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The nature of the anomalies of the temperature dependence of the dielectric susceptibility x of the Jahn-Teller 
crystal DyVO, is investigated, and their connection with the anomalies of the elastic modulus C is studied. 
This relation is due to the fact that a distortion phase transition of the ferro-para type, due to the cooperative 
Jahn-Teller effect, is at the same time an antifenoelectric-paraelectric transition. The influence of the electric 
field on C and x is investigated. It is shown that the crystal undergoes in the field a metaelectric 
antiferroelectric-paraelectric transition accompanied by a distortion ferro-antiferro transition. The 
microscopic parameters that characterize the contributions of the various phonon modes to the intra- and 
interlattice interactions are determined. It is shown that at certain values of the parameters a femdistortion 
polar phase is produced in the crystal in a narrow temperature interval, at the limits of which the anomalies of 
C and of x are particularly strongly pronounced. The influence of the electric field on the spectrum of the 
elementary excitations is considered, and the elastic and dielectric anomalies are explained on the basis of an 
analysis of the temperature dependence of the modes that are active in the phase transition. It is shown that 
the phase transition is connected with a complete (down to zero) softening of the quasi-acoustic mode, 
accompanied by partial softening of the quasioptical branch that transforms in accordance with the same 
representation as the spontaneous deformation of the crystal. 

PACS numbers: 77.80.Bh, 77.20. + y, 62.20.Dc, 71.70.Ch 

Much research  i s  presently car r ied  out on ferroelas-  below to a theoretical investigation of the properties of 
t ics ,  which a r e  crystals  that undergo phase transitions the Jahn-Teller ferrodistortion antiferroelectric DyVO, 
in which the order  parameter  i s  the strain. In these in a n  electr ic  field." 
compounds, the elastic susceptibility, the temperature 
dependence of which has traditionally received special 
attention, becomes infinite a t  the phase-transition 
point. At the s ame  time, interest  is increasing in sub- 
stances in which susceptibilities other than the elastic 
susceptibility have considerable anomalies a t  the struc- 
tural-phase transition point. Thus, a substantial anom- 
aly of the dielectric susceptibility was observed in 
structural transitions in rare-earth vanadatesl, double 
tungstates? and other compounds. In the present paper 
we investigate the connection between the elastic and 
dielectric anomalies in structural  transitions, using the 
crystal DyVO, a s  an example. Dysporium orthovana- 
date i s  the f i r s t  known ferrodistortion antiferroelec- 
t r ic .  In this substance the structural  phase transition 
due to the "ferro-ordering" of the local Jahn-Teller 
distortions i s ,  from the point of view of the dielectric 
properties, a transition into a phase with antiparallel 
orientation of the dipole moments produced in the unit 
cell a t  T < T,.3 

The interrelated anomalies of both the elastic and 
dielectric characterist ics  a t  the transition point give 
r i s e  to a number of most peculiar singularities in the 
behavior of such crystals .  In part icular ,  the elastic 
modulus and the dielectric susceptibility of such com- 
pounds should depend strongly on the electr ic  and mag- 
netic fields, and also on the pressure ,  since their 
action, influencing the s t ruc ture  of the electronic levels 
of the Jahn-Teller ions, change the characterist ics  of 
the phase transitions. Principal attention will be paid 

Analysis shows that in an electric field the crystal  
undergoes a metaelectric antiferroelectric-paraelec- 
t r ic  transition accompanied by a distortion ferre-anti- 
ferrotransition. At definite values of the field, a f e r r i -  
distortionphase i s  realized in the crystal  in a narrow 
temperature interval, a t  the l imits  of which the anom- 
a l ies  of the elastic modulus C and of the dielectric sus-  
ceptibility x a r e  particularly strongly pronounced. 

