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The structural phase transition in the 415 compounds are investigated theoretically with
the standpoint that the band Jahn-Teller effect of the twofold-degenerate I', subbands
crossing the Fermi level is responsible for the instability. On the basis of E-ﬁ perturbation
theory, the 'y, subbands are revealed to be well described by two parabolic bands which
couple not only to the bulk distortions, but also to the displacements of the I';, optic modes.
It is found that when the electron-lattice coupling exceeds the threshold of strength, the
tetragonal phase with almost the same stabilities of ¢ /a > 1 and c/a <1 appears, accom-
panying one of the I'}; optic modes below a weak first-order phase transition temperature
Ty. The temperature dependences of the elastic moduli are calculated; it is found that
¢11—c 1, vanishes below T, while ¢33 —c 3 recovers from its softening partially or complete-
ly with decreasing temperature below T),. The long-wavelength acoustic phonons are also
investigated in order to clarify the relation between the phonon anomalies and the structural
transition. The [110]T; mode (q||[110], €||[110]) is considerably softened in the range
0<q <2kp. This softening begins at high temperatures, remaining even at absolute zero.
The theory explains successfully the various aspects of the phase transitions in V;Si and
Nb;Sn. The comparison between them proves that the second-order Jahn-Teller effect
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occurs in both compounds.

I. INTRODUCTION

Some of the A15 compounds are of interest be-
cause of their high-temperature superconductivity
and their structural phase transition. A strong
correlation between the two phase transitions is im-
plied by the experimental fact that compounds with
a high superconducting transition temperature T,
have large anomalies in the structural and electrical
properties. Although much effort has been devoted
to the subject, the microscopic origins of the super-
conducting and structural anomalies have not been
fully clarified. Most of the earlier works were re-
viewed by some authors.!~® The purpose of this pa-
per is to investigate theoretically the structural
phase transition by developing the theory recently
proposed by the author.*

V;Si and Nb;Sn undergo the martensitic cubic-
to-tetragonal transition at T),~21 and 43 K, respec-
tively. Some experiments show that the phase tran-
sitions are nearly of second order in contrast to the
usual martensitic transitions. In the low-
temperature phase, ¢/a >1 in V;Si (Ref. 5) and
c/a<1 in Nb;Sn.® According to the neutron-
diffraction experiments,” the internal relative dis-
placements with the I';j, symmetry are superposed
on the uniform tetragonal distortion. The two kinds
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of displacement have almost the same temperature
dependence. When Nb;Sn is doped with Al or Sb,
the tetragonal distortion switches from c¢/a<1 to
¢/a> 1 at some concentrations, while the magnitude
of the distortion does not change significantly.®®
This shows comparable stabilities of the two phases
with ¢/a <1 and ¢/a> 1. One of the precursor ef-
fects of the structural transition is the softening of
c11—c¢qz in the cubic phase. With decreasing tem-
perature, ¢;; —c, decreases and almost vanishes at
the almost second-order transition temperature T',.
However, ¢;; —c, does not recover from its soften-
ing in the low-temperature phase.'®!! This behavior
of the softening is quite different from those ob-
served for many other structural phase transitions.
Shirane, Axe, and also Birgeneau carried the experi-
ments of neutron inelastic scattering on Nb;Sn and
V3Si, and observed the softening of the long-
wavelength acoustic phonons.'>~'* The softening of
the [110]T; mode is most remarkable and is spread
out in a wide range of the reciprocal space. More-
over, this softening is strongly dependent on tem-
perature. The [110]L mode, on the other hand,
shows a small softening and a weak temperature
dependence. The I'}, optic-phonon modes in V;Si
were investigated by Raman scattering experi-
ments.'> Their frequencies have only a weak tem-
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perature dependence above T, though the Iy,
modes definitely contribute to the structural phase
transition.” It should be noted that in spite of the
different signs of the tetragonal distortions in V;Si
and Nb;Sn, some of the above peculiar properties
are common to both compounds.

