & mot nhiét do nhat dinh tich s ctia nong do electron va 16
trong 1a mot hang s6 dbi vi mot ban dan di cho. Hé thire nay duoc goi 1a dinh luét tac
dung khéi (law of mass action).

5.2.3.3 Vi tri cia mirc Fermi trong ban din thuin va d9 din thuin

Dbi voi ban dan thuan (intrinsic semiconductor) thi ndng d6 electron ¢ ving dan va
ndng d6 16 tréng ¢ vung hoa tri bang nhau. Ta dit ne = ny = n;. Lic d6 tir (5.2.11) va
(5.2.13), ta dugc

3/2 3/2
Z(anekBTj o(n-Ec)/kpT :2(2nmthTj e(Ev-m/kgT
h? h?

hay
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me3/2e(u—EC)/kBT _ th/ZE(EV_“)/kBT.

Lay In 2 vé, ta dugc biéu thic cta ning lugng Fermi p

E.+E m
p=—C""V 1 (3/4)kgTIh—". (5.2.16)
2 Me
Nhu vay, vi tri cua muc Fermi phu
thudc vao nhiét do va ti s6 khoi luong E a

hiéu dung cua electron va 16 trong.

. . Vige i
O nhiét do khong tuyét doi T = OK thi ing din

u = (Ec + Ev)/2. Nghia 1a mic Fermi
nam & gitra ving cdm. Khi nhiét do
tang thi mirc Fermi s& thay d6i. N6 s& Eg/zi m; >m,

dich 1én phia ving dan néu my > m, n
hodc dich vé phia ving hoa tri néu m

mp < me (Hinh 5.2.4). Tuy nhién trong
nhiéu truong hop su dich chuyén nay

Ao 1oz A LA , . vung héa tri
rat bé nén ta co thé coi nhu mac Fermi

N | x T
nam ¢ gitta vung dan. >

Tir (5.2.15), Cho ne = ny = n; ta tim
duoc néng dd electron va 16 tréng Hinh 5.2.3: Vi trf mic Fermi trong bdn dan thuén khong suy

do e i
trong ban dan thuan o
2mMemp KT 32
i —Eq /2kpT
n =2 e h B g 9 Bl (5.2.17)
h2
Do dan dién ctia ban dan thuan 1a
oi = nien(ue| + pn).
Thay n; tir (5.2.17), ta duoc biéu thirc cua do dan dién thuan
o = Go.e_Eg/ZkBT, (5.2.18)
trong do 60 = en.No (|ue| + ),
2 KT)
m.m
véi No :2[ T ehzh B J )

Mot cach téng quat, do linh dong cua cac hat mang dién dugc xac dinh bdi tan xa ctua
chung vé1 phonon
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~ CT—3/2 . CT—3/2

Me=—"p;5" VA Hp=—"pg/>,
me5/2 mh5/2

(5.2.19)

trong d6 C 1a mot hang s c6 lién quan dén tinh dan hdi cua mang tinh thé.

Nhu vay op coi nhu khong phu thudc nhiét do. Tt do ta co thé xem do dan dién thuan
phu thudc vao nhiét do va bé rong cla vung cAm theo ham e mii. P din thuin tang khi
nhiét d6 ting hodc bé rong ciia ving cam giam.

Biéu thirc (5.2.18) cho ta xac dinh duoc bé rong clia vung cAm cua mot ban dan khi x4c

dinh duoc d6 dan dién & mét nhiét 46 da cho. That vay, léy logarith neper 2 vé cua
(5.2.18), ta duogc

In oi = In 6o —EQ/2kgT.

Inl

Do thi cta Inoi theo 1/T 13 mot duong A

théng c6 d6 déc 1a a, voi tano = Ey/2ks
(Hinh 5.2.4).

Twr do, bé rong cua vung cam la

Eg = 2kB.thL.

Trong thuc nghiém, nguoi ta do cuong

do dong dién qua mau ban dan khi dat >1/T
trong dién truong ngoai, lap do thi cua

Inl theo (1/T) r6i do goc o, sau d6 xéac Hinh 5.2.4: D6 thi cta ham Inl = (1/T)
dinh duoc Eg.

5.3 BAN DAN TAP CHAT

Chét ban din trong thuc té khong hoan toan tinh khiét ma ludn luén chtra cc nguyén tir
tap chat. Cac nguyén tir tap chit & trong ban dan tap chat (impurity semiconductor) giy
ra cac muc ning lugng riéng duoc goi 13 mic tap chat. Cac mirc nay cé thé co thé ¢
trong ving cho phép hodc ving cim. Ta s& khao sat hai loai murc tap chat 1a mic cho
(donor) va mtrc nhan (acceptor).

5.3.1 BAN DAN TAP CHAT LOAI n- MUC TAP CHAT DONOR

Gia str trong tinh thé ban dan Ge (nhém IV) c6 tap chat thudc cac nguyén té cia nhoém
V, chang han nhu As. Nguyén tir As s& gop chung 4 electron voi cac nguyén tir Ge &
1an can dé tao thanh co cdu bé vimng. Electron thir 5 ctia As khong tham gia vao lién két
nén lién két yéu vO1 nguyén tor me¢ va co thé tré thanh electron tu do néu nd nhan dugc
nang lugng da dé thang luc lién két gitta nd v6i nguyén tir As. Muc niang luong cua
electron thir 5 ctia nguyén tir As nam & ving cim cach day ving dan mot doan Eg, trong
d6 Eg 1a ning luong can dé tach electron thir 5 ra khoi nguyén tir As dé tr¢ thanh
electron tur do. Nguyén tir tap chat c6 kha ning cung cap electron tir do duoc goi 1a tap
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chit donor. Hinh 5.3.1 chi c4u tao cta ban dan tap chét loai n vé mat lién két hoa hoc va
vé cdu trac ving ning luong. Viée tao thanh electron tu do tir nguyén tir tap chit cho
khong kém theo su tao thanh 16 tréng nhu & ban dan thuan ma chi lam cho nguyén tir
tap chat cho tro thanh ion duwong. O nhiét d6 T > OK sao cho kgT > Eg thi trong ban
dan loai n ¢6 hai su chuyén:
- Su chuyén electron tir muc donor 1én ving dan (su chuyén mirc tap chét- ving),
- Su chuyén electron tir ving hoa trj 1én viing dan (su chuyén lién ving).
Nhu vay trong ban dn tap chit cho c6 hai loai hat mang:

- Hat mang da s6 1a céc electron, tao thanh do ca hai su chuyén trén,

- Hat mang thiéu s6 13 16 tréng, tao thanh do su chuyén lién ving.

[ J Ec
E Eq
E, l‘ ¢ / &> o e ’
@ @ @ Miic Muc
donor donor

Hinh 5.3.1 a: C4u tric cua ban dan tap chat Hinh 5.3.1 b: Cau tric ctia ban dan tap

loain & OK chat loain 6 T > OK

5.3.2 BAN DAN TAP CHAT LOAI p- MUC TAP CHAT ACCEPTOR

Bay gid ta gia st trong tinh thé ban din Ge (nhom IV) c6 tap chét thudc cac nguyén to
ctia nhom 11, ching han nhu In. Nguyén tir In chi ¢ 3 electron & vong ngoai ciing nén
khi tao nén lién két véi cac nguyén tr Ge ¢ lan can thi con thiéu mot electron dé tao
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thanh co cdu bé vitng (quy tic bat b dién tir). O nhiét 46 T >OK mét electron & cac lién
két Ge-Ge 1an can c6 thé d& dang dén chiém ché lién két con thiéu do. Lién két vira bi
mét electron s& tao thanh mét 16 trng. Dong thoi cac electron khac co thé tach khoi
lién két Ge-Ge dé lap vao 16 trong vira méi tao thanh va nhu vay mot 16 trong méi duoc
hinh thanh. Qua trinh c tiép tuc xay ra nhu vAy va ta c6 sy hinh thanh lién tiép cac 16
trbng trong ban dan loai p. L6 tréng lic ndy dong vai trd mot hat mang dién duong co
thé dich chuyén tu do trong mang tinh thé va tham gia vao qué trinh dan dién khi c6
dién trudng ngoai. Mirc ning luong cia ing véi cac 16 tréng do nguyén tir In tao nén
nam & ving cdm cach dinh ving ho4 tri mot doan E,, trong d6 E, 13 ning lugng can dé 1
electron & lién két Ge-Ge dén 1dp vao lién két con tréng ¢ nguyén tir In. Nguyén tir In
do nhén thém electron nén trd thanh ion &m va dugc goi la nguyén tir acceptor (nguyén
tir nhan). Su tao thanh 16 tréng tor nguyén tir acceptor khong kém theo sy tao thanh
electron tu do. Hinh 5.3.2 chi ciu tao cia ban din tap chét loai n vé mat lién két hoa
hoc va vé cdu triic ving ning lugng.