1. At high temperatures the DyVO, crystal  belongs 
t o  the crystallographic c lass  D',i-the tetragonal s truc-  
t u r e  of zircon. The unit cel l  contains two equivalent 
Dy3+ ions coupled by an  inversion operation; the local 
symmetry D,, of the Dy3' ions have no symmetry center 
(Fig. 1). The ground state of the rare-earth ion i s  a 

FIG. 1. Tetragonal ( D ~ ~ " )  structure of DyV04 with two formula 
units per unit cell (R = ~ y % ,  ~ m % ,  . . . ; X =  V, As, P). 
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Kramers doublet E '  a t  a distance 2A=9 cm-' above 
which i s  located a term E ". Their vibronic mixing 
leads to a structural phase transition from the tetra- 
gonal to the orthorhombic phase, due to the coopera- 
tive Jahn-Teller effect: a t  T < T,= 11.2 K a spontan- 
eous strain of the B,, type is produced in the 
In the vibronic mixing of the states E' and E of the 
Dy3+ ion, an active role is played by displacements that 
transform inaccordance with the representations A,, 
B,, B,, and E of the local group D,,. The realization 
of B,, strain in DyVO, a t  T <  T, indicates that the larg- 
est  contribution to the vibronic mixing i s  made by the 
interaction with the B,-local displacements, inasmuch, 
a s  follows from the correspondence between the local 
group D,, and the symmetry group D,, of the unit cell, 
the representation B,,(D,,) goes over into the repre- 
sentation B,(D,,). Since the representation A,(D,,)also 
goes over into B,(D,,), it follows from the foregoing 
that the local distortions of the representations B, a r e  
generated by the phonon modes of the representations 
B,, and A, of the group D,,. 

In a lattice with zircon structure, the phonon branches 
a r e  transformed at  q = 0 in accordance with the follow- 
ing representations: the acoustic modes in accordance 
with (A, +Em), and the optical modes in accordance 
with (A ,  + B,, + 2E,), (A ,  + 2B, + 3E,). The foregoing 
optical modes describe translations and rotations of the 
VO, groups relative to the rare-earth ions; the modes 
that describe oscillations within these groups a r e  not 
active in the vibronic mixing and a r e  therefore not 
cited. 

From the point of view of the soft-mode concept, the 
instability of the high-temperature tetragonal structure 
of the lattice corresponds to a softening (with decreas- 
ing temperature) of the corresponding acoustic branch, 
which describes in the long-wave limit q - 0 a homo- 
geneous B,, strain. Since among the optical branches 
there exists a mode that transforms in accordance with 
the same representation B,,, i ts  coupling with the elec- 
tronic subsystem causes anomalies to be observed a t  
the point of the structural phase transitions not only in 
the elastic modulus, but also in the dielectric suscep- 
tibility. In fact, it i s  easily seen that under B,, strain 
of the unit cell the tetrahedral component of the sur-  
rounding of the two Dy3+ ions i s  distorted in such a way 
that the tetrahedra assume oppositely directed dipole 
moments (Fig. 2). 

2. On the basis of the orbital states of the two lowest 
Kramers doublets of the Dy3+ ion, the Hamiltonian of the 
DyVO, crystal in an electric field takes the form 

where the first  three terms a r e  the energies of the phon- 
ons, of the elastic deformation, and of the polarized 
crystal. The next three terms describe the interaction 

of the electrons with the deformation, polarization and 
the phonons, while the last term corresponds to the in- 
teractton of the polarization with the electric field 1112. 
Here C ,  = (C,, - C,,)/2, x, and &,are respectively the bare  
elastic moduli, the parallel dielectric susceptibility, and 
the dielectric constant, 52 is the volume of the crystal, 
N i s  the number of unit cells, and the indices ff = I and 
I1 number the sublattices of the Dy3+ ions. 

In (1) we have taken into account, a s  i s  customary, 
the interaction only with the B,-local displacements, 
and also of the fact that the z component of the polar- 
ization 9 transforms in accordance with the repre- 
sentation A,. 

A shift transformation in the Hamiltonian H' 
= eiRHe-i\ where 

gives r ise  to a term 

that describes the interaction of the electronic states 
via the phonon field. The equilibrium deformation and 
the polarization of the crystal a r e  given in accord with 
(1) by the relations 

The sublattice order parameter ua that determine U and 
9 can be obtained when account i s  taken of the electron- 
ic correlations in the molecular-field approximation. 
This approximation describes well phase transitions 
in rare-earth orthovanadates because of the consider- 
able contribution made to the molecular field by the 
electron-strain coupling that leads to an infinite in- 
teraction radius. Substituting (3) in H ' we obtain the 
single-mode Hamiltonian ha ,  in which the electron and 
phonon systems a r e  coupled only because the initial 
splitting A differs from zero. 

