Dai 6

Electron trong trudng tudn hodn
caa tinh thé



I. Phuong trinh Schrodinger caa tinh thé

HY = EY

= Z v2 Z v2+ ZZ—+U( Re)+Vo(Rg)
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Céc phép gan ding :
Phép gan ding doan nhiét

Phép gan ding mot electron



Phuong trinh Schrodinger clia mot electron trong tinh thé
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Il. Ham song y va nang lugng E cda
electron trong trud'ng thé tudn hodn

Khong thé suy ra cdc tinh chat cia chdt bin din néu khong tinh
dén sy tuan hoan cla thé trong tinh thé. Do d6 chiing ta cAn gidi
phuong trinh Schrodinger véi mot th€ ning tuan hoan thich hgp.

C6 mdt sd cach d€ thuc hién di€u d6. Nhung ngudi ta da ching
minh dudc ring tdt cd cdc nghiém phdi cé mot so tinh chat
chung.

C4c tinh chat chung d6 ¢ thé dung dé cho tinh todn dugc dé
dang hon va dé hi€u dudc mot cich tong quit nhitng dnh hudng
cla th€ ning tuan hoan 1én céc trang thdi cia cdc séng electron.

Piém xuit phat :

thé ndng tudn hoan theo chu ky ciia mang tinh thé.



1) Pinh ly Bloch

‘When | started to think about it, | felt that the main problem
was to explain how the electrons could sneak by all the
jons in a metal....

By straight Fourier analysis | found to my delight that the
wave differed from the plane wave of free electrons only by
a periodic modulation’

F. BLOCH

Vé co ban, dinh Iy Bloch phit bi€u di€u kién ma 74t cd nghiém
¥, (r) cho mot th€ tuan hoan bat ky U(r) phdi thda min

Ham séng cla electron trong trudng thé tuan hoan c¢6 dang

in (1) = Ejh']'flk{t':l hay | ¥kir+ R} = el H (1)




Pinh ly Bloch

Pinh 1y Bloch c6 thé viét duéi hai dang tuong duong

Uy(r) =

k

Ty (r)

vOl

hay

P(r + R) = e Ry (r)

up(F+ R) = up(F)

Song chay elkr




Ham séng cua electron trong chudi nguyén
tu

Ham Bloch : y(x) = u(x).exp(ikx)
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2) Ndng lugng electron trong tinh thé
Ham séng 1a mdt ham cua k nén tri ri€éng cia Hamiltonian -
nang lugng cua hé - cling phu thudc vaok: .E= E(E)
* E la mOt ham chian cua k : E(-k) = E(K).

* E(k) 12 mot hAm tuan hoan véi chu ky cia mang dao.

Eck+6)=E(k)
5 = 11{;1 + lzgz + 13{;3

Do tinh chit nay, ngudi ta thudng gidi han viéc nghién cdu su phu
thudc cia E theo k trong trudng hop mot chiéu trong khodng

T T
——<k<—
a a

Trong khong gian k ba chi€u, mién gidi han d6, dugc goi 1a viing
Brillouin thit nhdt, 12 6 nguyén t0 Wigner - Seitz cia mang ddo






lIl. Giai phuong trinh Schrodinger.
1. Phép gan diing electron tu do

* Bai toan khong nhiéu loan dugc mo td bdi phuong trinh cla

electron tu do 2
L;nvzwo@naow?

)l
* Nhiéu loan trong phép gan ding nay 12 thé€ ning clia trudng tinh

the U(r)

electron ty do dugc md t4 bdi séng chay dang exp ikr truyén trong
mdi trudng cé tinh tudn hodn ( tinh thé ). Do d6 s& c6 phdn xa
Bragg khi thda man di€u kién
2dsin@ =+ mA
Khi electron chuyén ddong vudéng gbéc véi mit phing
nguyén ti 0 =90° va d = a, phuong trinh Bragg thanh
T

k=4m—
a



Giai phaong trinh Schrodinger.
Phép gan ding electron tu do

. ) . T -y , -
Khi electron c6 k thoa man k=2m—  thi s6ng tuong tng vdi
ching s& phan xa trén mit nguyén tir .%

Séng t6i va séng phdn xa cé thé t6 hdp vdi nhau tao nén séng
ditng doc theo chi€u vudng géc véi cdc mit nguyén ti dang xét.