Among the theories of the origin of the structural
transition in A15 compounds, the two proposed by
Labbé and Friedel'® and by Gor’kov!” were
developed by many authors to obtain better agree-
ments between the theory and experiments. A
feature common to the theories is the stabilization
of the tetragonal phase by lifting degeneracies of
electronic bands near the Fermi energy €y, i.e., the
stabilization through the band Jahn-Teller effect.
Labbé and Friedel assumed three independent one-
dimensional bands consisting of d orbitals on the
transition-metal cations lined up along the three
directions parallel to the cubic axes. The degeneracy
of the bottoms of the assumed bands is lifted by a
change of the bandwidths due to the tetragonal dis-
tortion; if € is nearly adjacent to the band bottoms
in the cubic phase, the electronic energy is lowered
by redistributing electrons to the split bands.
Gor’kov!” and Gor’kov and Dorokhov,!® on the oth-
er hand, asserted that band degeneracies at the X
points owing to the nonsymmorphic crystal struc-
ture of A15 are important to the structural instabili-
ty. Also in this model one dimensionality was as-
sumed so that the Fermi surface has well-developed
flat portions containing the X points. However, the
band structures assumed by them are inconsistent
with the results of the augmented-plane-wave
(APW) band calculations.'”®® In fact, neither
theory can explain the almost second-order phase
transition and/or c¢;;—c;;=~0 in the low-
temperature phase, although some of the other as-
pects of the phase transition are explained success-
fully.

Klein, Boyer, = Papaconstantopoulos,  and
Mattheiss®® performed the self-consistent APW
band calculations for 415 compounds. Their result
shows that some A15 compounds including V;Si and
Nb;Sn possess two very flat bands evolving from the
I'y, doublet states near €x. The similar band struc-
tures were also obtained by using the self-consistent
pseudopotential method?! and the linear-muffin-tin
orbital method. 22 Recently, the author showed on
the basis of k- P perturbation theory that the '),
subbands are split by the tetragonal distortion and
are responsible for the structural transition.* In the
present paper we develop the theory as follows:

(i) Two parabolic bands instead of the bands with
a constant dens1ty of states are used for the I';, sub-
bands. k- P perturbation theory proves that the par-
abolic bands give the true I';, subbands in a small

region containing the I' point. In the case of a weak
electron-lattice coupling, this alteration is essential
in determining the equilibrium state.

(i1) I';, optic modes are taken into consideration.
These modes can couple not only to the bulk distor-
tions but also to the I';, electronic subbands, and
therefore contribute to the structural transition.

(iii) The dynamics of this electron-lattice system
are also investigated in order to clarify the relation
between the phonon anomalies and the structural
transition.

Sham?® and Noolandi and Sham?* discussed the
optic modes and the lattice dynamics on the as-
sumption that threefold-degenerate one-dimensional
bands cause the structural instability. Bhatt and
McMillan®® also discussed them on the basis of the
Gor’kov model. Making arguments parallel to the
above-mentioned works for the case of the I', sub-
bands, we see in the following sections that the T"|,-
subband model can explain various aspects of the
observed structural transitions.

In the next section the bulk distortions, optic dis-
placement modes, and electronic states with Iy,
symmetry are introduced. The I';, subbands in the
presence of both kinds of ionic displacement are ob-
tained by using K- P perturbation theory. In Sec. III
we derive the free energy of the electron-lattice sys-
tem, discussing the condition for the structural in-
stability, equilibrium distortion, and the properties
of the phase transition. In Sec. IV the isothermal
elastic constants are calculated and compared to the
experimental data on V3Si and Nb;Sn. Section V is
devoted for the investigation of the dynamics of the
electron-lattice system. The self-consistent equa-
tions for the motions of electrons and ions are ob-
tained by using the linear-response theory, and are
solved to find the phonon softening. Finally (in Sec.
VI), concluding remarks are given.

II. T';; SUBBANDS IN THE PRESENCE
OF IONIC DISPLACEMENTS

Figure 1 shows the unit cell of 4;B with the 415
structure whose space group is Pm3n (O}). The
unit cell contains two molecules. The six 4 sites,
which are occupied usually by transition-metal ca-
tions, are numbered as shown in Fig. 1. Since the
symmetric representation of Iy, [[3XT2],
decomposed into the representations I'; and I'y,, I},
electronic states couple to the I'; and I'};; modes of
ionic displacement. The I'; mode corresponds to a
volume change and does not play an important role
in the structural change. The bulk distortion with
the I';, symmetry is given by
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FIG. 1. Unit cell of the 4;B compounds with the 4 15
structure. The space group is Pm3n (03). The B sites
form a bee lattice and the A sites form three orthogonal
chains along the cube faces. The unit cell contains two
molecules. The 4 sites are numbered as shown.

