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P. KONSIN

MICROSCOPIC THEORY OF FERROELECTRIC PHASE

TRANSITIONS INDUCED BY ELECTRON-PHONON

INTERACTION IN AVBVI-TYPE COMPOUNDS. 1

j (Presented by V. Hizhnyakov)

The microscopic theory of ferroelectric phase transitions caused by the electron-phonon
interaction in ATVBVI-type semiconductors has been developed with the allowance made

for the real electronic band structure. The Helmholtz iree energy has been obtained.
The electron-phonon interaction generates simultaneously the ferroelectric soft-mode,
and the temperature dependent elastic and electrostrictive constants.

3
; 1. Introduction L

The. vibronic theory of ferroelectric phase transition (FPT) (see, e.g.
[ls]) has been successfully applied to the explanation of some experi-
mental data on AIVBVI (PbTe, SnTe etc.) semiconductors [* % 5-10],
In particular, the vibronic theory has predicted the influence of the

magnetic field on the Curie point that has later been discovered experi-
mentally in Pb,Ge;—,Te [?]. According to this theory the properties 0Ё
FPT also exhibit an essential dependence on the carrier concentration

[%s], that is observed experimentally in a number of cases [!].
The versions of the vibronic model of FPT for GeTe, proposed in

[2-14], are based on a simplified band structure and, therefore, a deve-

lopment of the theory taking into account the real electronic band
structure of these crystals [*s] is necessary. п ['] the structural insta-

bility of AIVBVI compounds is connected with the proposed properties о!

the Fermi surface e(kr)~e(kr+Q), where Q= (—2—)(1,1,1). The

electronic spectrum with such properties is related to some prototype
phase (in essence such spectrum has been used in [*7] for bismuth).

In this work the theory of FPT in AIVBVI semiconductors has been

developed with the real band structure [**], electron-phonon and phonon-
phonon interactions taken into account.

2. The Helmholtz Free Energy

The initial Hamiltonian of the electron-phonon system is the following
(see also [718]):

H=H9+th+He—-—ph,

where

Не== Zfio(k) аЁкаок"'Е Z [Раа’ (k)a*(;ka o,k+h.C.],
o,k 0,0 k
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Here He, Нр» ап@ Не-рь are the Hamiltonians of the electronic and pho-
non subsystems and of the electron-phonon interaction; es(k) are the
initial (taking into account spin-orbit interaction) spectra of the valence
(0=1,2) and rconduc_t_ion (0=3,4) bands, respectively, with the wave

functions |LSa), |L8B) and |Lfa), |l°В> (a, В are the spin indices);
а*, a are electron creation and annihilation operators (k is the wave

vector); Y, are normal coordinates (y q].=yqj+yq]., Уа; аге с numbers,

further the minimization parameters of the free energy, Y4; is the corres-

ponding operator part), and qu are the conjugated momenta of the

vibrations with the initial frequencies Og @ В the wave vector of

phonons; j is the index of the vibrational branch (j=l corresponds to

the ferroelectric (FE) optical vibrational branch, j=2, to the acoustical

one), M; are the corresponding reduced masses; V and W are the cons-

tants of linear and quadratic electron-phonon interactions; Pgo (k) are

the matrix elements of kp interaction in a six-band model [**]. The last
term in (1.3) describes phonon-phonon interactions (the third-order

anharmonicity has been taken into account by the renormalization of B

in [%s]); N, is the number of unit cells in a crystal. Hamiltonian (1.1)
takes simultaneously into account electron-phonon interactions and the

forming of the energetic spectra of the valence and conduction bands of
ATVBVI semiconductors.

To find the Helmholtz free energy of the system we use the electronic

energetic spectra renormalized by vibronic interactions, found on the

basis о Hamiltonian (1.1) in [7 18]

1 - -

Eip(k)=—[el(k) Fe2(k) ]F e 2 (k) —&1 (k)
5

в( [20®Е,
1

ТРО6РИ оННИа
2 .