C6 hai cdch td hop cdc séng d6 . Xét cic song truyén theo phuong

cua truc X : i i
1—X —1—X T
Y, =e2 +e & =2cos—X
a

.TU I

Y =ed —e 2 =2sin—X
a

Xéc suat tim thdy electron p ty 1& véi | v |2



V1 sOng dung
Py = “Iﬁr‘z ~cos? Xx
a
caic electron tip
trung gan c4c ion +
tarx =0, a, 2a, ...
p_ = ‘\P_‘Z ~sin? Zx
d
cac electron c6 xu
huéng tip trung &
giffa cac ion +

|7 Iai on

Th& ninpg U




Hai cach siap x€p trén phdi tuong tng véi cac nang lugng khac
nhau. Thé niing cia electron doc theo mang tinh thé mot chiéu c6
dang nhu hinh v&. Gin cdc gbc nguyén t , thé€ ning thap hon gid
tri trung binh cda né. Do d6, thé ning trong trang thdi y, phai
nhd hon trong trang thai w_( ddng ning cua ching bang nhau do
cO cung k ).

Ning lugng




T nhitng két qud trén suy ra :

0 . 2 1 e . . TC
+ Nang lugng cua electron trong tinh thé b1 gidn doan khi k=+tm—
a

+V6i k=+m2 hinh thanh song dung .
a

Do séng ditng khong truyén ning lugng nén van tdc nhém

do 1dE
V:—:——:O
S dk mdk
ham E ( k) dat cuc tri tai
T
k=+m—
a

+ Khi k =~ 0, A— oo. Céc electron cé budc séng rat dai khong cdm
thiy su thay doi tuan hoan cla trudng thé ning cla tinh thé :
E (k) c6 dang nhu cua electron tu do, nghia la

véi k~0, Ek)~Kk2.



Gidi phuong trinh Schrodinger.
Phép gan diing electron ty do

Ning luyng Niang luong

Néng lugng ctia electron ty do Nang lugng fﬁa electron
trong tinh thé
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Giai phaong trinh Schrodinger.
2. Phép gan ding lién két manh

* Phudng trinh cho bai todn khong nhiéu loan dudc 14y 1a
phuong trinh cua electron trong nguyén tir

2

V24V ly, (1) =E,y, (1)
2m

trong d6 V (r) 12 th€ ning cla electron trong nguyén ti

Vir)

_tr—u-

[

* Thé ning clia trudng tinh thé
U (r ) dudc xem 12 nhiéu loan
trong phép gan ding nay.




Gidai phuong trinh Schrodinger.
Phép gan diing lién két manh

2 nguyén td

Niang lugng

— |
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2 nguyén tu Na

Nang lugng

Khoang cach giira hai nguyén ti

Su phu cia cac ham séng lam tach cac trang thai :

* Trang thai hit : mat do electron giita cic nguyén tir cao hon ,
chin nhiéu hon

= Trang thdi ddy : mat do electron gifta cdc nguyén ti nhd hon ,
chin it hon



5 nguyén tu Na

Nang lugng

Khodng cach giita hai nguyén tu
1023 nguyén tu Na

Vung ning lugng
gdm cdc mifc ning
lugng sat nhau

Nang lugng




*Cac trang thai c6 nang lugng
cao ( electron xa hat nhin ) bi
tich mic & khoang cach 16n

*Cac trang thai cua cac electron
lién k&t manh véi hat nhan vi
tdch & khodang cdch gin

*Khoang cach trung binh giira
hai hat nhan gan cuc ti€u cla
trang thai hoa tri.

Trang thdi cao nhat
c6 electron chi€m
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Cac electrons
d 16p vo trong

Khoang cach gitra hai nguyén tu , nm



Gidai phuong trinh Schrodinger.
Phép gan diing lién két manh

Gia tht lic dau c6 N nguyén tl
dugc sip x&p mot cidch tuan hoan
nhung & khd xa nhau dé c6 thé bd
qua tuong tac gitta chung.

Mbi nguyén t& ¢4 ning lugng cua
mdt nguyén tu ri€ng biét.

Hé nguyén ti nay cé cdc mdc ning
luong gidng nhu cia mdt nguyén
nhung moi mic ning lugng c6 do
suy bi€n bac N.

Nang lugng

Chréan N nguyén td




Gidai phaong trinh Schrodinger.
Phép gan diing lién két manh

+ Pua N nguyén tf lai gin nhau d€ tao nén tinh thé . Sy tuong tic
cia ching khi lai gan nhau dan dén :

- cdc muic ning lugng bi dich chuyén

- sy gidm suy bi€n clia cdc mitc ning lugng : N muc trude
day trung vao nhau c6 thé tich ra tao nén vung ning lugng . Tuy
theo dd tach cua cic mudc ning lugng ( do tuong tac gilta cac
nguyén tf manh hay y&u ) dd rong clia cidc ving c¢6 thé khic nhau.