Lap luén tuong tu nhu ban dan loai n, ta théy trong ban dan loai p hat mang da s6 1a 16
trong, hat mang thiéu s6 1a electron.

b X

R/

Q Miic acceptor N Mitc acceptor
In In E
—O0—0—0—0—0—E, —0—0—“‘—0—0— .
4 Q 7
Ey Ey
N\ N\
Hinh 5.3.2 a: C4u triic ctia bén dén loai p 6 T= 0K Hinh 5.3.2 b: Ciu tric cia bén dan loai p 6 T> OK

5.3.3 VI TRi MU'C FERMI VA PQ DAN DIEN CUA BAN DAN TAP CHAT

Dé tim biéu thirc cua do dan dién ta can tim néng dd cac hat mang dién, nghia la ta can
phai biét biéu thirc ctia nang lugng Fermi cho timg loai ban dan. Trudc hét ta xét truong
hop tong quat khi ban dan c6 ca 2 loai tap chat. Tap chat donor c6 ndng do 1a Ng, tap
chét acceptor co néng do la N,. O nhiét @6 T >OK do su ion hoa nhiét nén c6 cac su
chuyén trong ban dan, do d6 tao nén céc electron va 16 tréng tu do va cac nguyén tir
donor trg thanh ion dwong, cac nguyén tir acceptor trd thanh ion 4m. Do diéu kién cén
béng dién nén sb dién tich am tao ra do electron tu do va ion acceptor vé do 16n phai
bang s6 ion dwong tao ra do 16 tréng tu do va ion donor.

(ne + NOe + (nn + Nye, = 0. (5.3.1)

Vi e=-e,nén
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(Ne + NOQ) = (nh +NMy) =0, (5.3.2)

trong d6 ndng do electron & ving dan va ndng d6 16 tréng & ving hoa tri duoc tinh theo
cong thire (5.2.11) va (5.2.13). Nong d6 ion donor va acceptor tinh theo cong thic

N(§+) = i\IdE )keT
u=Eq)lkgT !
1+ 2e . (5.3.3)
NO = .
1+ 2e (u—E4) kT
Thay vao phuong trinh (5.3.2) ta duoc
NeetEat y  Na N oteeoriar N, . (53.4)

Ze(Ea*H)/kBT +1 Ze*(Eru)/kBT +1

5.3.3.1 D) din dién ciia ban din loai n

Dbi voi ban dan loai n thi Ny = 0, phuong trinh (5.3.4) tro thanh

N

Ty (53.5)

(W—Ec) kT _ (Ey—1)/kgT
N_.e™ =N,e™™ +
Y nghia ctia phuong trinh nay 14 ¢ ché sé electron & ving din bang sé electron chuyén
tir ving dan va mirc donor 1én. Hai su chuyén nay khong tuong duong ma phy thudc
mot cach khac nhau vao nhiét dg, nang lugng ion hod mirc donor va bé rong vung cAm.
Ta xét phuong trinh (5.3.5) ¢ tung vung nhiét do.
(a) Khi ban din ¢ nhiét d6 thap sao cho chi c6 sy chuyén electron tir mtrc donor
1én ving dan va chua c6 su chuyén lién ving. Luc d6 trong ban dan chua c6 16 tréng
nén sb hang thir nhit & vé phai ctia phuong trinh (5.3.5) bang 0. Ta ¢6

N.e(H—Ec)/kBT _ Ng

hay
Net/KBT g BC/KBT [2(W/KBT gEd /kBT , 91- Ny,

Phuong trinh nay c6 thé bién doi vé dang

N
(eu/kBT)z+%eEd/kBT_eH/kBT_ﬁe(E“Ed)/kBT -0 (5.3.6)
C

Néu chon gdc ning lugng tai ddy ving din thi Ec = 0 va Eq = —|Eg|. Luc d6 phuong
trinh (5.3.6) tr¢ thanh

_ Ng -
(eu/kBT)2+%e |Ed|/kBT_eM/kBT_ﬁe Bdl’kBT _o, (53.7)
c
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Nghiém cta phuong trinh (5.3.7) c6 dang

C

ph/keT :%e"Ed" kBT{—li \/1+8N&e'5’" k“}. (5.3.8)

Khi T 0, thi i\lﬂe'Ed"kBT >>1, nghiém (5.3.8) trd thanh

C
arlkeT zle—lEdllkBT %emvzkg _ &eﬁdvzkg.
4 N, 2N,

T biéu thirc nay ta tim dugc hé thuc dé xé4c dinh vi tri mérc Fermi

KLT"‘]&

1
=——|Eq |+ .
m=->1Eql+= 2N,

(5.3.9)
Khi T = 0 thi
1
n= [ (5.3. 10)

Nhu vay khi T = 0 thi mic Fermi nam giira mirc donor va day ving dan.

Nong d6 electron & ving dan trong truong hop nay theo (5.2.11) 1a

2k g Tm, \*'*
n, = N el E)kel — /N, (%) e Edl2keT (53 11)

Do dan dién trong truong hop ndy chi do cac electron tir mirc tap chat:
Gn = € UeNe.

Nong do electron ne duoc tinh tir (5.2.11) ¢6 tinh dén hé thuc (5.3.9) cia mirc Fermi

27k Tm.
=e N 7B e e_lEd [2kgT
On = EHeN T ( h? j (5.3.12)

—|Eq4l/12kgT
:G.eldl B’

on

trong d6

2nkgTm 374
Gon :eHe«/Nd-[%j T34,

Nhu vay, do dan ctia ban dan loai n tang khi nhi¢t do tang.

(b) Khi nhiét do cang ting 1én thi cang c6 nhiéu nguyén tir chat donor bi ion hoa.
O nhiét @ T =Ts sao cho (8Ng/Nc)eeT << 1 hay 8Ny << N thi s hang trong cin
béc hai cta (5.3.8) c6 thé khai trién gan dung. Luc d6 biéu thirc (5.3.8) trd thanh
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oh/KeT _ £e|Ed|/kBT{_1+1+ AN, elEdl/kBT} _ M
NC

C
Tir do
w = kaTIn(Ng/Ng), (5.3. 13)

Ne = Nce wkeT — Ng .

Nhu vay, khi T = Tg néng do electron khong phu thudce vao nhiét do va bfmg néng do
tap chit donor diéu nay tmg voi trudng hop moi nguyén tir tap chat déu bi ion hoa. Lic
nay ta noi tap cht da bi can kiét, va nhiét d6 Ts duogc goi la nhiét do bao hoa (nhi¢t do
ung véi su can kiét cua tap chét). Vi né)ng dod electron lic nay 1a mot hﬁng s6 nén d6 dan
chi phu thudc vao dg linh dong.

Tir (5.3.12) ta ¢6 2 truong hop:

(i) Néu Ng > N thi p >0, diéu ndy c6 nghia 1a mirc Fermi nam ¢ trén muc Ec,
ttc 1a ¢ trong vung dan. Truong hop nay ban din dang xét giong nhu kim loai. Nhu vay
khi néng d6 tap chat 16n va & nhiét do du cao thi tinh din ctia ban dan loai n gidng nhu
kim loai. Ban dan trong truong hop nay dugc goi 1a ban dan suy bién.

(ii) Néu Ng < N¢ thi p <0 , mirc Fermi ndm & dudi day ving dan. Khi nhiét o
thay d6i thi mirc Fermi cang ha xudng vé phia giita ving cAm.