A(P Vb,PV, Ка Нк ) 9
(1.5)

where

gi,z(k) =e* (k)+——l—_— [D3(2 +2D) +
1,3

]/No
1 хх yy

(1.6)

1
+D]o(WO (2, 442 ) + ]

at this

e}, (k) =e} (k), A¢H=ACH, A=D,W, (1.7)

ey, (K) =ez(k)—eD . e} (k) =esu(k)+ed) (1.8)

(1.3)

4
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Here АЦ (A=P,D,V,W) are the transverse (L) and longitudinal
(Il) components of the matrix elements of the kp interaction between the
bands L® and L¥ (P), of the constants of deformation potential for
acoustical vibrations (D), and of the linear interband (V) and quadratic
intraband (W) electron-phonon interactions for FE optical vibrations;
ar and &)(a=x,y,2) are the coordinates of the FE mode and the com-

ponents of strains in the system of symmetry axes of L-extrema, k"=
=k,— k.l, k,x=kx‘—'kaa k,y=ky_kUL and kZ-L =(k,x)2+ (k,y)z' In

(1.5)—(1.8) the terms e(;’yzr)] take into account the dynamical part of the

electron-phonon interaction (the terms ~;qj in (1.1)) [']. We go from

the components &™) and ar to the corresponding components (eaar and

Y123=X,Y,2) in the system of the basic axes of the crystal. The spectra

E®», (the index [=1,2,3,4 numbers the valleys), obtained as a result

of such transformation for AlVBVl.compounds, are given in [7].
On the basis of (1.1) and (1.2) the electronic part of the Helmholtz

free energy of AlVBVl.compounds, renormalized by electron-phonon
interactions, is obtained in the form

Fe= 2) [nOW — ksTZ],
У

where

20= S| 14exp (L= W)], not 22
; >п| 1--ехр

вТ ‚
B

u

The chemical potential p in (1.10) is determined by the condition

2 n=N, at this N is the number of electrons in the system.
v,l

To perform a thorough analysis о the picture of FPT in ATVBVI

compounds and to present the theory in a form more convenient for

comparing with the experiment, we expand the electronic part of the free

energy (1.9) in the powers of polarizations (P;~y;) and strains, and
add at once the phonon part of the free energy. Taking into account the
fourth-order terms, we have

а: В: B2
,

°са

КАаМ, И,(а 6)+

-Нбоех(и--ег) eylg (28,НН)+

| (

+N (B1 (exxX2+eyyl2+22222) +B2[exx (974+22) +eyy(2+22) +

+E22 (x2+y2) ] +g3 (szxz+'Byzyz+€xyxy)}
,

'

where the squared FE q=o mode frequency in the paraphase is equal to

W !
,

here the frequencies wy (wot=wo, My=M) renormalized by phonon-
phonon interactions are expressed as follows [2s]: '

(1.9)

(1.10)

(1.11)

(1.12)
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2kBT
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А==#з (К) — в (К), Ко=3—№o- (2V2l—|—V2„),

vy (k) =Vt(k) + Vta(k), —&а(К) =_l\i/2— (P ViR ),

1
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A (W) W WO WO

The quantities A;(q) and 4 in (1.13) describe the phonon anharmonicity.
The coefficients of anharmonicity stabilizing the low-symmetry phases
are equal to ;

; K

Ві="l_2'› 62=1‘+%1—

1 k)
L=—2N, ¥ Akak{ (W e [pz(k)EkJ?flL.f‘z‘(;)‘X

k

with

5 5
Xv2 (k)£t ———9—E*;([tl(k)+-?t3(k)—7t4(k)—3tz(k) ]}—}—т‚р„

j

апа

K=—2No 3 81, { 48(W-)2 —3[pu (k) E, ]2 12
k

1
Xpl(k) oy (k) ЕЁ —БЕЁ [—3— (4tl (k)4523(k)4874(k)) +872(k) ]}—l—nz,ph.

Here

L) =VRR GBI, (k)==(P2V2,keky)?
0

p2(k) =WA+Ky; — 0 (К) =2УА(к) — У4(К),
1 2

W=(К, К(И—)

In (1.19)—(1.20) miz2pn take into account the contribution from phonon-
phonon interactions to B, analogously to [2s].