Uy =(ex —eyy)/\/§ ,
uy=(2e,—ex—e,)/V6,

(1)

where e,,, etc., are the strain components. In addi-
tion to the bulk distortions, the 415 structure has
the internal relative displacements with the I';, sym-
metry, i.e., the T, optic modes, which are expressed
by a general form as

Qs:' 2 V meexi,suxi ’ 2
K,i

Pttt -—— D ettt —-———

FIG. 2. Ionic displacements of the I';, optic modes Q,
and Q3. Only 4 ions are displaced along the A-ion chain
directions. It is noted that Q, and Q; are transformed as
u; and uj, respectively, by the crystal symmetry opera-
tions.

where s=2 or 3, N is the total number of unit cells,
u,; is the ith component of the displacement vector
of the «th ion in a unit cell, e,; ; is the xi component
of the eigenvector of the normal mode s, and m, is
the xth ion’s mass. A group-theoretical argument
proves that

Q2= V NmA(Zu(,z—ZuSz-—uzX
+u1,¢——u4y+u3y)/2\/§ ,

Q;=V Nm,,(—uzx+ulx+u4y—~u3y)/2 ,

where m is the 4 ion’s mass.>> The ionic displace-
ments expressed by @, and Q5 are shown in Fig. 2.
On the other hand, I'y, electronic states in the ab-
sence of the ionic displacements are written as fol-
lows:

(3)

\yv=bd¢dv+bé¢;iv+bpwpw v=23
l/}‘izz(dl,}:cz—rz+dZ,3xz—r2—d3 3 2_,2—d4,3y2_r2)/2 ’

’y
1—d, 2~y 0 2—d dy o 2)/2V3,

¢d3=(2d5,3z2—r2+2d6,3z2— 3,392,227 %43y

Vin=2dg o 242dg 0 o—d, 2 o—dy o0 o—dy o 2—d, 2 2)/2V3, 4)

r 1,3x2—r 2,3x2-—r

Yaz=( —dlyyz_zz —dz‘yz_zz +dy 0 atdy 2 2)/2,

¢p2:(2p6,z—2p5,z‘_172,x+p1,x _'p4,y+p3,y)/2‘/§ ’
Yp3=(Pyx—P1,x—Pay+P3,y)/2,

where the functions d, and p, are the valence d and p orbitals on the «th ion, respectively, and the quantities b
represent magnitudes of hybridizations between these orbitals. It is noted that orbitals on the B ions cannot be
hybridized with ¥, and ;. The results of the APW band calculations?® show that the quantities b have com-
parable orders of magnitude. The orbitals d1,y2_z2’ etc., have their large densities in planes perpendicular to
the directions of the A-ion chains, while d 3x2_p2» €LC, and p, ,, etc., have their large densities in the chain’s
directions. The latter two kinds of orbital, therefore, couple strongly to the displacements given by Egs. (1) and
(3), playing an important role in the structural transition.?®?’

The I}, subbands in a small region containing the T" point in the presence of the ionic displacements with
the '}, symmetry are known by kP perturbation theory.*?® The effective Hamiltonian H for the band
states with wave vector k has been shown to be given by
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ﬁZkz C()V ﬁz 2 i T
Hy = Py (aja,+alay)+ N | 8okt ‘/——&Qz e ‘/—(k —ky)((aza3+a3a;)
172
coV h2 +
+ : T golsz+ g1Q3 \/B 3k2 k )‘(0202“0;03) ’ (5)

where a, and af, are, respectively, the annihilation
and creation operators of electrons in ¥,, m* and
m, are, respectively, the isotropic and anisotropic
effective masses, g, is the coupling constant between
the electron and the uniform distortions while g; is
the coupling constant between the electron and the
internal relative displacements, ¢y (= % —c%,) is an
elastic constant in the absence of the I'|, electron-
lattice coupling, V is the crystal volume, and w; is
the frequency of the I'|; optic modes. The terms in
#*/2m} in Eq. (5) arise from the mixing of the ',
states and the other bands. The band-structure cal-
culations show that the I'y, states are isolated far
from the other bands near the " point. Therefore
the terms in #/2m, are small compared to the
terms in #?/2m* and are neglected for simplicity in
the following. Since the difference between m* and