Do din dién trong
Ea

truong hop nay phu
thudéc vao nhiét do

thong qua d¢ linh °

dong pe cua electron. " Ec
Néu Ny nho thi e

duoc xac dinh do tan w(T)
xa electron-phonon

He ~ T 302 Nguoc lai

néu Ny 16n thi e
duoc xac dinh do tan

xa cua electron va

tam tap chit pe ~ T T, T, T
*32 Nhiét d¢ bao hoa
Ts co thé xac dinh
boi  (5.3.12) bing
cach cho pu =|Eq| :

Hinh 5.3.3 Su phu thudc ctia vi tri miic Fermi trong ban dan tap chat
loai n

Ts = [Eql/kaIn(Nc/Ny). (5.3.14)
Déi voi ban din c6 By = 0,01 eV, Ng = 10 cm™, thi Ts ~ 10K.
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(c) Khi nhiét d6 tiép tuc ting T > Ts thi bat dau c6 sy chuyén lién vung, luc ndy
ndng do electron trong vung dan 1a ne = Ny + ny. Khi nhiét d6 cang ting thi ny cang ting,
dén mot nhiét d6 T; nao d6 thi n, >> Ng, luc d6 ne ~ n,. Nhu vay né)ng do electron &
vung din bang ndng d6 16 tréng & ving héa tri, ban dan tap chit trd thanh ban dan
thudn. Mtc Fermi liic ndy ha xubng & giita ving cdm (hinh 5.3.3). D6 dan dién trong
truong hop nay chinh 12 d6 dan thuén (5.2.18). Nhiét d6 T; duoc goi 1a nhiét d6 thuan.

Hinh 5.3.4 chi d0 thi cua sy phu

thudc cua Inogy theo 1/T. inc.
5.3.3.2 P din dién ciia ban din
loai p.
Trong truong hop ban dan loai p
thi so hang N(+)d trong phuong
trinh (5.3.2) bang khong, luc do
phuong trinh (5.3.4) tré thanh >
0 /T, 1T /T
N Hinh 5.3.4: Su phu thudc ciia do dan dién cua ban dan loai n

vao nhiét do

(u—Ec)lkgT a
Nee T eE kT (5.3.11)

— N o BT
=N,e =,

Hoan toan twong tu nhu trudng hop ban dan loai n, ta co thé xac dinh dugc vi tri muc
Fermi va do dan cua ban dan loai p. Hinh 5.3.5 chi sy phu thudc cua vi tri muc Fermi
vao nhiét d6 trong ban dan loai p.

BAI TAP CHUONG V
1. Chtng minh cong thtc (5.2.13).
2. Tim ndng d6 va d6 dan ctia ban dan tap chét loai n khi nhiét do thap.

3. Trong mau ban din Ge chira 102 m™ nguyén tr Sn. Cho ring & nhiét 4 phong toan
bd nguyén tu déu bi ion hoa. Xac dinh néng dd cua electron va 16 tréng. Cho réng
néng do electron dugc xac dinh chi bdi cac tam tap chat. Tur d6 tinh dién tré sut
ctia mau Ge & nhiét do phong. Cho d0 linh dong cua electron va 16 tréng lan luot 1a
0,38 va 0,18 (don vi cua do linh dong 1a m?/Vs).

4. Nong d6 acceptor trong ban dan loai p 13 10 m® . Muc nang lugng cua acceptor la
0,5 eV ké tir bo trén cua ving hoa tri. Tinh d6 dan cta ban dan ¢ nhiét do phong va
& nhiét d6 ctia oxy long (90K). Cho d6 linh dong cua 16 trong trong ving hoa tr 1a
100cm?/V.s). B6 qua do din riéng cua ban dan.
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CAC HIEU UNG TRONG KIM LOAI VA BAN DAN

Trong chuong nay chiing ta s& xét mot sd hién twong tiéu biéu xay ra trong kim loai va
ban dan. D6 13 hiéu img Hall, hiéu tng quang dan va hién tuong tiép xuc.

6.1 HIEU UNG HALL

Khi vat dan c6 dong dién chay qua duoc dit trong mot tir trudng déu c6 phuong thing
goc véi phuong ciia dong dién thi trong vat dan s& xuét hién mot suét dién dong, goi la
suat dién dong Hall. Strc dién dong nay c6 phuong thang gbc voi mat phang chira vecto
mat do dong dién va vecto cam ung tir. Nhu vy co thé dinh nghia hiéu ung Hall nhu
Sau:

Hiéu tng Hall 1a hién tugng xut hién mot dién truong ngang khi vat dan duoc dat
trong mot tir truong vudng géc véi phuong cua dong dién.

Ta lan luot xét hiéu ung Hall trong kim loai va ban dan
6.1.1 HIEU UNG HALL TRONG KIM LOAI

Xét mot ban kim loai c6 tiét dién ngang (ax b), daic, vdic rat 16n so véi a va b. Gia sit
dong dién chay qua ban va tir truong tdc dung vao ban c6 phuong nhu hinh 6.1.1

B:(0,0,B) va E:(E,.,00),
Luc Lorentz tac dung 1én electron chuyén dong 1a

FL=eV x B. (6.1.1)
Vi V thing goc v6i B nén lyc Lorentz c6 d6 16n

F.=evB. (6.1.2)

Phuong cia F, thing goc 12
mit phiang (xOz) va hudng
: < C —>
theo chi€u am cua truc Oy.
- ~D-—x {---- - - - /
Do tac dung cua luc F_ N E
nén electron bi léch khoi B| e /
phuong chuyén dong ban * - — \7= /
dau va huéng vé phia mot / J = a
H
mat bén cua ban (mat 1). / /
Q) +++ ++tA+++++++
Do vay, mat (1) duoc tich /
dién am, mat (2) duogc tich y

dién duong, gitra hai mat
néy Xuét hién mo6t dién Hinh 6.1.1 So d6 minh hoa hiéu tng Hall trong kim loai

truong hudéng tr mat (2)
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sang mit (1). Pién truong nay duoc goi 1a dién truong Hall Ey va nim trong mit
phang xOy.

Ew: (0, -Ey,0).
bién truong Hall tdc dung 1én electron mot luc Fu=eE H, luc nay hudng nguoc chiéu
v6i lyc Lorentz F nén c6 khuynh huéng 1am cho electron chuyén dong theo phuong ci.

Thyc nghiém cho théy dién truong Hall phu thudc vao cuong do tur truong B, mat do
dong dién j va vao tinh chit cua vat dan

En = RyjB, (6.1.3)
trong d6 Ry 1a mot hé sé ti 18 va dugc goi 1a hang s6 Hall.
Hing s6 Hall Ry duogc xac dinh nhu sau:
Khi kim loai dat trang thai can bang thi luc Lorentz can bang véi luc dién truong. Hay
evB=eEy. 2> VB=E..

Vian téc chuyén dong cua electron duoc xac dinh tir hé thire v = j/(ne). Tir d6

En = jB/ne. (6.1. 4)
So sanh (6.1.3) va (6.1.4) ta dugc
Ry = 1/ne. (6.1.5)

Vi dién tich electron e <0 nén hang sé Hall d6i voi kim loai ¢ gia tri 4m. Tir bang
(4.1.1) & chuong IV, ta thiy mét sd kim loai hang s6 Hall c6 gia tri duong theo thuc
nghiém, trong luc theo 1y thuyét hiang sd nay phai c6 gia tri am. Ly thuyét electron cb
dién khong giai thich dugc diéu mau thudn nay. Chi c6 thuyét electron luong tir méi
gidi thich duoc diéu nay.

6.1.2 HIEU UNG HALL TRONG BAN DAN

Ta xét ban dan c6 ca hai loai hat mang. Mat d6 dong dién 1a
j=enyv, +en,v,.

Vi j chindm trong mit phang xOy nén ta viét thanh phan cua né theo 2 tryc X, y

Jx = neevex + r‘Ihehvhx’
(6.1.7)

J, =Nevy, +Ne v, .

Ta c6

V, =, (E+V,xB),
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Voo = 14, (E, +V,,.B), (6.18)
Ve, = 1 (E, —V,,.B).
Thay biéu thirc dau & (6.1.8) vao biéu thirc sau, ta duoc
V,, = 4[E, — 11, (E, +V,,.B)B],
= 1E, ~u° E B —(,ue.B)zvey.
Coi tir truong 12 nho, ta co thé bo qua sé hang lu§ thira bac hai cua B, tir 46
Ve = LE, — 1’E,B. (6.1.9a)
Tuong ty ddi voi 16 tréng
Vi, = L4,E, — 1’E B, (6.1.9b)
Tir (6.1.7) mat 6 dong jy c6 thé viét lai nhu sau
j, =nev, +nev,, =ne(xE, - 1BE)+ne, (4E, - 1BE,)
= (en.u, +e,n,u,)E, —(enu +e,n,u°)BE,.
O trang thai cAn bang thi j,=0, nén
B _(ens +enu)B (6.1.10)
E, (enu, +enu,)
Vi
En = RuyjxB = RuoE«B,
nén
R, {_:'?13' (6.1.11)
Vi En=Ey va o = en(Ne|pte| + Nppn), véie = - ey
nén (6.1.10) va (6.1.11) cho ta
R, = Nk ~Neke _ (6.1.12)
en(Ne [ Ke [+NH1p)
Day 1a biéu thirc cuia hang sd Hall cho ban dan c6 hai loai hat mang.
Dbi voi ban din loai n ( va kim loai ) thi np = 0 va (6.1.12) tré thanh
RY :i<0. (6.1.13)
n,.e

Dbi voi ban din loai p thi ne = 0 va (6.1.12) tré thanh
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1

R, =
nheh

>0. (6.1.14)

Trong trudng hop tong quat, dau ctia Ry phu thudc vao ddu cia tir sé cua biéu thirc
(6.1.12).