We consider f i rs t  the phase transitions, neglecting 
the dynamic interaction of the subsystems, i. e . ,  under 
the assumption that 

f (a)cr(b,-. b,) =f (o)cp(b,+, b,). 

In this approximation3 

where y =  c w ,  i s  the vibronic reduction factor, and 
the signs + o r  - correspond respectively to a! = I and 
cu = II. The constants of the intrasublattice (A) and the 

L-2 

A01 

FIG. 2. Distortion of noncentrosymmetric component of the 
nearest surrounding of two R ions in a unit cell during the 
phase transition. 

894 Sov. Phys. JETP 51(5), May 1980 B. G. Vekhter and M. D. Kaplan 894 



intersublattice (B) molecular fields a re  determined 
by the relations 

A =g,"+Aaa+4nfZ~u2~o-L,  B-g01+Aaa'-4nfZX0zeo-~~ (5) 

The first  term corresponds here to the electron-strain 
coupling, which makes equal contributions to the intra- 
and intersublattice interactions. The third term i s  due 
to the interaction of the electrons with an odd optical 
modes that makes contributions of opposite signs to A 
and B. The quantities Auu and hUu' a r e  given by 

ha"=K..-vl2, A""' =KO,,  (6) 

where KO, i s  the contribution of the coupling with the 
even optical phonons and v i s  the energy of the Jahn-, 
Teller stabilization on the site, which i s  subtracted only 
from the intrasublattice interaction. The eigenvalues 
of ha are  given by 

The equilibrium values of o, are  determined from the 
condition aF/aou = 0, where the f ree  energy F of the 
electron subsystem of the crystal i s  given by the for- 
mula (8= l/kT): 

F='I2A (cs12rol,') +BU~O,~-B- '  In ( 4 c h  pE, ch B E , , ) .  (8) 

This condition leads to the system of equations 
o,=E,-' (Aoa+Bo,.* jxo&') 111 BE,. (9) 

It i s  convenient to change over from the quantities ou 
to S = o, + o,, and Q = o, - o,,. The value of S, to which 
the total deformation of the crystal i s  proportional is  
the order parameter of the phase transitions; Q deter- 
mines the dipole moment of the cell and the polariza- 
tion of the entire crystal. The equations for these 
quantities a r e  of the form [a= (A + B)/2, b= (B -A)/2] 

and the free energy i s  expressed in terms of S and Q 
in the following manner: 

F='lzaSZ-'lzbQ"_B-' In ('I c h  $El ch BE,,). (11) 

3. Equation (10a) always has a solution S=O that 
corresponds to the undistorted crystal. It is  clear that 
at high temperatures P-' > A  + B the system will be in 
this phase. At low temperatures, however, there can 
exist one other phase, whose free energy i s  lower. 
This is easiest to see for the case A=O. When T-0, 
the system (10) has two solutions, a, = 1 and o,, = *l, 
and the free energy takes the form 

F=A+Bo,,- I ~ + ~ o , , + f x , b  1 - I B o I 1 + B - - j x 3 I .  

The phase with S # 0 corresponds to o,, = 1, and its free 
energy is F= -(A + B) in fields fx0$< (A + B). The 
phase with S = 0, corresponding to the solution o,, = -1, 
has a free energy F=2fx0g-3(B - A )  at  fx , I< (B -A) 
and F= (B -A) - 2fxOg a t  a,%'> (B -A). A comparison 
of the free energies shows that up to fields fxOgcr=B 
at  T=  0 the phase with S #0,  which describes the de- 
formed crystal (a deviation of A from zero does not 
change a s  a result and causes only a decrease of gcr). 
An increase in the temperature leads to a transition into 
a phase with S=O,Q#O. 