the bare free-electron mass m arises also from the
J

€— 172 2
k2| #%%? coV ;
exs [T ome ||| V| Bt R s

The obtained bands (10) with no ionic displacements
show some of the properties of the I'j, subbands cal-
culated by the APW method, such as their large
positive effective mass and the fairly isotropic na-
ture around the I" point. The deviations between the
parabolic bands and the true bands increase with in-
creasing k. Without going into more detail of the
true band structure, we study the structural transi-

-
band mixing, the I';, subbands in the absence of the
ionic displacements become twofold-degenerate par-
abolic bands with the effective mass comparable to

the bare electron mass. We transform a, into a ¢,
b
y 3
ag,= 2 Uha,, (6)
V=2
where
US,=US3=cos(6/2) , -
US:; = — ng =Sm(9/2) y
with
1| VeoVgours+;8:Q;
f=tan ) (8)
VeoVgous+;8:Q3
Then H - is diagonalized as follows:
9)
coV 12 o) 21122
N g0u3+—‘/—ﬁ—g,-Q3 : (10)

l
tion on the basis of the bands (10) by assuming that

the deviations do not change the qualitative proper-
ties of the structural transition when the Fermi
momentum is sufficiently small and kzT), is much
smaller than the bandwidths. It should be noted
that the electron-lattice coupling in Eq. (10) is very
different from those in the other band
models. 16:17:24.25

III. EQUILIBRIUM DISPLACEMENTS IN THE LOW-TEMPERATURE PHASE

The Fermi level € crosses not only the I';, subbands, but also some other bands consisting of s orbitals of 4

ions and p orbitals of B ions.?

The latter bands have only small densities of states at € and are insensitive to

the diplacements given by Eqgs. (1) and (3). Assuming that the effects of these bands are included in the lattice
free energy, we consider the only I'|, subbands explicitly for the electronic free energy. The total free energy of

the electron-lattice system is then given by
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F=%VC0(H2+II3 + 7@
—ZkBTE(ln 1+exp[ —(ep,—p)/kpT]

where u is the chemical potential, » is the number of
electrons in the I';, subbands per unit volume, kj is
the Boltzmann constant, and T is temperature. The
first and the second terms on the right-hand side of
Eq. (11) are, respectively, the energies of the bulk
distortions and the optic-mode displacements. The
third term is the energy of the coupling between the
two types of displacement?*?> with the dimension-
less coupling constant {. This term arises from the
fact that the A sites are not at centers of symme-
try.? The other terms are the electronic contribu-
tion to the free energy. The equilibrium displace-
ments are obtained by minimizing the free energ)lz

F/V=5Cou+pun—ksT [ Z(e)In{1+exp|—

+In{1+exp[ —(e—

Here we used the definitions

(u +u )1/2
1—¢2)g?
Comct |14 §7)gi
(80—88i)
Go=|go| (gi—§80)2 2
0 0 (l_gz)g(z) ’

D(e)=02m1) " 12m*/#) Ve ,

ng(l—gz)CO .

The quantity c§ is the effective elastic constant of u,
and u; for a crystal without the ', subbands, and
should be positive to stabilize the crystal. The re-
normalized constants C; and G, always become
larger than ¢y and |gq | because the bulk distortions
accompany the optic modes. Equation (13) gives the
equilibrium conditions as follows:

u TV%O' mGof@(e)[f3(e)—f2(e)]de,
(14)
n= [ DELfse)+fe)lde, (15)
with

1} +In{1+4exp[ —(e

Q3 +03) +EV Veowi(uyQr+u3Q3)+ Vo

—w)/kgT1}) , (11)

|
(11) with respect to u,, u3, Q, @, and also u. We
can easily prove that the equilibrium displacements
have the relation

QV= V C()V

W

—&80
80—58i
at any temperature. The linear relation was ob-
tained also for the other band models.?*?® If
higher-order terms in u, and Q,, which were not
taken into consideration in Eq. (11) [see Eq. (17)],
cannot be neglected, the linearity does not hold true.
Substituting Eq. (12) into Eq. (11), we obtain the ef-
fective free energy as