Néu nthZ > nepez thi Ry >0,
Nnpn? < Nepte’ thi Ry < 0.
Diéu nay giai thich duoc ddu duong cua hing sé Hall mot sb chéat da néu & bang 6.1.1.

Vi ¢ ban dan, néng do hat mang phu thude rit manh vao nhiét d6 nén héng s6 Hall cling
phu thudéc manh vao nhiét do. Trong cung mot ban din c6 thé c6 truong hop héng $6
Hall ¢6 gia tri duong & mién nhiét d6 nay ma c6 gia tri 4m & mién nhiét do khac diéu do
phu thudc vao quan hé gitra hai $6 hang nhHhZ va neuez khi nhiét 4o thay doi.

O nhiét @6 T > T; khi ma tinh dan thuan chiém wu thé thi ne ~ ny, lac d6

o ph-pl
H — 2"
ng.e, (1 [+uy)

(6.1.15)

Trong truong hop ban dan thuan khi pe = p, thi hing s6 Hall bang khong.
6.1.3 UNG DUNG CUA HIEU UNG HALL

Tir cac hé thiic (6.1.13), (6.1.14) ta thiy rang néu biét dugc ddu cta hing s6 Hall thi co
thé xac dinh dugc dau cua dién tich hat mang dién, nghia 1a x4c dinh dugc loai ban dan.
Mit khac tir (6.1.13) ta co thé viét

Ry=whneep=plc 2 pn=Ryo.

Diéu nay cho ta xac dinh dugc d¢ linh dong cia hat mang dién khi biét duoc hﬁ“mg )
Hall.

6.2 LOP CHUYEN TIEP P-N
6.2.1 SU TAO RA LOP CHUYEN TIEP P-N

R& rang 1a khong thé tao ra 16p chuyén tiép bang cach dat hai ban din khac loai tiép xiic
v6i nhau theo phuong phap co hoc. Voi sy tién bo cua k¥ thuat ché tao cac linh kién ban
dan hién nay thi 16p chuyén tiép p-n duoc tao ra trong qua trinh nudi tinh thé. Sau day
chung ta s& xét mot vai phuong phap tao ra 16p chuyén tiép p-n.

Phirong phdp hop kim hod: Dat mot manh chat In trén mot miéng ban din Ge loai n.
Sau d6 dat chung trong 10 nung dén nhiét d6 500600 °C trong méi truong khi Hydro
hodc Argon (hinh 6.2.1a). Khi In néng chay, cac nguyén tir In s& khuéch tan vao trong
Ge (hinh 6.2.1b). Sau khi In néng chay va bao hoa voi Ge, ta 1am ngudi tim Ge. Lic
nay 16p Ge c6 pha In s& c6 tinh dan loai p. Vi vay ta c6 mdt 16p tiép xtc p-n tai bién
gidi cia mau Ge loai n chwa bi In khuéch tan va 16p Ge pha In c6 tinh dan loai p (hinh
6.2.1c). L6p In con du trén bé mit ciia miu Ge dugce dung nhu mot contact ohmic.



CHUGNG VI: CAC HIEU UNG TRONG KIM LOAI VA BAN DAN 109

Phwong phdp khuéch tan: C6 thé tao ra 16p chuyén tiép bang cach khuéch tan tap chat
acceptor vao trong ban dan loai n hodc tap chat donor vao ban dan loai p. Qua trinh
khuéch tan co thé tién hanh & pha hoi, 16ng hodc ran. Su xuyén sau cua chat khuéch tan
va do sau cua 16p chuyén tiép duoc xac dinh boi nhiét do va thoi gian cua qua trinh
khuéch tan.

Phwong phdp epitaxy: Pay 1a phuong phap duoc ding phd bién nhat hién nay. Lép
chuyén tiép p-n dugc tao ra bang cach cho ling dong hoa hoc mét 16p mang mong chat
ban dan loai p 1én bé mat mot mau ban dan loai n.

Phwong phdp cdy ion: Phuong phap ndy duoc Gmg dung trong nhitng nim gan day.
Trong phuong phap ndy cac ion tap chat co loai x4c dinh dugc ban téi bé mit ban dan.
Vi cac ion ¢6 niang luong cao (50- 300 keV) nén chiung xuyén siu vao trong mau chit
ban dan va tao nén cac mién co tinh dan khéac nhau.

In néng chay Ge loai n Geg loai p

In bao hoa véi Ge
— —
Ge
(a) (b) (©)

Hinh 6.2.1: Su ché€ tao 16p chuyén ti€p p-n bang phuong phdp hop kim héa

6.2.2 TRANG THAI CAN BANG CUA LOP CHUYEN TIEP
Trong mién ban dan loai n c6 hai loai hat mang:
- Hat mang co ban 1a electron, néng do 1a ne.
- Hat mang khong co ban 1a 18 tréng, ndng do %,
Trong mién ban dan loai p co:
- Hat mang co ban 13 13 trong, nong do np,.
- Hat mang khong co ban 13 electron, nong do 1a n’.
Nong d6 hat mang co ban ¢ 10" cm™3, Néng d6 hat mang khong co ban c& 10 cm™,

Vi ¢6 su chénh 1éch ndng do gitra hat mang dién co ban va khéng co ban (ndng do
electron & mién ban dan loai n 16n hon ndng d6 electron & mién ban dan loai p ¢& 1 triéu
1an va ndng d¢ 16 tréng & mién ban din loai p 16n hon ndng d6 15 trong & mién ban dan
loai n cling ¢ 1 tri¢u lén) nén co su khuéch tan cac hat mang tur mién no sang mién kia
qua 16p tiép xiic: electron tir mién n sang mién p va 13 trong tir mién p sang mién n. Do
su dich chuyén ndy ma mién n (1an can 16p tiép xuc) sé tich dién duong va & mién p (Ian
can 16p tiép xuc) s& tich dién am. Nhu vay trong khdi ban dan ¢ 1an can mit phan cach
hinh thanh nén mot 16p dién tich khong gian tich dién trai dau, goi 1a 16p dién kép. T
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d6 ma xuét hién mot dién trudng hudng tir mién n sang mién p, goi la dién trudng tiép
xtic Ec. bién truong tiép xuc s€ ngan can sy dich chuyén cac hat co ban nén su dich
chuyén nay ngimg lai khi ban dan dat trang thai cin bang. V&é mat cau trac ving trong
qua trinh dich chuyén cta cac hat mang thi cac mac Fermi sé thay d6i vi tri. Mirc p, ciia

ban dan loai n ha xudng con mirc p, cuia ban dan p duoc nang 1én.

O trang thai c4n bang thi 2 mirc nay s& ngang nhau. Hinh 6.2.2 chi so dd ning lugng cia
16p chuyén tiép. O trong pham vi 16p chuyén tiép cac mirc ning lugng bi udn cong, & xa
16p chuyén tiép noi khéng co dién truong tiép xtc, cac mirc nang luong 13 cic duong
thang ndm ngang. Giira cic murc ning luong tuong tmg & hai phia cta 16p chuyén tiép
coO sy chénh léch nang luong AE. Nhu vay nang lugng ctia hat mang dién ¢ hai phia c6
mot su chénh 16ch AE Gng véi sy chénh 1éch dién thé Agg. Luc nay ta noi giita hai phan
ctia ban din c6 mot hang rao thé cao Ago. Vi trude khi tiép xtic mirc Fermi twong tng &

hai ban dén 1a p, va p, nén
AQo = Hin — Hp.
Phép tinh cho thiy
Ao = (/2 €9.8)(Ng.d% + Nod?p ). (6.2. 1)

Ta goi d, va d 1an lugt 14 bé day cua 16p dién tich khong gian & mién n va mién p thi b
day toan phan cua 16p dién kép 1a

d=dy+dy . (6.2.2)

o
o

- +++
P —-—= +++ n

- +++

AE = eAq,

Hy

E OO0 O O
v \ AE = eAq,

\

o O

Hinh 6.2.2: Trang thdi can bing clia 16p chuyén tiép
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Chiéu day dj va d, dugc tim theo 1ap luan sau
Mat d6 dién tich khong gian & mién p 1a

rp = —€eNa. (6.2. 33)
Mat do di¢n tich khong gian & mién n &

M =+ eNg. (6.2. 3b)

Trong (6.2.3) N, va Ny lan luot 1a ndng d6 nguyén tir tap chat cho va tap chit nhén.
Téng dai s dién tich trong mot hinh tru chiéu cao d =d,, + dp ddy co dién tich bfing don

vi la  —eN, dy+ eNg d. O trang thai can bang thi tong dién tich nay bang khong

Tur d6 ta duoc
Na dp = Nd dn. (6.2. 5)

Tir (6.2.5) va (6.2.2) ta tim duogc biéu thic lién hé giita d, va dp.