Expanding the right-side of Eq. (10a) in powers of the 
parameter S, which vanishes at zero a t  T= Te, we get 
the relation 

AZyZ E,'-Az1' - 
E,' 111 ,3,1:, ->c------st*rl~' $Ll{,=(2.1 L l j ) - j  

B,' 

[E:= A2y2 + ( fxog- bQ)'], which describes together with 
the equation that follows from (lob), 

the polarization of the undeformed lattice at T > Tc a 
system from which we obtain the critical temperature 
T, and the polarization Tc a t  this point. At O = 0 there 
is  no polarization and the transition temperature i s  de- 
termined by the known relation 

kT. =.Zy[arcth (.1y1(.1l7<)) I- ' .  (13) 

It is easy to investigate also the case of weak fields, 
when kTc = kT:(l- t2g?, where 

Thus, the electric field lowers the temperature of the 
structural phase transition (T,-0) a s  $- gCr), since it 
tends to transform the crystal into a dipole-ordered an- 
tiferrodistortion phase. 

Before we proceed to describe the results of the nu- 
merical solution of the systems (9) and (12), let us  in- 
vestigate the character of the phase transition, using 
the Landau expansion of the free energy in terms of 
the order parameter. In our case it takes the form 

F=P,-ka,S2+n,S6+ . . . , 
where 

u,=a(l-oZ,-'), 

secli' PE, - -th EO PE, 

-i2,3?A-'li (,L ' \ Z r Z ) E  - ' - , eecl? pEa tli $E,+ 
+2p"E,1-AZy2)E; \sert~' BE,(2 t1i2 BE,- srcli2 & E D ) .  (15b) 

If Y, > 0 a t  the phase-transition point, then the critical 
temperature is  determined from the condition z,(T,)=O, 
which coincides with (12a). The sign of CY'(T~) =O. 
determines the order of the phase transition. At 
g= 0, thephase transition in DyVO, is of second order. 
In fact, in this case 

3 
0 2 ( T . )  =ak- (th P,E',-PcA"{ secliz B,E,) = a> 0. 

'14y3 4 

The positiveness of Z,(T,) i s  preserved also in weak 
electric fields. The changes of the type of the phase 
transition takes place in the tricritical point of the 
phase diagram (T, 8) in the region of $ close to gcr. 
For the case A =  0 the quantity 

becomes negative at the phase-transition point only at 
tanhp,E,> 1/G. This inequality i s  satisfied in suf- 
ficiently strong electric fields, which cause an apprec- 
iable decrease of T,.. Estimates show that the transition 
temperature Tc begins to depend substantially on the elec- 
tr ic fieldonly when g i s  close to gca,, . Thus, the transition 
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from the ferrodistortion in  the antiferrodistortion 
ferroelectric phase of DyVO, in an electric field, i s  of 
second order in practically the entire field interval 
f!?c %&. 

Knowing the free energy given by Eqs. (8) and (111, 
we can investigate the interrelated anomalies of the 
of the elastic and dielectric properties of the crystal. 
Thus, using the known relation C = (a2F/aS2),,, for the 
elastic modulus, i t  i s  easy to see  that C = El andvanish- 
e s  a t  T =  T,. 

To investigate the dielectric susceptibility i t  is con- 
venient to expand the free energy both in terms of the 
parameter S that determines the deformation, and in the 
parameter Q that is connected with the polarization. 
This expansion, which takes the form 

F = F 0 + a S 2 + S + p , Q Z + p , Q ' + y , S 2 Q ~  + . . , (17) 

i s  valid, naturally, only a t  small Q, i. e. , for not too 
strong electric fields. In the expansion (171, the coef- 
ficients a t  A =  0 take the form 

a l = a ( l - 2 p a  sechZ B f x a ) ,  
a2=4p3a' sech2 p f x d ( l - 3 t h 2 p f ~ 0 6 F ' ) ,  

$ i = b ( I - 2 p b  sechL p f x b ) ,  (18) 
p2=4p3b' sech2 pf~~6F'(1-3th' p f ~ a ) ,  

yl=4pSa'bZ sech2 p f ~ ~ l ( 1 - 3 t l i '  p f x b ) .  

From (17) we obtain for the dielectric susceptibility 

from which it follows that a t  g =0,  when 

the dielectric susceptibility has a maximum a t  T= T,, 
where the elastic modulus vanishes. In fact, a t  T - Tc 
- 0 the increase of x i s  due to the abrupt decrease of S 
(y, > 01, and at T - Tc+ 0 the increase of x i s  due to the 
decrease of pl= b(1-2b/kT). 