(12)

(€+ V CoV/NGou —ﬂ)/kBT]}

V'CoV/NGou—p)/kpT1})de . (13)

fz(f)

fie|= {1+exp[(exV'CoV/NGou

—p)/kgT]} 1. (16)

Equations (14)—(16) determine u =(u3+u?2)'/? but
not u,/uz=tan6. The directions 6=0, 27/3, and
41/3 correspond, respectively, to elongations along
the z, x, and y axes, whereas the directions 6=1/3,
m, and 57/3 correspond, respectively, to contrac-
tions along the y, z, and x axes; the other general
directions give orthorhombic distortions. In our
simplified theory, these kinds of bulk distortion with
a common u have the same stability. The reason for
this isotropy in the u,-u; plane is that the ground
subband €3>, can be lowered by the same amount for
any 0 if —sin(6/2)¥,+cos(6/2)¥; is chosen for the
ground subband [see Egs. (6)—(10)]. Such isotropic
nature was not obtained for any other previous
model of the structural transition in the 415 com-
pounds. For real substances, however, there exist
small anisotropy energies in the u,-u; plane, which
originate from some higher-order effects’® and the
band anisotropies. For our isotropic band model,
the most important anisotropy energy F; is given by

F3/V =(A;—B3)u’cos(36) . (17)

In Eq. (17) the term in A5 is the anharmonic lattice
energy; the term in B; arises from the electron-
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lattice coupling which is quadratic in the displace-
ments, as shown in Appendix A. The tetragonal
distortion c¢/a >1 or ¢/a <1 is realized for a nega-
tive or positive constant (43 —B;), respectively. The
magnitudes of the tetragonal distortions in V3Si and
Nb;Sn are caused mainly by the linear coupling be-
tween the distortions and the I'{,-subband electrons,
but the signs c/a —1>01in V3;Siand c/a —1 <0 in
Nb;Sn are determined by the anisotropy energy. We
suppose that for Nb;Sn, the dopants Al and Sn
change the sign of ¢/a —1 by changing the sign of
A;—B;. This gives an explanation of the observed
fact that the magnitude of the distortion does not
change significantly in spite of the change of the
sign of ¢ /a —1 by the dopants.®’

In the following we assume a tetragonal distortion
|u3| =u and u,=0 for the equilibrium state. The
coupled equations (14) and (15) for u and u are
solved numerically. The equilibrium distortion u is
proved to be characterized by only a, which is de-
fined by

a=2a32(er)G} , (18)

where a is the lattice constant of the undistorted
crystal. Figure 3 shows the equilibrium u and pu at
zero temperature together with the transition
temperature T, as functions of a. The phase tran-
sition occurs only for a>1. For l<(1g%(4)'/3
(=~1.19), both the upper and lower bands are partial-
ly occupied by electrons in the equilibrium state, i.e.,
the second-order Jahn-Teller effect works. For
%(4)1/ 3<a, the upper band is completely empty,

Lo V7N Gouey

0.6 -

04 r

0.2 F

/L
7/

Y 1.0 1.2 1.4 1.6

FIG. 3. Bulk distortion u and chemical potential u at
zero temperature together with phase-transition tempera-
ture Ty as functions of @. The phase transition occurs
only when 1<a. The second-order Jahn-Teller effect
works below the value of a indicated by the arrow in the
figure, and the first-order Jahn-Teller cffect works above
the value of a. In the latter case, ¥ and u are linear in a.

i.e., the first-order Jahn-Teller effect works. These
situations are shown in Fig. 4. It is noted that the
former case does not occur for the band structure
with a constant density of states, which was as-
sumed in Ref. 4. The two cases are expected to have
strongly different properties of superconductivity,
elasticity, etc. As will be shown in the following
sections, a for Nb;Sn is determined to be 1.08 by us-
ing the experimental data of the elastic constant and
the acoustic-phonon frequency. Also for V,Si, a
can be expected to have a value near 1.08. The
second-order Jahn-Teller effect, therefore, occurs in
both compounds. This result is in accordance with
the prediction made by Weger and Goldberg.!