:Mdn. (6.2. 6)

d
PN

a
Nhu vay khi Ng > N, thi dp > d, va nguoc lai. Con khi Ng = N, thi dp = d,.
D¢ dai cta 16p dién tich khong gian tim dugc tir (6.2.1), (6.2.2) va (6.2.5)

26.6Ap, Ny + N
d:\/ £0EA%P, I\T+N a (6.2.7)
€ d-"Va

Bay gio ta xét tac dung cua dién truong tiép xac Ec.

Dién trudng tiép xtc Ec ngin can chuyén dong ciia cac hat mang co ban va thuc diy
chuyén dong cua cic hat mang khong co ban. Khi E ¢ c6 gia tri xac dinh thi dong hat
mang co ban va khong co ban can bang nhau do d6 mat d6 dong qua 16p chuyén tiép
bang 0.

6.2.3 TAC DUNG CHINH LUU CUA LOP CHUYEN TIEP

Trude hét ta xac dinh biéu thiac cia mat do dong di¢n cua cac loai hat mang qua l6p
chuyén tiép. Goi:

+ jnp 12 mat do dong cua electron tir mién n sang mién p (hat mang co ban)
+ j(o) pn 1a mat do dong cua electron tir mién p sang mién n (hat mang khong co ban)
+ jh, pn 12 mat do dong cua 16 tréng tir mién p sang mién n (hat mang co ban)

+j(0)h,np 13 mat do dong cua 16 tréng tir mién n sang mién p (hat mang khéng co bén)
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Mat do dong cua cac hat mang khong co ban dugc xéc dinh nhu sau
j© pn = en(o)epVe , (6.2.8)
trong do n(O)ep 13 ndng do electron & mién ban din loai p; Ve 1 van téc khuéch tan trung
binh ctia electron tir mién p sang mién n. Ta c6
Ve = Le/Te, (6.2.9)
trong d6 Lo dugc goi 1a do dai khuéch tan, nghia 1a d dai trung binh ma electron

khuéch tan tir bién tiép xtc vao sau trong ban dan trong khoang thoi gian .

Vay
0)
. Ny, |e|L
== (6.2. 10)
Te
Tuong ty, dong 16 trong tir mién n sang mién p 1a
(0)
: ny,enL
O, =—tn-h=h (6.2. 11)

Th

Biy gio ta xét hién tuong xay ra khi 16p chuyén tiép duoc mic vao mot thé hiéu ngoai.
Ta xét hai truong hgp sau

6.2.3.1 Dong thuan

Khi hiéu dién thé ngoai V c6 cuc duong ndi v&i mién p, cuc am ndi voi mién n, thi ta
néi thé higu ngodi duge mic theo chiéu thugn. Dién truong do thé hiéu ngoai gy ra
(dién truong ngoai) nguoc chiéu véi dién truong tiép xtc. Vi vay dién truong ngoai E
¢6 tac dung thuc day dong hat mang co ban, trong lic dong hat mang khong co ban
khong anh huéng boi dién trudng ngodi. Vi mat ning luong ta thdy, hang rao thé doi
v6i hat mang co ban giam tir Ao > A@o —V (hinh 6.2.3). Vi xdc suat vuot rao thé tuan

-UlkgT

theo thong ké Boltzmann (w ~ e ) nén khi hang rao thé giam mot lugng eV thi mat

eV/ kBT

do dong tang mot lugng e lan so v&i gia tri can bang. Do d6 mat do dong cua

electron tir mién n sang mién p la

inp = jQecVIkeT (6.2.12)

Twong tu dong 13 tréng tir mién p sang mién n la

Jnpn = Jimpe®®T. (6.2. 13)

Dong toan phan qua 16p chuyén tiép khi ¢ hiéu thé thuan duoc goi 1a dong thuan va co
dang

Co_ (0 (0 _ (0 (0 eV/kgT
Ji=Jnp t Jhpn - (J( )pn + J( )h,np )= (J( )pn + J( )h,np)(e = -1)
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(0) 0
_ [ Nep l€ILe N ninenLy (eeV/kBT _1)
Te Th ’

hay

e = JgeeVeT -1), (6.2. 14)

véi

(0) (0)
i = Nep €L 4 Nhn €nLn

Te Th

(6.2. 15)

la dong cia céac hat mang khong co ban. Dong nay cé gia tri rat bé so véi dong cua hat
mang co ban.

d
d, d,
<—><—>
CEc
+ == |+++ _
P -—— |+++ n
—— = |+++
E->
Ec
e(BprV) .
,,,,,,,,,,,,,,,,,,,,, C
up _________________ ev. Hn
Ey TTO U0 0~ e(Ap V) P
A\l
O
Ey
Hinh 6.2.3: Trang thai clia I6p chuyén ti€p khi c6 hiéu thé thuan
6.2.3.2 Dong nguoc

Bay gio cuc dwong cta hiéu thé ngoai ndi véi mién n va cuc am ndi véi mién p (hidu
dién thé nguoc). Trong truong hop nay dién trudng ngoai cung chiéu voi dién truong
tiép xuc Ec, vi vdy dong hat mang co ban sé& bi ngin can, trong lic d6 dong hat mang
khong co ban van khong bi anh hudng.

Ly luan nhu trudng hop dong thun ta thdy trong trudng hop nay mat dé dong cua dong
hat mang co ban giam di mot luong exp(eV/kgT) 1an so voi gia tri cAn bang. V& mit
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ning luong ta thdy hang rao thé dbi véi hat mang co ban ting tir Ay = Agy + V
(hinh 6.2.4). Mat d6 dong ctua hat mang dién c6 dang

i(0) o —eV/kgT

Jop = Jpn va jh,pn = j(o) g eV/keT (6.2. 16)

h,pn

Nhu vay dong toan phan qua 16p chuyén tiép 1a

i = sleeVeT -1). (6.2. 17)
d
d, d,
<<
CE
_ ——— | +++ +
T P e n T
——— | +++
_e o0 o ¢E
E¢ \
e(Ag+V)
Hp
eV
By v \ My
h (At V)
O O (@) O\/ bv

Hinh 6.2.4: Trang théi clia I6p chuyén ti€p khi c6 hiéu thé nguoc

6.2.3.3 Pic trung Volt- Ampére ciia 16p chuyén tiép
Trong trudng hop tong quat, dong dién qua 16p chuyén tiép khi ¢ thé hiéu ngoai 1a
j= jleeVkeT —1), (6.2. 18)
trong d6 dau (+) chi dong thuan, dau (-) chi dong ngugc.
Khi hiéu thé ngoai ting (V > o) thi
jr > s
eV/kgT

va Jt 2 Jse (6.2. 19)

D6 thi ciia dong qua 16p chuyén tiép theo hiéu thé ngoai (dic trung volt-ampére) duoc
cho ¢ hinh 6.2.5. Tir d0 thi ta thdy khi V<0 thi j = — js. Khi V ting theo chiéu duong
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thi dong dién qua 16p chuyén tiép ting theo ham mil. Hién twong dong dién qua 16p
chuyén tiép chi theo mot chiéu nhit dinh duoc goi 1a hién twong chinh luu. Can cha ¥ 1a
khi hiéu dién thé ngoai V tang theo chiéu 4m dén mot gia tri nao d6 thi dong j lai ting
rat dot ngdt. Hiéu dién thé ¢ d6 j c6 budc nhay dot ngot duoc goi 1a hiéu thé danh thing
V. Luc d6 16p chuyén tiép s& bi hong va khong con tac dung chinh luu nita. Ti s6 dong
thuan va dong nguoc tng véi cung mot thé hiéu ngoai dugc goi 1a hé s6 chinh luu

H eV/kgT
podr_& -1 (6.2. 20)

jr e eV/kgT -1 )
Heé s6 chinh Iuu phu thudc vao nhiét d6. Khi nhiét 6 ting thi ndng d6 hat mang khong
co ban tang Ién va do d6 mat do
dong hat khong co ban ting. O j
nhi¢t d§ du cao T > Tj, dong hat
nay tré nén dang ké va bang dong
hat mang co ban, ban dan tap chét
trd thanh ban dan thuan. Trong
truong hop nay 16p chuyén tiép

» V

N o

mat tac dung chinh luu. Mdi loai Js
16p chuyén tiép thuong hoat dong

dudi mot nhi€t do gii han Ty, nao
d6. Vi du: Lép chuyén tiép lam
béng Ge thi Tgy = 75 oc ; 16p Hinh 6.2.5: Dic trung Volt-Ampere cta 16p chuyén tiép
chuyén tiép lam bang Si thi P™

T4n = 150 °C.