- cac electron G 16p ngoai chiu tic dung cua cic nguyén tu
lan cAn manh nhit. Cdc viung ¢ng vGi ning lugng 16n c6 do rong
viing 16n. Cdc vung c6é thé chdng 1én nhau mdt phan.



Gidai phaong trinh Schrodinger.
Phép gan diing lién két manh

Sy hinh thanh viing ning lugng trong chit rin

Vung Mc
nang nang
lugng — lidng
tmf}g ) | | \___,/”If} trdng
chiatran b i nguyén
7 t
L, r



Gidai phaong trinh Schrodinger.
3. Phuong phap Penney - Kronig

Uix)




Giai phaong trinh Schrodinger.
Phuong phap Penney - Kronig

2

Giai phuong trinh Schrodinger {—;—mvz + U(X)}‘P(X) = EY¥(x)
cho trudng hop thé ning clia trudng tinh thé c6 dang don gidn

' U0 vl -b<x<0 U(x)

Up

Ux) = *
0 v&1 Ogx<a’

B0 Ol "aapesann.

trongdo a = a’+b
Phuong trinh Schrodinger tdch thanh hai cho hai mién

2m(U —E
Vi, (x) - m(n; )\|!2(X)=O vé1l -b<x<0

2mE 3 ,
V2 (X) - E; v, (X)=0 véi 0<x<a




E-E AeV)

4. Cdu trac vang ndng
luong
caa Ge, Si vd Gafis

L (Ob:IF OG0 X Losily I (s X L 4un I 0@ X
Vecto song k



IV. Khéi luong hiéu dung

1. Vé6i electron tuy do, dudi tic dung cua ngoai luc F né
chuyén dong theo quy luit

F =ma
trong d6 m 1a khoi lugng va a 1a gia toc cla electron .

Trong tinh thé : F+ F .

noi

= ma

F .. khé xdc dinh nén trong mot s6 trudng hgp nao dé ( chiang
han khi k ~ O tifc 12 gan cdc cuyc tri clia ving ning luong , & d6
c¢6 su phu thudc E ~k2?) c6 thé viét dudi dang

F = m*a

trong d6 m* c6 thit nguyén la khoi lugng dudc goi 1a khéi
luong hiéu dung.



Khoi luong hiéu dung

F = m*a

C6 dang cla phuong trinh chuyén dong clia hat tu do
vGi khoi lugng m*.

= V3i khoi lugng hiéu dung , phuong trinh Schrodinger cho
electron trong trudng tinh thé c¢6 dang phuong trinh clia electron tu
do :

2

- v2y(x) = E¥(x)
2m *

= Trong phép gan ding khoi lugng hiéu dung :

electron chuyén dong trong truong tinh thé cé thé xem nhu electron
tu do néu gan cho nd khoi luong hiéu dung m* .



Khoi luong hiéu dung

2. Khéi lugng hiéu dung m* c6 thé dudc xdc dinh tir ciu tric
vung niang lugng cua electron .

Khai trién ham E(k) gan cdc cuc tri clia viing ning luong
dE 1| d’E
E(k) =E(k,)+|— k—Kg)+= k—Kg) +.....
(k) = E(k,) {dklk( 0) z{dkzlk( 0)

=Ky

Tai cuc tri dao him bac nhit bing 0 nén gan ding

2

n 2
Ek)—Ek,) = k—k
(0~ E(k,) = - (k—k,)




Khoi luong hiéu dung

Su phu thudc

? A A s/
cua van toc nhom Vg =

va khoi lugng
hi€u dung

cua electron vao
ciu tric vung
nang lugng.

m

*

do _ 1dE
dk  hdk
ﬁlﬂ

(%)

{a)

(1)

(c)







Khoi luong hiéu dung

4 iy

E(k) =

~1 7,

16n

//

h!
2m”

Khoi lugng hiéu dung m*

E

sy tdch ving do
toong td e spin-qu¥ dgo

2 + E(k)

nho

-k

7

16 tring nang

16 tring nhe



Khoi luong hiéu dung

Trong trudng hop tinh thé khong hoan toan ding hudng, ning
lugng cla electron gan diém cuc tri k co thé vié€t du6i dang

20, 2 (k. — k. ) 20 2
Bk~ E(kg) = T x ~Koo)™ | Wy “Roy)” |, m7(ky —koy)

2m1 2m2 2m3

m, , m, va m, 1a khoi lugng hi€u dung tuong Gng doc theo
truc X,y va z.