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)
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The elastic and electrostrictive constants renormalized by vibronic
interactions are expressed as follows:

cuz=Cu2+ (A7)2SI, Cu=cu+ (A7

gl2=gap+S2, gs=gc—4 3ANE,ATX
k

х{”; —-рАБ(— B }
here

1si=_4N;izAkak[ 1 — (AkEk)z],
k

S:=—B 3 AfE,A~ {W/— — % A,E2 [pi (k)— 20:(k)E2] }
k

and the elastic constants renormalized by phonon-phonon interactions,
equal to (Bpj(q), are determined by the coefficients of anharmonicity B
and o _.)

q)

* *

Cii2="Ci,l2+Rl2, — Си== Си К,

with

ho
qj

Ro= Z Byi(q) cth
"2'};;7‘-4,7

In (1.28), (1.25) C’:mzu and ба are the initial elastic and electrostric-

tive constants. The quantities A~ and A 7 are determined by (1.17),

(1.23) through the deformation potentials by a substitution W—NoD.
Thus, as can be seen from (1.11)—(1.29), electron-phonon inter-

actions generate the soft mode, the temperature dependent elastic and
electrostrictive constants, and vibronic anharmonicity for the stabiliza-

tion of a structural phase transitions, i.e. the free energy of AIVBV!
ferroelectric-semiconductors (1.11) contains all types of terms postulated
in the phenomenological theory.

Now we shall analyse in detail the case when spontaneous strains

are equal to zero. On the basis of (1.11), we obtain analogously to the

phenomenological theory for the rhombohedral phase (the expressions
for the spontaneous lattice distortion in other phases are omitted)

аз Мо
‚У2_2% =__6_l___4s2_

2 —

.
е5 хо_ =figurations of typ8 config

The frequency of FE mode splits in the rhombohedral phase:

- 2 2

MO2 =al4+3(Bi+4B2) %— ,» MQ2 y=ou+3fiv,\ic,2
0 , 0

Introducing the effective charge & [%%l] corresponding to the vibration

yi the spontaneous polarization may be written in the form

eYio
|=

Yio
where

Т‚Х—,_—— are the components of the order parameter determined by
: .

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)

(1.29)

(1.30)

(1.31)

(1.32)
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(1.30) and v is the volume of the unit cell. The dielectric susceptibility
in high-symmetry and rhombohedral phases equals, respectively, yns=
=2(M 2 )t and xz;xy=2(oMQ2_).

3. Calculation of the Soft-Mode Frequencies

Now the soft-mode frequencies will be calculated by basing on (1.12)
and taking into account the concrete form of the real spectra of the
valence and conduction bands of AIVBVI semiconductors. The initial

spectra eq(k) in (1.5) are of the form []
k 2 k 2й2 1 I

к) e( ""—‘+"_)‚°el2(k)
2 m m,

k 2 k 2h 2 1 1

83,4(k)=A+'7 ( m'i+ m’ )’
where m A

and m’, ‚
аге the transverse and longitudinal components

of the eifective masses of electrons and holes, renormalized by kp inter-

actions with other bands in a six-band model, A being the initial for-
bidden gap. We introduce the following designations —

Mz = =—

1A
(m

i"
+ (m'

L,
I 2=

»

D> M+
L »1

h , hi

C;Lzz„E [(M':," )2—(Ml" )2], О_‚‚=.Ё (МЁМЁ—М]МП)

First we calculate the quantity a; in the mean field approximation
(e‘cl’f; =0). Herewith we take the constants of the quadratic vibronic

interaction W=o (an analysis has shown that this interaction is essen-

tial in the systems undergoing a transition to the tetragonal phase) and

Af, (T)=~ Af,(o)=l. The case of degenerate semiconductor will be

considered below. Besides, we neglect the term containing Gys3 in (1.5),
i.e. in the absence of electron-phonon interactions (1.5) are the spectra
of Martinez type [**]. The sums in (1.12) can be replaced by integrals
with the use of the equality

МЕ
| B8zk;..._ksl nf(f...kldkl)...dk",

0 90 0

where &’ =}/sz(kfio —k'*;l) and the limit values kuo +. are equal (n is the

number of valleys)