6.3 HIEU UNG QUANG DAN

Trong phﬁn nay ta s€ khao sat sy thay ddi d6 dan dién cua ban dan khi chiu tac dung cua
anh sang.

6.3.1 HAT MANG CAN BANG VA KHONG CAN BANG

Ta da biét re‘“mg trong ban dan su sinh hat mang xay ra do nhiét khi ban dan c6 nhiét do
T > OK . Luc d6 xay ra cac su chuyén electron va 13 tréng. Sy chuyén lién ving lam
sinh ra céc electron va 13 trong & ving dan va vung hoa tri v6i sb luong bang nhau. Su
chuyén giita mtrc donor va ving dan chi sinh ra electron cho ving dan. Sy chuyén giira
mirc acceptor va ving hoa tri sinh ra 15 trdng cho ving hoa tri. Pong thoi voi qué trinh
sinh thi cling ¢6 qua trinh tai hop trong d6 mot electron gip mot 16 trong va két qua 1a
mot cip hat mang bi bién mat. Khi ban ddn & mot nhiét d6 nhat dinh, mot trang thai can
bang dugc thiét 1ap gitta qua trinh sinh hat mang va qua trinh tai hop. Luc d6 cac hat
mang trong ban din duoc goi 1 hat mang can bang.

Ngoai su sinh hat mang do nhi¢t, cac hat mang con duoc kich thich do cac nguyén nhan
khac nhu: chiéu dnh sang vao ban dan, chiéu chum ion vao ban dan, bom hat mang vao
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ban dan...Cac hat mang sinh ra do cac nguyén nhan nay duoc goi 1 hat mang khong can
bang. Tong s6 hat mang & ving dan va ving hoa tri 1a

Ne = Neo + ANg; Nh = Npo + ANy, (6.3.1)

trong d6 nep va npg néng dd hat mang can béng , Angva Any la néng dd hat mang khong
can bang tai thoi diém t, khi ban din & mot nhiét d6 nhat dinh. Mdi mot hat mang khong
can bang c6 mot thdi gian séng nao dé trude khi bi tai hop. Vi vay ta dua ra thoi gian
song trung binh cho electron Te va thoi gian sdng trung binh cho 15 tréng t,. Qua trinh
sinh hat mang dugc dac trung bdi tdc do sinh g, do chinh Ia s6 hat mang sinh ra trong
mot don vi thé tich ban dan trong thoi gian 1 gidy. Qua trinh tai hop dugc didc trung boi
tdc do tai hop R, d6 chinh 1a s6 hat mang bi téi hop trong 1 don vi thé tich trong 1 giay.
Téc d6 tai hop d6i véi electron va 16 tréng 1a

o __dn,__d(an)
dt dt (6.3. 2a)
dn, d(An,)

R=—Th__ .
dt dt

Dau trir ¢ (6.3.1) chimg t6 su tai hop lam giam sé hat mang.

Gia st 4nh sing giy ra trong ban din cic hat mang khong can bang véi nong do
electron va 15 tréng bang nhau. Tai thoi diém ching c6 nong d6 Angy va Anpg, ngudn
anh sang bi ngit thi ndng d6 hat mang s& giam dan do su tai hop. Vi cac hat mang
khong can bang c6 thoi gian song trung binh 1a T, va t, nén toc d6 tai hop cta ching 1a

_ d(An,) An,

Rn L
dt 7 (6.3. 1b)
R :_d(Anh) _ An, .
n dt 7,
Tur 2 phuong trinh (6.3.2b) ta dugc
An
An, = An_e ", 1
o (6.3.2)
An, = An, e, O —
Nhu vay khi t =t thi An = An/e. Piéu nay ~
c6 nghia 13 t chinh 14 thoi gian dé nong do >
hat mang giam di e lan sau khi ngimg tac T T
Chiéu 4nh siang Tat 4nh sdng

dung cuia anh sang. Hinh (6.3.1) dién ta su
phu thudc cua nong do hat mang khong can  Hinh 6.3.1: D6 thi phu thuoc nong do hat mang
béng khi ¢d 4nh séng va khi 1’1gfl‘1’lg tac dung khong can béng vao thoi gian khi ¢6 va khong c6

., , 4nh sdng
cua anh sang.
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Sy tai hop hat mang c6 thé xay ra theo cac co ché khac nhau: electron cé thé tir ving
dan tré vé vung hoa tri mot cach
truc tiép hodc co thé tir ving din
tré vé vung hoa trj mot cach gian
tiép thong qua cac muc tap chat
(hinh 6.3.2). Trong ca hai loai tai
hop ban dan giai phong mot luong

ning luong bang bé rong cia ving 3)

cAm Eg. Ning luong cé thé duoc v
gidi phong dudi dang luong tir 4nh 3 oo ooo|b
sang (photon), hodc dudi dang nhiét

(phonon). Ly thuyét va thuc nghiém
cho thay tai hop truc tiép xay ra chu ~
yéu trong bén din c6 bd rong ving Hinh 6.3.2: Su tdi hop cidc hat mang trong bdn dan:
(1) — tai hop truc ti€p; (2) + (3) — tai hop gian tiép qua

cAm hep ¢ nhiét do kha cao (tr .
muc tap chit

nhiét d6 phong tré 1én. O ban din
c6 bé rong ving cAm 16n thi tai hop
dién ra theo co ché gian tiép 1a chu yéu.
6.3.2 HIEU UNG QUANG DAN

Ta da biét ¢ nhiét do T > OK thi trong ban dan c6 ton tai cac hat mang can bang. Céc hat
mang nay gy ra do dan cua ban dan, ta goi 1a 6 dan do nhiét hay do dan tdi. Khi ban
dan duoc chiéu sang thi ngoai cac hat mang can bang trong ban dan con c6 cac hat
mang khong cin bang do su chuyén hat mang dudi tac dung ctia niang lwong anh sang.
Hién tugng giai phong electron do tic dung cua anh sang dugc goi 1a hiéu tng quang
dién trong. Luc d6 d6 dan cia ban dan ting 1én. Phan d6 dan ting thém do anh sang
dugc goi 1a quang dan. Gia sir khi duoc chiéu sang nong d6 hat mang khong can bang
trong ban dan 1 Ane va Any, . Luc d6, biéu thic cia quang dan 1a

Ac = Oph = €le Ang + epup Any, . (63 3)
Nhu vay dé c6 hién tuong quang din xay ra thi ning lugng ctia anh sang phai thoa man
cac diéu kién nao d6. Déi voi ban dan thuan diéu kién d6 1a hv > Eg. Trong lic ddi véi
ban dan tap chét thi hv > Ejpp, trong d6 Ei, 1a nang luong ion hoa tap chét.
Ta gioi han & viéc xét quang din trong ban dan thuan. Trong truong hop niy ta cd
Ang = Anp , vi vay (6.3.4) trd thanh

Gph = en([tte| + pn )ANe. (6.3.4)
Dé xé4c dinh oph ta can tim Ang

S electron sinh ra & ving dan trong khoang thoi gian dt duoc xac dinh boi biéu thic

dNz = (g7 + gpn)dt, (6.3.5)
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trong d6 gt la s6 electron sinh ra trong mot don vi thoi gian do tc dung cua nhiét; gy, 1a
s electron sinh ra trong mot don vi thoi gian do tac dung cia anh sang.