Khoi lugng hiéu dung cla cdc hat tdi cé thé xdc dinh bing
thuc nghi€ém ( cdng huéng cyclotron )



Khoi luong hiéu dung

):D

M
W

=

Khdéi hrgng hiéu dyng (

=
i
=
[
=
(%]
=



V. Lo trong

MAat dd dong do n electron c¢o6 trong vung hoa tri
4
] = —ez 85
\)

trong d6 tong dudc 14y theo moi trang thdi c6 electron chi€m.

Né&u ving héa tri hoan toan day electron thi mit do dong
tong cong bing 0 vi khi nao ciing cé 2 electron véi van tdc bing
va ngudc chi€u nhau.

Trong trudng hgp viing hda tri hoan toan day electron trir
mot mic i con trong thi

j=—e3 P ==Y f +ef)
S#L mois

Tap thé electron & trong viing héa tri chi con mot mdc trong
c6 tdc dung dan dién nhu mot hat tich dién duong : Id trong.



Lo trong

Ving din

vectd song Thg val

kb, * electron thigh

fi —

electron

th &1 .

+

\vﬁng héa trl




Lo trong

= Néu viing hda tri @ hoan toan day thi khi tic dung ngoai luc F
1én hé, gia tdc tdng cdng cla cic electron trong viing d6 bing O .

= Gia toc ctia tip thé electron trong mot viing hoan toan day trir
mot muc tr6ng :

p_ d koa K F
”dtz *(ﬁ) Nt 2 B Vet e By meck)

SH#I mo-i.s

Tap hop cédc electron d6 dudc gia tdc nhu khi hé chi c6 mot hat
(16 tréng ) v4i vectd séng k. va vdi khoi lugng hiéu dung bing
va ngudc dau véi khoi lugng hiéu dung cua electron khuyét .



Lo trong

fa) (b

Ve

T—— g —»>

(c)



Lo trong

Céc 18 trong xuét hién & cdc dinh clia viing ning lugng . G d6
khoi lugng hi€u dung cua electron 12 4m : 10 trong c6 khoi
lugng hi€u dung duong.

Ning lugng ctia 10 trdng dudc tinh theo chi€u ngudc véi chi€u

,
cua electron

Ld tréng c6 spin = 1/2 va tudn theo cdc phuong trinh chuyén

dong nhu electron .
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Vi. Phdn biet cac chut bdn dan dién, kim logi vd
dién méi dua vdo c¢du trdc vang ndng luong

= Dong dién 13 dong chuyén dong cé hudng cla cdc hat mang
dién dudi tdc dung clia dién trudng ngoai. Van tdc cda tap thé
electron dudi tac dung cua di€n trudng ngoai phai cé thanh
phan khdc 0 doc theo phuong ctia dién trudng .

= Trong mot vilng hoan toan day electron , cic electron chi c6
thé thay d6i vi tri cho nhau va doc theo mot chi€u nao dé, vecto
van toc tong cong bing 0.

= Khi dit dién trudng 1én tinh thé , electron ¢ thé thu dugc
ning lugng khi chuyén dong trong trudng d6. Ning lugng ma
electron thu dugc trén quang dudng bay tu do A biang eEA. Trén
thyc t€ eEA << E,.

:> nang lugng ma electron thu dugc trong di€n truGng ngoai
khong dd dé€ cho né nhdy qua ving cAm lén viing din.



mm) muodn dan dién t6t, chdt phdi cé ving ndang lugng chua
ddy electron .

= Ning lugng dao dong nhiét cda mang tinh thé cé thé cung
cap ning lugng cho electron nhdy tr mdt ving day 1én ving
trong & trén.

0] mot nhiét @0 T nao d6, ddng ning trung binh cia cic nguyén
t¢ bang 3kT/2 ( khodng 0,037 eV ) G nhiét d0 phong. Trén thuc
t€ bao gid ciing c6 cdc nguyén tif c6 ning lugng rat 16n hon gia
tri trung binh d6. Theo phan bd Boltzmann, x4c suit d€ nguyén
tir dao dong c6 ning lugng bang E ty 1& vdi exp(-E,/kT) . Céic
nguyén ti , khi va cham vd&i cac electron , nhudng cho ching
mot phan hay toan bd ning luong ciia minh. Néu ning lugng dé
bing hodc 16n hon dd rOng ving cdm E, thi electron co thé
nhay I€n vung trén.

Vi nhitng di€u vira néi, dya vao ciu tric ving ning lugng cia
mot chat ta c6 thé biét chat d6 din dién hay cich dién.



1. Kim loaqi

Chét c6 vang héa tri chi diy mot phdn hay da day hoan toan
nhung c6 mot phan tring véi viing nam & trén .