The free energy (13) is an even function of u and
gives the second-order phase transition irrespective
of the value of a. The energy F; given by Eq. (17)
always makes the transition to be of the first or-
der.*®3! The first-order phase transitions in V,Si
and Nb;Sn were confirmed by the thermal-
expansion®’ and x-ray-diffraction® measurements.
However, many experimental data, such as those of
x-ray diffraction,”® magnetic susceptibility,**35 and
elastic constant,'%!" show that the transitions of
these compounds are almost of the second order.
From this experimental fact, the energy F; is found
to be small enough to be neglected in the tempera-
ture dependences of u. In Fig. 5, the calculated u by
use of Egs. (14) and (15) is shown and is compared
to the observed data on V;Si and Nb;Sn. As seen in
Fig. 5, the calculated distortion decreases faster than
the observed distortions with increasing tempera-
ture. This discrepancy arises from the experimental
fact that the development of the tetragonal distor-
tion is arrested in the superconducting phase.
Shirane and Axe’ observed the same temperature
dependences of the tetragonal distortion and the

€xy €y
V=2
vz /4 X
r r
(a) (b)

FIG. 4. T, subbands affected by the band Jahn-Teller
effect. (a) corresponds to the case of the second-order
Jahn-Teller effect which works for I<ag%(4)'/ 3. (b)
corresponds to the case of the first-order Jahn-Teller ef-
fect which works for %(4)‘/3 <a.



2806 MITSUO KATAOKA

I',—optic-mode displacement.36 This also shows
the smallness of F;.

IV. ISOTHERMAL ELASTIC CONSTANTS

The elastic constants of the system consisting of
the bulk distortions, the optic-mode displacements,
and the band electrons are calculated by the same
way as in Refs. 4 and 37. When the further distor-
tions from the equilibrium state, u, and 6uj, are
induced by applying an external stress, they change
the electron distribution, which induces further the
optic-mode displacements. After the rearrangement
of these internal variables, the free energy depends
on only du, and Su;. The free energy of the tetrag-
onal phase has the approximate form as

F=Fo+‘;‘V(C“ —cn)(Suz)z
+ 5 Vles3—cy3)(Bus)?, (19)

where F, is the free energy of the equilibrium state
and the quantities ¢ are the isothermal elastic con-
stants affected by the electron-lattice coupling. Ex-
panding F given by Eq. (11) in powers of not only
Su, and 8u; but also 8Q, and 6Q;, which are the
further displacements of the equilibrium Q, and Q3,
up to the second order, and minimizing this free en-
ergy with respect to 8Q, and 8Q;, we arrive at the
same form as Eq. (19). A comparison between this
and Eq. (19) gives the elastic constants in the

° Vs Si
0.2r . Nb;,Sn

1 1 1 1

i
0 02 04 06 08 10
T/Tm

FIG. 5. Temperature dependence of the bulk distortion
u. Solid lines are the calculations and the dashed lines are
simple extrapolations of the experimental data on V;Si
(Ref. 5) and Nb;Sn (Ref. 6). Both lines are depicted by
normalizing distortions by those at zero temperature. The
superconducting phase appears at T /T ~0.8 in V;Si and
0.4 in Nb;Sn. The effect of the superconductivity on u is
not taken into account in the calculations.

tetragonal phase as
cn—c2=0, (20

1—aX(T,u)
1-6X(T,u)

e

€33 —C13=Cy ; (21)

with

KTl =T e | | [ 2ereni—ruende | + | [ 2@reti-ryone| |, @

where O represents a contribution of the I'y, optic
modes to a and is expressed by

9=2ag,@(ep)g,-2 .

In obtaining Egs. (20)—(22), we already used the
equilibrium conditions (14) and (15) and also
c33—c13=0 at the transition temperature Tys; Ty
satisfies

X(Ty,0)=1/a . (23)

The elastic constants in the cubic phase are obtained

by taking account of u, =u3;=0,=0Q;=0as
1—aX(T,0)
1-6X(T,0)

e

C11—C1p=C33—C13=Cy (24)

Expressions of the elastic constants similar to those
given by Egs. (21) and (24) were obtained for a local-
ized electron system exhibiting the cooperative
Jahn-Teller effect’” and for the band-electron sys-