4. A quantitative analysis of the anomalies of C and x 
i s  possible on the basis of a numerical solution of the 
system (9). The elastic modulus and the dielectric 
susceptibility a r e  given by 

1 dU 1 
-=-=- 

N " d o  Ju,, 
C' dP Cign(m) ($'F)' 

a 9  4nxo ao 301, 
(19) 

x = z = x o + T ( $ - x )  

in which, in the calculation of the derivatives with re- 
spect to the field %' and the pressure P it i s  necessary 
to make definite assumptions concerning the relaxation 
rates of the processes in the electron-phonon system. 
The isothermal elastic modulus and the static sus- 
ceptibility correspond to a situation wherein the mea- 
surements a re  made a t  a frequency o - 0, i. e. , much 
lower than all the reciprocal relaxation times T-' of 
the system. 

If w +0, then oneof the additional regimes considered 
in Refs. 5 and 6 can be realized: 1) an adiabatic regime 
sets in when w-I i s  less than the time re, of the elec- 
tron-lattice relaxation, 2) an ideally isolated regime 
is realized if w-' i s  less than the electron relaxation 
time ree and finally, 3) measurements at still higher 
frequencies, exceeding the vibronic frequency, yield 
bare values of C, and X, which a r e  not renormalized 

by the electron-phonon coupling. 

Determining in (19) the derivatives of the isothermal 
regime, we obtain 

At T 2 T,, when Z, = Z,, = Z, because S = 0, Eqs. (20) 
assume the simpler form 

At the phase transition point, the elastic modulus re-  
determined by the vibronic coupling, should vanish, a s  
i s  the case when the condition A + B - 2, = 0, which 
coincides with (12a), i s  satisfied. At g =0, the values 
of C and x a r e  determined by formulas of the type (21). 

From the results of the numerical calculation of the 
temperature dependence of C and x for different fields 
it follows that at T < T, the electric field increases x 
and decreases C,  while a t  T > Tc the situation i s  re-  
versed. The main singularity of the temperature de- 
pendence of ,y in the electric field i s  that, in contrast 
to the elastic modulus a t  l # O ,  at the phase-transition 
point x undergoes a jump that increases radidly with 
increasing field. Accordingly, the dependence of the 
polarization on the electric field is essentially nonlin- 
ear and i s  also characterized by a jump, thus attest- 
ing to a metaelectric-behavior of a Jahn-Teller crystal 
DWO, (Fig. 3). 

It i s  known that a meta-behavior i s  typical of strongly 
anisotropic systems, where the intersublattice interac- 
tionwith the nearest neighbors has an antiferro-charac- 
t e r ,  and the intrasublattice interaction with the nearest 
neighbors has a ferrocharacter. Recognizing that the 
dipole moments of the sites a r e  proportional to q: 
d l a  u:,dIIa -uil [see, e. g. , Eq. (311, a s  well a s  the 
values given below for the constant A and B, it i s  easy 
to verify that the meta-electric situation i s  indeed real- 
ized in DyVO,. It follows also from the calculation that 
C and x depend essentially on the crystal splitting A; 
this i s  of interest in connection with the possibility of 
modulating A by uniaxial pressure that transforms in 
accordance with the B,, representation. 

Figure 4 shows the temperature dependence of x and 
C for the case A=O,fx0g=7.2 cm-', when the sublat- 

FIG. 3. Field dependence of the parameter Q that determines 
the polarization of the crystal, at different temperatures: 1- 