Duéi tic dung cla dién trudng ngodi, cdc electron c6 thé
chuyén dong dé dang trong pham vi clia viing héa tri.

Vidu . C4c kim loai kiém : Li, Na, K, Rb va Cs .

Céc electron hoéa tri trong cdc kim loai ndy nim & trang thdi
ns. Khi tao thanh tinh thé chit rin, cdc ving ning lugng trir
ving héa tri, déu hoan toan day electron . Viing héa tri ( hinh
thanh tor muc ns ) ¢ 2N trang thai nhung chi cé N electron :
ving héa tri chi diy mot nira.

Céc kim loai ki€m dan dién tot.



Kim logi kiém

Nall: ... 3s!




Kim loai kiém tho

Céc kim loai kiém thd
co hai electron hoa tri
nam & trang thdi ns.

Khi hinh thanh tinh thé€, ving ns va np phd nhau mot phan. Nho
do, cac electron ndim & cdc mic cao ciia viing ns chi€ém cdc mifc
thap cua vang np cho dén khi cd hai viing chita electron d€n mot
muc ngang nhau .

C4 hai viing nay déu c6 electron va con nhi€u mic trong. Kim
. N A x A A
loa1 ki€ém tho dan di€n tot.



Kim loai kiem thé

Mg!? : 1s22522p%3s?

__ .




2. Chdt cdch dién va chdt ban dan

Chét c6 vang héa tri chita ddy electron va trén dé la ving
cdm ndng luong cé do rong bang E -

G nhiét do 0 K chat nay hoan toan khong din dién vi ning
lugng ma electron thu dugc trong di€n truGng ngoai va dao
dong nhiét khong di dé€ vugt qua ving cam.

G mot nhiét do T nao d6, xdc sudt d€ electron ¢6 nang lugng
bang E, ty 1€ véi exp(-E, / kT) . Nhu Vay, bao gid cling c6 mot
sO electron cO nang lu’dng nhiét di dé nhay 1€n vung nang
lugng nim & bén trén con rat nhi€u mic trong.

® Néu E, kha 16n va G nhiét do khong qua cao thi s electron
nhay du’dc 1én ving trén khong diang ké va chit nhu vay trén
thuc t€ 12 mot chit khong dan dién.

Thudng quy udc : chit c6 cau tric ving vé6i E, > 3 eV 1a chat
cach dién.



® Néu E, <3 eV, khi nhiet do khong qué thap thi s electron
c6 du nang lugng dé€ vuot qua vung cAm kh4 nhiéu. S6 electron
tf viing hoa tri nhdy 1én ving trén ( dudc goi 1a viing dan )
trong mot don vi thdi gian bing Aexp(- -E, /kT) vO1 A la mot hé
sO ty 1& khong phu thudc nhiét do. Moi electron nhay dugc 1€én
ving din d€ lai mot 16 trong & trong ving héa tri. Pong thdi
véi s nhay 1€n viing ning lugng cao hon cua electron la qua
trinh nhay ngudc tré lai vung héa tri ( qua trinh tai hgp electron
-16 trong ) . T6c dd cia qud trinh nay ty 1& v6i ndong dd n cia
electron c6 trong ving din va nong do p cta 16 trong co trong
vung héa tri , nghia 12 bing y.n.p v6iy 12 hé so ty 1€ .

Trong trang thai cAn bang dong AeXP_E_g = vynp = yn? (
kT

Vi n=p).

A E,

Y
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Nguyén to

a (nm)

C (kim cuong) 0,356

Si
Ge
Thiéc

0,543
0,566
0,646

1,1 eV
0,7eV

M4 ng luiyng cia electron

C 51,Ge Sn

Khos ng cach giita 2 nguyé ot




Ving cdm rdng

h E Lip ady 12

viung cdm hgp

Ving din
phii nhau

Kim loal Chit banddn Chat dIén mal

vung hoa trl




Thanh c¢ong vd han ch@ cda ly thuyét vang don gian

® « Gidi thich dudc tai sao chit rin 12 chit dan dién, chat
b4dn dan hoic chit cdch dién.

® Thiét lap quan hé gilta cdc tinh chat cia vat li€u va
nguyén tu.

® Gidi thich sy tOn tai cia cdc hat ¢ dién tich duong
(10 trong ) va giai thich khdi niém khoi lugng hi€u dung.

® « Phép gan ding mdt electron khong thé tinh dén céc
hiéu ¢ng tap thé nhu hién tugng sit tir va siéu din va su
chuyén pha do niing lugng toan phan cla electron.