32N )'/s Е, ‚ *ло лв
=|—- —— | ———

,
U=3 A: kIIO (оМопs» › ®Ъ; ( k||o ) о== 85

with

(1.33)

(1.34)

(1.35)

(1.36)

(1.37)
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and

Ёl‚з=2 (010,20A+2 :]‘2l 1) , 10,20 = ai,zkfio ,

'1 —o‚2
2 1” ” ,

{Г
yll lru “ °

Then the squared soft-mode frequency in the paraphase is expressed as

^ ' 8 о:
o; =о;

М93lB=ш=МшЁ—_3— [V2 (2„—5“&;„)—1—% (& — s`2“l…)]‚ (1.41)

where the quantity @й, determining essentially the occurrence of the
ferroelectric dynamic lattice instability, equals

‚

U

!I=—%е—o- (Co—mixl),

eo=E?'/2, Со== 61,281,2, CI2=VY+SIFS2,

——— = TFI)/ —Ч,
E' A

' (I‚2)‚ x__..si ,Sl=)
3

, бl2== 612 (6212 1)
1Ё,

—1

4
,

L®=Arcthéy; L®=arcsin (82+1)~"

Bs=Vl4+A2E;t, Lp=Arcthad;,

- fTl=o3+ (Öš— 1)L, V_L,II‘=V.L," -l/ Non

The quantities S determining essentially the stabilizing contribution

to the soft-mode frequency Qus, are equal to ,

‚

er:
A Uosš( 2 Ti)=Orxl), iTAT+d-T

with

Ly=263 — 11, Dz=_Cl_;lz Гз,

Ly=2BlpF012, Di=Cyi[x2Lat2(A2—s2)LUD].
Here Cy, 81, L, and upper signs correspond (0 s;>s; and the lower

ones and Ci, 82 L®, to si<<sz. For s;=S5, (yw2o=o) in (1.42)—(1.51)
we have

2 1 A 2 2
Co=24, D=lt 2), Di=—O=2A

х 3ж2+Еl 2
ЗЛ

From equations (1.41)—(1.52) it can be seen that the frequency of the
FE vibration essentially depends on the details of the electronic band

structure of AIVBVI-type compounds. The coefficients of the vibronic

anharmonicity are calculated in Part 2, where a comparison with the
experiment is also made, |

(1.39)

(1.40)

(1.42)

(1.43)

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)
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P. KONSIN

AIV BVI ÜHENDITES ELEKTRON—FOONON-INTERAKTSIOONI POOLT

INDUTSEERITUD SENJETTELEKTRILISTE FAASISIIRETE MIKROTEOORIA.1

On arendatud А!УВУ! {ihendites elektron—foonon-interaktsiooni poolt pohjustatud
senjettelektriliste faasisiirete mikroteooria, vottes arvesse nende ainete reaalset tsooni-

struktuuri. On arvutatud ATVBV! senjettelektrikute-pooljuhtide vaba energia. Elektron—-
foonon-interaktsioon genereerib iiheaegselt pehme vonkumise ]а temperatuurist soltuvad
elastsus- ja elektrilise striktsiooni konstandid.

П. КОНСИН

МИКРОСКОПИЧЕСКАЯ ТЕОРИЯ СЕГНЕТОЭЛЕКТРИЧЕСКИХ ФАЗОВЫХ

ПЕРЕХОДОВ, ИНДУЦИРОВАННЫХ ЭЛЕКТРОН-ФОНОННЫМ

ВЗАИМОДЕЙСТВИЕМ В СОЕДИНЕНИЯХ AIV BVI. 1

Развита микроскопическая теория сегнетоэлектрических фазовых переходов, обуслов-
ленных электрон-фононным взаимодействием в полупроводниках АТУВУ!, с учетом

реальной электронной зонной структуры этих соединений. Получена свободная энер-

гия сегнетоэлектриков-полупроводников АТУВУ!, Электрон-фононное взаимодействие

одновременно генерирует мягкую моду и температурно зависящие упругие и электро-

стрикционные постоянные, _
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