k T = 6  cm-', 2-kT = 3  em-'. 
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tices a r e  oriented by the field already at T = 0 K. With 
increasing temperature, the parameters o, = -o,, de- 
crease in absolute value. However, in the temperature 
interval (T,, T,), where T,=4.9 K, T,= 5.9 K, there 
ar ises  in addition to the indicated antiferrodistortion 
polar phase a ferrodistortion polar phase with o, # lo,, I, 
having a smaller free energy. In this phase the macro- 
scopic deformation of the crystal differs from zero in 
addition to the polarization; phase transitions accom- 
panied by anomalies of C and x take place a t  the limits 
of the temperature interval. The physical picture is  
similar here to  the situation that takes place in Rochelle- 
salt where, in a definite temperature interval, a po- 
larized state of the crystal i s  produced because of in- 
complete compensation of the antiparallel dipole mo- 
ments of the sublattices. We note that the entire re- 
gion of existence of the ferri-phase the elastic modulus 
i s  anomalously small, and the dielectric susceptibility 
exceeds its value outside this phase by practically one 
order of magnitude. A similar behavior of C and x in 
electric fields close to critical takes place not only in 
DyVO, under a uniaxial pressure that modulates A and 
transforms in accordance with the BQ-representation, 
but also in the isomorphous DyAsO,, where A = 0. 
The increase of A decreases the temperature interval 
of the existence of the ferri-phase, and a t  A=4.5 cm-' 
(the case of DyVO, in the absence of uniaxial pressure) 
this phase i s  not realized. In this case,  however, the 
elastic modulus assumes in the indicated interval anom- 
alously small values (C/Co = 0.051, although the dielec- 
tr ic susceptibility has no noticeable anomalies. 

The calculations whose results a r e  shown in Figs. 3 
and 4 were performed with the parameters determined 
in Ref. 3 from a comparison with experiment': A = 3.9 
cm-', B = 7.2 cm-', and f = 2.4 cm-'. Calculations 
were made also for other values of A and B (the sum 
A + B remained equal to 11.2 cm-'). The qualitative 
character of the field and temperature dependences of 

FIG. 4. Temperature dependence of the elastic modulus (a) 
and of the dielectric susceptibility (b) for A = 0 and f x o l - =  7.2 
cm-' (the inset shows the plots of the sublattice order param- 
eters). 

C and x were kept the same, only the criticalvalues of 
the field and of the transition temperature were altered. 

The appreciable interest that attaches to the dielec- 
t r ic  investigations in Jahn-Teller crystals i s  due to the 
possibility of theiruse for a detailed differentiation of 
the contributions of different interactions to the con- 
stants that characterize the investigated phase transi- 
tion. In contrast to ultrasonic and piezospectroscopic 
experiments, where it is  possible to determine the con- 
tribution of the electron-deformation interactionto the 
molecular-field constant, and analysis of the dielectric 
properties makes it possible to separate the intra- (8) 
and intersublattice ( B )  interactions. Moreover, it 
turns out to be possible to determine the contributions 
made to the electron-phonon interaction by the even op- 
tical phonons (KO,), the odd optical phonons (Koo), a s  
well a s  the value of the self-consistent dynamic correc- 
tion v, which constitutes the Jahn-Teller stabilization 
energy. In fact, using Eqs. (5) and (6) and the indicated 
values of A, B, and f ', a s  well as the value =7.3 
cm-', we obtain Koo = 3.4 cm-', Koe = 3.3 cm-l, and 
v=20.2 cm-'. 

5. The foregoing results were obtained by studying 
only the electronic subsystem of the crystal, and neg- 
lecting i ts  dynamic coupling with the phonons. As 
shown by a comparison with experiment, this analysis 
makes it possible to describe the properties of the 
Jahn-Teller crystals but, strictly speaking, i s  not 
quite consistent. In fact, the investigated phasetran- 
sitions, while induced by the degeneracy of the electron 
subsystem, a r e  structural, i. e. , a s  already noted, 
they a r e  due to the softening of the phonon modes. The 
latter can be obtained from a study of the spectrum of 
the coupled electron-phonon modes. 