S6 cap electron va 16 trong mat di do qua trinh tai hop 1a
dN, = angnndt, (63 6)

trong d6 a duoc goi 1a hé sb tai hop; ne ; Ny 12 ndng do6 electron va 15 tréng toan phan
(bang tong cua hat mang sinh ra do nhiét va do 4nh sang)

Ne = NeT + AN,
Nh=NhTt ANy .

O trang thai dimg thi qué trinh sinh cAn bang véi qua trinh tai hop, nghia 1a dN; = dN, .
Hay

Or+0pn = aNeNy = e (6.3.7)

Tu (6.3.8) ta dugc

1 1/2
Ne =[—(9T +gph)} : (6.3. 8)
(04

Trong truong hop chua c6 anh sang thi (6.3.9) tré thanh

1
=497

r]e,T
o

Nong do hat mang khong can bang 1a
1
Ane:ne_ne,T = ( 9t +0pn =97 - (6.3.9)
Jo

Ta xét hai truong hop cua ché do chiéu sang

(a) Chiéu sang yéu: Liic d6 sy sinh hat mang do 4nh sang rit nhé so véi sy sinh
hat mang do nhiét gpnh << gr. Dung phép tinh gan ding;

Y P 9 | Gpn )1 9
—— @_@[/HQT 1J @[Hzg J o

Twr do (6.3.10) tré thanh

An, =B (6.3. 10)

e
2\Jagy
Ta biét tdc do sinh hat gph phu thudc vao cuong do anh sang theo hé thirc
gpn = kJ, véik1ahé s ti1é

Vi vay, quang dan co biéu thirc
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1 1
o, =|=ke (u|+u)—1|=8J, (6.3.11)
ph h e h

2 Ja.g;
V6i b 14 s6 hang & trong ngodc (). Vi viy ta c6 thé két luan rang khi chiéu sang yéu thi
dong quang dan ti 16 bac nhat vao cudng do sang.

(b) Truong hop chiéu sang manh thi gph >> g7 . Luc do biéu thirc cia Ane tréy
thanh

Ane= /gy /o

Dong quang dan trong truong hop nay 1a

k
O = (un-+ e D=3 (63.12)

Vay khi chiéu sang mang thi dong quang dan ti 1é v6i can bac hai ctia cudng d6 sang

Can luu ¥ rang trong mot sb truong hop d6 dan cua ban dan khi duoc chiéu sang lai nhod
hon so véi trudng hop khi chua chiéu sang. Trong trudng hop ndy ta co hién tugng
quang din Am (Gph <0), nghia 14 4nh séang lam giam d¢ dan ctia ban dan. Diéu nay co thé
giai thich nhu sau: electron va 15 tréng do anh sang sinh ra ¢ gin bé mit chiéu sang
khuéch tan vao sdu trong ban dan, va do d6 kha ning tai hop cic hat mang ting 1én.
Diéu nay lam giam nong d¢ hat mang, do d6 d6 din ciia ban dan giam.

Trong hién tugng quang dan nhiét do doéng vai tro rat quan trong. Khi nhiét do gidm thi
nong d6 hat mang dién dugc kich thich do nhiét giam, diéu nay s& lam giam su tai hop
clia cac hat mang khong can bang. Vi vay do 16n ciia dong quang dan ting 1én, dong
thoi ti s gilta dong t6i va dong sang ciing duoc nang lén.

6.3.3 EXCITON

Ta da biét trong hién tugng quang dan,

do tac dung cua anh sang electron tur Ving dan
vung hoéa tri chuyén 1én ving dan va tré

thanh electron ty do. Tuy nhién, déi khi

1§Mfrc exciton

xdy ra truong hop electron bi kich thich =

tuy tach khoi lién két véi nguyén tir me
do tic dung ctia 4nh sang nhung van
chua tré thanh electron tu do ma con

lién két yéu voi nguyén tir me. Két qua 1
- (] N
la c6 su tao thanh mot hé electron-10 T

tréng goi 1a exciton ( theo cach goi ciia Ving héa tri ‘
Ya. |. Frenkel). Exciton co thé xem

twong tu nhu mot nguyén tr Hydro & M Trang théi exciton trong ban din

trang thai kich thich. Chung déu 1a mot hé gdm 1 electron chuyén dong xung quanh mot

dién tich dwong va c6 phd ning luong roi. Hinh 6.3.3 chi cac so dd ving ning lugng
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ctia ban dan khi ¢6 sy tao thanh exciton. Cac murc ning luong cia exciton nam trong
viing cdm, ngay sat dudi day ving dan. Vi exciton 1a mot hé trung hoa dién nén sy xuit
hién cua chung khong lam ting thém cac hat mang trong ban dan, vi vay khong kém
theo hién tuong quang dan.

Theo quan diém hién nay thi su tao thanh exciton trong mot vai trudong hop co thé gay
ra quang dan. Exciton sinh ra khi chuyén dong lang thang trong tinh thé s& va cham véi
phonon, cac tim tap chat hoic cac sai hong khéac ctia mang tinh thé va do d6 electron va
16 trong trong exciton s& tai hop lai hodc phan tach thanh 1 cip hat mang tu do. Trong
truong hop dau, nang luong kich thich duogc truyén cho mang tinh thé hodc duoc buc xa
dudi dang luong tir anh sang (su phat huynh quang). Trong truong hop sau, do ¢o su tao
thanh hat mang nén xdy ra hién tugng quang dién.

6.3.4 UNG DUNG CUA HIENTUQNG QUANG DAN
6.3.4.1 Quang tr¢

Hiéu tmg quang dan dugc ing dung dé tao ra cac quang trd. Mot quang trd gdm mot
mang mong ban dan duoc 1am lang dong (deposit) trén mot dé cach dién. Mang mong
ban dan dugc bao vé bﬁng mot 16p mong chét hitu co. Dong dién qua ban dan duoc dua
ra mach ngoai bang cac dién cyc (hinh 6.3.4). Quang tré thudng dugc 1am tir ban din
cadmium sulfide (CdS), d6 1 mot chat nhay quang nén dong quang dan c6 thé cao hon
dong tdi 10°- 10° 1an. Ngoai ra ngudi ta con ding chat sulfide chi (PbS) 1a chat rat
nhay v&i 4nh sing hong ngoai

xa. Viéc dung quang tré co
nhiéu tién lgi hon so véi t€ bao
quang dién vi ching c6 do nhay
cao.

6.3.4.2 Chup &nh dién tir i (A
| \_/

Hi¢u Uimg quang trong dugc ung
dung trong ky thudt chup éanh

bién cuc kim loai

|
duoc goi la phép chup anh dién [ — Lép do bao vé
ter  (electrophotography). K¥ -

Mang mong chat ban dan
thudt nay dugc mo tad nhu sau: o
Mot mang mong chat nhay B8 Decich dién

quang (ZnO) dugc lam ling

dong trén bé mit mot to giéy. Hinh 6.3.4: So d6 biéu dién céu tao clia mot quang trd

Trude khi chup anh, mang chat

ban dan duge 1am cho tich dién 4m. Khi anh can chup duogc chiéu 1én to giéy thi cac
dién tich bé mat & cac phan duoc chiéu sang s& thoat ra khoi mang ban dan va do d6 s&
dé lai hinh anh tich dién cua vat trén gidy sau khi chup. Dé rira anh ngudi ta phun 1én to
gidy mot loai son kho dic biét (goi 1a toner). Cac phan tir cua toner duoc ling dong trén
phan tich dién 4m cua gidy lam cho anh duoc rira. Pé ¢6 dinh hinh anh trén gidy sau khi
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rua, nguoi ta nung to giay dén nhiét d§ sao cho cac phan tir toner néng chay va bam
chat vao giay anh.

6.3.4.3 May dém ban din

Ngoai 4anh sang hiéu tng quang dién trong con c6 thé xay ra bang cach chiéu 1én ban
dan cc chum hat electron, ion, hat o... Cac hat nhu thé khi di vao ban dan sé gay ra su
sinh cac hat mang khong cin bang va lam ting d6 din cua ban dan. Vi sé hat mang sinh
ra ti 1& voi s6 hat di vao ban dan nén sb hat dén ban dan c6 thé duoc xac dinh béng cach
do sy thay d6i dong dién qua ban dan khi dugc chiéu xa. Day 1a nguyén tic dé ché tao
may dém hat bang ban dan. Dé ting cudng d6 nhay ciia may dém, dong dién qua ban
dan thuong dugc khuéch dai nho céc dung cu dién tr chuyén dung (vi du nhu lock-in
amplifier). May dém ban dan hién nay dugc str dung rong réi trong nghién ciru hat nhan,
trong khoa hoc khong gian, trong y hoc...