[

tems. Equation (20) shows that ¢;;—c;, van-
ishes below T,, even when du, accompanies 8Q,.
This anomalous behavior of c¢;;—c;, originates
from the isotropic nature of the electron-lattice cou-
pling in Eq. (10) and of the free energy (13) in the
u,-u3 plane, being characteristic of the I'j,-subband
model. In order to understand this result, we depict
our free energies below and above Ty, in Fig. 6. As
seen from Fig. 6(a), the deviation du; from an
equilibrium tetragonal distortion increases the free
energy, but du, does not increase the free energy in
the harmonic approximation. This is the reason for
C33 —C13?(—‘O and Ci1—C12 =0 below TM Above TM,
on the other hand, both Su, and &u; increase the
free energy and ¢,; —c, (=c33—c;3) has a nonzero
value except at T =T),. When the anisotropy ener-
gy (17) cannot be neglected, ¢;; —c;; below T), no
longer vanishes. However, c;; —c; remains small
for the small anisotropy energy. The electron-lattice
couplings in the previous models do not have an iso-

24,25
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3u, 3Y2
Buz dup 3

us Uz

(a) T<Ty, (b) T>Ty,

FIG. 6. Free energies below and above Ty. The circles
O show the possible equilibrium points. At T < Ty, the
tetragonal distortions with c¢/a>1 [@=tan~'(u;/u;)
=0,+2m/3] or c/a <1 (=, tw/3) are realized by the
anisotropy energy F;. If Fj; is sufficiently small, du, does
not give rise to a significant increase of the energy, in con-
trast to dus, in the low-temperature phase.

tropic nature as in the I'y,-subband model. There-
fore both ¢, —c; and ¢33 —c;3 in those models re-
cover from the softenings with decreasing T from
T, 4%

The temperature dependences of the elastic con-
stants depend on a and ©. The calculated elastic
constants are shown in Fig. 7 for some values of a
and ©/a. When a and ©/a have small values,
¢11—c¢; in the cubic phase is remarkably softened

2807

even at high temperatures and has an inflection
point near Tj,. In the tetragonal phase, the soften-
ing of cj3—cy3 decreases with decreasing T. At
T=0, c33—cy3 becomes c§ for a> +(4)'/3, while it
is still softened for 1 <a < %(4)” 3. This is because
in the latter case an electronic contribution to the
elastic constants partially cancels c¢;. Both ¢;; —cy;
in the cubic phase and ¢33 —c¢,3 rise more steeply for
larger values of ©/a with increasing |T —T),|.
Figure 7 also gives a comparison between the calcu-
lated curves and the experimental data on V;Si (Ref.
10) and Nb;Sn.!! We obtained a=1.08 and ©=0.22
for Nb;Sn by fitting the calculated curves of
¢11—c¢1, and the phonon dispersions (see Sec. V) to
the experimental data. The same temperature
dependences of the observed elastic constants
¢yy—cyy in NbsSn and V;Si show that V;Si has
similar values of a and © to those of Nb;Sn. Agree-
ment between the theory and the experiments is sa-
tisfactory.®® From a small value of ©/a we find
that the I"y, optic modes do not play a main role in
the structural phase transition in these compounds.
As shown in Fig. 7, the observed elastic constants
¢11—c¢yp of both compounds are very small below
Ty, in agreement with the calculation. This gives
another confirmation of the smallness of the energy
(17). Unfortunately, we have no experimental data
of c33—c3 at present, which can distinguish the
cases l <a < %(4)1/3 and %(4)”3 < a most directly.

1.0 a Gr/a
1.08 0.2
.08 0.8

1.04
1.30

o
®

|
2
3
4

(Cz3-C;3)

o
)

ELASTIC CONSTANTS IN UNITS OF c¢§
o o
[N IS

o

(Cii-Ci2) |

1

o 1.0
T/ Ty

2.0

FIG. 7. Temperature dependence of the elastic constants. The solid lines are the calculations for some values of a and
©. The line 4 corresponds to the case of the first-order Jahn-Teller effect. The calculated c;; —c;, vanishes below T),.
The experimental data of ¢, —c,, on V3Si (Ref. 10) and Nb;Sn (Ref. 11) are also shown.
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V. PHONON SOFTENING