The spectrum of the elementary excitations of the 
system described by the transformed Hamiltonian H '  
will be calculated, after changing over to the operators 
Si = oi + o:' and Qi = a: -a{', with the aid of the equal- 
time Green's functions. Introducing Green's functions 
of the form ( ( ~ ( t )  IQ:(tl)), where O(t) i s  one of theelec- 
trons (S,, Q,) o r  phonon (bef, bi, cos2gm, sin2gm) operators, 
and writing down the equations of motion for them, we 
can obtain a closed system of equations using splitting 
of the following type: 

((SyS,-' 1 Qz">=S,((SF' I QZn>+3,((S,"' I Q.")), (22) 

U,'" cos Zg,,lQ,"))=S,(icos 2 g , ( ~ , " ) ) + r ~ ~ ~ S , " ' I  Qzn)). (23) 

The splittings (22) and (24) correspond to the self-con- 
sistent-field approximation in the electronand phonon 
subsystems, while the splittings (23) makes it possible 
to take into account the electron-phonon correlations un- 
der the  assumption that A < w, (@,is the Debye frequen- 
cy). The spectrum obtained from the system of equa- 
tions determined in this manner i s  in the general case 
quite complicated. We consider therefore here coup- 
led electron-phonon modes only in the high-temperature 
phase of the crystal. The dispersion equations a r e  
then 

EL(E'-E,'+a,S,E,') (E'-E,'+h,,~zE,') =0, (25) 
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r- - 

where 
AYES, -' A y E  lt'eg+l' 

0 , -  ( E )  c - -  
Ez-fi20,,' hoe, ' (26) 

Here IV: I Z =  I V L  * VGIz, while J(q) and H ( q )  a r e  the 
Fourier transforms of the interactions of the local 
deformations. 

In Eqs. (26)-(27) the summation is carried out over 
the even ( e )  B,, optical modes and the acoustic mode. 
Equation (25) takes into account the fact that a t  small  
values of q the main contribution to IVQt lz i s  made by 
the acoustic and optical modes, while the contribution 
to 1V; l2 i s  madeby the optical AIU oscillation. As seen 
from (25), at T 2 Tc the "strain" (S) and "polarization" 
( Q )  electron-phonon modes differ from each other. 
This i s  a consequence of the fact that at T a Tc the sub- 
lattices of the crystal a r e  equivalent even a t  g+ 0. 
Equations (28) and (29) describe the spectrum of the 
electron subsystem neglecting the dynamic electron- 
phonon coupling. It followsfrom them that the fre- 
quency of the E, mode vanishes a t  a temperature de- 
termined from the condition 

AT (A+B)S.=A'~'+ ( 1 ~ b - b ~ ~ )  (30) 

[this temperature differs somewhat from that deter- 
mined from the system (121, owing to the difference be- 
tween the approximations used in the calculation]. The 
E ,  mode also softens, but does not vanish a t  T =  Tc. 

Allowance for the dynamic electron-phonon coupling 
leads to a redetermination of both the electron and phon- 
on deformation modes. In particular, a t  small  q,  when 
h, << E,, we obtain for the redetermined quasiacous- 
tic [Rwb(q)] and quasielectronic [E;(q)] branches 

Aoacf(q) =fioW(q)Es(q)lEs1(q). (31) 

Esl(q) =[EsZ(q) +AT 1 Vx-(q) I2SJfio,(q) 1'". (32) 

It i s  seen from (31) and (32) that, at the temperature 
of the structural phase transition induced by the elec- 
t r ic  field, the frequency of the electronic mode EQ 

i s  not equal to zero,  and the frequency of the acoustic 
mode vanishes. It follows also from (25) that the fre- 
quencies of the optical modes also become tempera- 
ture-dependent. It i s  easy to verify that this dependence 
i s  most significant for the even optical mode, the fre- 
quency has a minimum at T =  T, (but does notvanish, 
in contrast to the acoustic mode). 

The authors a r e  sincerely grateful to V. G. Vaks and 
D. I. ~ h o m s k i r  for a discussion of a number of results  
of the work. 

Note added in proof (20 March 1980). Recent investiga- 
tions of the DyAsO, crystal  (J. H. Page, S. R. P.  
Smith, D. R. Taylor, R. T. Harley, J. Phys. C: Sol- 
id State Phys., 12, L875, 1979) have shown that the 
anisotropy of i t s  dielectric susceptibility i s  small. In 
similar systems, the influence of the electric field on 
the elastic and dielectric anomalies i s  more complicat- 
ed than in the strongly anisotropic DyVO,. In particu- 
lar ,  one can expect in this case the electric field to 
produce in the dipole subsystem transitions of the 
"spin-flop" type in antiferromagnets. 
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