6.4 SU PHAT QUANG
6.4.1 KHAI NIEM VE SU PHAT QUANG

Ta d3 biét moi vat duoc nung néng (& nhi¢t do T >0K) déu phat birc xa nhi¢t ma thanh
phén phé cua n6 phu thudc vao nhiét d¢ ctua vat. Tuy nhién, sy phat birc xa do nhiét
khong phai 14 qua trinh duy nhat. Cac vat c6 thé phat xa anh sang do cac kich thich khéc
nhu anh sang nhin théy hodc anh sang tir ngoai, tia X, tia v, electron hodc cac hat khac.
Vit cling co thé buc xa khi duoc dat trong dién truong... Anh sdng phat ra c6 thé & trong
mién kha kién cua phé mic dau nhiét d6 cua vat kha th'éip. Su phat xa anh sang trong
truong hop nay dugc goi 1 sy phat quang. Néu su phat quang giy ra boi anh sang thi
duoc goi 12 sy quang phat quang. Su phat quang c6 cac tinh chét sau:

(i) Khéc v6i su phat blrc xa nhiét 1a qua trinh can bang, su phat quang 13 qué trinh
btic xa khong can bang. Néu mot vat phat quang duoc dit trong mot hbc (cavity) co
thanh phan xa tuyét ddi thi birc xa phan xa s& bi vat hip thu va bj chuyén thanh ning
luong cua dao dong nhiét ciia cac nguyén tir ctia vat. Vi vay su phat quang sé& tat dan va
toan bo nang luong cua chat phat quang s& chuyén thanh nhiét.

(ii) Su phat anh sang trong qua trinh phat quang con tiép tuc it nhat khoang 10%%s
sau khi ngimg kich thich. Thoi gian phat quang ddi v6i cac chat khac nhau thi rat khac
nhau. Sy phat quang c6 thoi gian xay ra dudi 10°s thi duge goi la huynh quang, trong
luc sy phat 1an quang c6 thoi gian xay ra 16n hon 10°s-10°s .

6.4.2 CAC PAC TRUNG CUA SU PHAT QUANG
6.4.2.1 Pinh luit Stokes

Nam 1852 Stokes” 1an dau tién phat biéu vé su phat quang nhu sau:

“)Stokes, Sir George Gabriel (1819-1903), Nha toan hoc va vat Iy hoc ngudi Anh, gido su dai hoc
Cambridge chuyén nghién cuu vé toan ly, dac biét 1a vé chuyén dong song, vé chuyén dong cua vat rin
trong luu chét, vé sy phat huynh quang va vé khiic xa anh sang.
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Buoc song cua anh sang ma vdt phat ra trong hién tuwong quang phat quang thi lon hon
bude séng do vit hdp thu.

Hinh 6.4.1 chi phd cta birc xa phat quang va birc xa kich thich. Ta thiy phan phd cia
blrc xa phat quang nam vé
(o 3: i Phét quan
phia song dai so vdi buc xa Héip thu quang
kich thich. Tuy nhién, trong
nhiéu truong hop hai phd
nay c6 phan chdng 1én nhau.
Nguoi ta goi phan phd phat
quang c6 budc song nhd hon
budc song cua anh sang kich 2 / AR

thich duoc goi 1a phan dbi

n doi Stock

D,
(o
(@)

Stokes, phan con lai 1a phan Mi

Stokes. Tuy dinh luat Stokes

khong dugc thoa man trong
A . Hinh 6.4.1: Minh hoa dinh luat Stock

phan doi1 Stokes, nhung T '

trong thuc nghiém nguoi ta

van quan sat duoc phﬁn d6. Vi vay dinh luat Stokes da dugc chinh xac hoé nhu sau:

Toan bé phé phat quang va cuc dai cua no bao gio ciing dich chuyén vé phia song dai

50 Véi toan bg phé hdp thu va cuwce dai ciia né.

O nhiét d6 thép cuong do cua burc xa Stokes 16n hon cudong d cua buc xa ddi Stokes

nhiéu. Khi nhiét do tang thi cuong dd cia birc xa Stokes gidm va cuong d) cua buc xa

d6i Stokes tang 1én nhung van nho hon cuong do ciia birc xa Stokes.

6.4.2.2 Hiéu suit phat quang

Hiéu suat phat quang dugc dinh nghia 12 ti s6 ctia ning lugng birc xa toan phan cia vét

trong qua trinh phat quang véi nang luong hép thu ctia vat. Trong mot mién budc song

nao do, higu suat phat quang m tang ti 1& voi budc song nhung rodi giam nhanh dén zero

khi budc song tang (Pinh luat Vavilov).

Dbi v6i mot s6 chat hidu sudt nay co thé 1én tdi 80% (Hinh 6.4.2).

6.4.3 CO CHE CUA SU PHAT QUANG

Ta khao sat hién tugng phat huynh quang nhu hinh 6.4.3. Mtic tap chat A & gitra vang
dan va ving hoa tri. Khi cac nguyén tir cta tap chat (chét kich hoat) hip thu mot photon
hv thi mot electron & muc A s& duoc chuyén 1én ving dan
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Electron nay tré thanh ty do va
di lang thang trong mang tinh
thé cho dén khi gip mot ion tap n A

cht va tai hop voin6. Pidunay ¢

khong thé xay ra trong tinh thé
hoan thién ma chi xdy ra trong 0,6
tinh thé c6 céc khuyét tat,
thuong 1a cac tinh thé c6 chua

tap chat. Cac tap chat duoc goi 0,2

1a chat kich hoat. \
0,0 |-~ .

Su tai hop nay lam phat ra mdt

luong t&r ctia anh sang huynh 0 200 400 600 A (nm)

quang. Thoi gian xay ra sy phat Hinh 6.4.2: Minh hoa dinh luat Vavilov

huynh quang dugc xac dinh boi
thoi gian sdng cia chat kich
hoat bi kich thich, thuong khong qua 107 s. Vi vay sy phat huynh quang thuong chdm
dut ngay sau khi ngimng kich thich tinh thé.

Co ché cua sy phat 1an quang duoc giai thich nhu ¢ hinh 6.4.4. Trong trudng hop, nay
chat phat quang khong chi chtra chét kich hoat A ma con chira cac bay electron L & gin
dué6i day ving dan. Cac bay nay

thuong duge tao bdi cic nguyén Ving dén

tr tap chat, cac vacancy, ‘ Py ® ‘
vv...Khi bi kich thich electron tir

muc kich hoat A duoc chuyén Mic tap
lén vung dan va tr& thanh chit A

electron tu do. Trong qua trinh

chuyén dgf)ng trong ’tinh the, ‘ Ving héa tri ‘
electron d¢ dang bi bat bdi cac

bay do d6 kha nang tai hop véi

cdc ion chat kich hoat giam. P& 1 1) 6 43 . Minh hoa co ché phét huynh quang

giai phong electron khoi bay

phai can c6 mot ning lugng E|.

Ning luong nay duoc ldy tir dao dong ctia mang tinh thé. Thoi gian ma electron bi nhét
trong bay ti 1& v6i E| theo ham e mii ( T ~ exp(EL/KsT). Néu E. 16n thi t s& kha 16n. Khi
electron duoc giai phong khoi bay né lai lang thang trong mang tinh thé cho dén khi nd
bi bat bai mot bay khac hodc tai hop v6i ion chat kich hoat va mot luong tir ciia anh
sang phat quang dugc phat ra. Thoi gian ctia sy phat quang trong truong hop nay ti 1é
v6i thoi gian electron bi giam trong cac bay. Vi vay thoi gian nay 16n hon so v6i su phat
huynh quang (khong c6 bay).
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Vung dan

Vung héa tri

Hinh 6.44 : Minh hoa co ché phat lan quang
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Ban dan nguyén chét, 90

Ban dan Silic, 92

Ban dan suy bién, 103

Ban dan tap chat, 98, 99, 100

Bén dan thuén, 91, 93, 94, 99, 104

Ban din, 90, 91, 92, 93, 94, 95, 96, 97,

98, 99, 100, 101, 102, 103, 104
Céy ion, 110

Chét cach dién, 92

Chi s6 Miller, 16

Chup anh dién tr, 121
Chuan xung lugng, 63
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