We consider phonons with wave vector q of small
magnitude, since the electrons in a small region con-
taining the I point participate to the structural tran-
sition. The phonons at small g in the absence of the
electron-lattice coupling are known by applying the
1dea of k- p perturbation theory to lattice dynam-

cs.¥ All phonon normal modes at § =0 mix with
each other at a general ¢ (+0). In the following,
however, we neglect the phonon modes other than
the three acoustic and I';, optic modes, since they
do not couple to the I'y, electrons. At =0, the
eigenvectors of the '}, optic modes, €, and €3, are
given by Eqgs. (2) and (3), whereas those of the acous-
tic modes s=4, 5, and 6, €,, €5, and €, correspond
to the translations of the crystal as a whole along
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the x, y, and z axes. Their eigenvectors at GO0,
(

€,(q), are expressed as
€(d)= 3 UL(q)E
<

The phonon frequency Wz together with UZ%.(q)
satisfies

ZDSS

where D, (q) is an element of the dynamical matrix
D(q). We expand D(q) in powers of d and use a
symmetry consideration to obtain D(q). The ob-
tained result is given by Eq. (27) where my is the
density of mass, ¢, ¢}y, and ¢34 are the elastic con-
stants in the absence of the I'j, subbands and the
'}, optic modes, and ¢; and ¢; are some expansion
coefficients,

(25)

Uy (@) =%, Ubk(q) (26)

, , . 172 ) 172
2, ca?p 5302 g2 Si g2 g? RIS L | Lo
[ Wi +¢;q°+ \@(3%—!] ) \/—2(‘]:“])/) V3 =y idx Va3 lm wiqy 0
, . ( 172 12 1/2
(4 2 2 2 b Ci 2 2 ié Co i Co 2i¢
—=(gs—9g,) +cig-——=1(3q;,—q°) - — 2 | — =2 ) ;
\/i qX qy CL)' Clq \/E ql q \/E md wqu \/6 md wlq}’ ‘/6 (olqz
1172 1/2
PO B T ig | |7, oo, S ) ciateu et +eds
= q - ‘/i md qu \/— "nd qu md qX md q’v ‘qZ md qqu md qu
172 1/2
i; | i | o Ci2+Caq 0(1]1 2 p ) Ci2+Cas
\/i my iqy V6 _’;d« wiqy ’71;7 —qydx ;;;;qy t ——(q; +9x) md‘quz
12
2ig | Co Ciy+Cas e +ech ch ) 2
0 V% |my 4, m;’*qqu ;;ﬁqzqy iqﬁ-ﬂ(qﬁqﬂ
(27)
[
with

In obtaining Eq. (27), we already took into account
that the potential energies for some ionic displace-
ments with =0 are expressed as in Eq. (11). In
terms of the phonons obtained by solving Egs.
(25)—(Q27), we write the Hamiltonian of the
electron-phonon system as follows:

where b.q,s and b%s are the phonon annihilation and

H= 2 €y a ATyt zﬁ“"’ b bg creation operators, respectively. The electron-

L phonon coupling constants g, in Eq. (28) are re—
172 lated to each other through the crystal symmetry.?
+3 8P b, (28) As .w111 be shown in Appendix B, they have the fol-
e ' T lowing form:
|
172
g —1’ G UB(G) +i | = | golgx UL (@) —g, UL(D)] | (8,28,3-+8,382)
- 0 4 2043 v30v2
qs,v ‘”a’s Wi8i 'm x s ;
c 172
— . 0 — — —
+ |08 Uh(q)+i —6—’;; 80[24, U%e(q) —q, US4 (G) —q, UZs(q)] | (8,28,2—5,38y3)
c 172
+ i 3m gO[Qx s4 _q’)"'qusS(a)"l'quspb(_q')] (8v261/2+8v35v’3)] ’ (29)
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where g, is a constant and §,, is the Kronecker &
function. The term in g in Eq. (29) arises from the
coupling between the electrons and the I'; mode of
distortion which was not taken into account in Eq.
(5).

Sham,? Bhatt and McMillan,”’> and Bhatt and
Lee® studied the lattice dynamics for the model
with the three one-dimensional bands (Labbé and
Friedel model) and the Gor’kov model by using their
respective methods. Here we investigate the
resonant frequencies of the I'j,-subband electron-
phonon system on the basis of the linear-response
theory.*! The thermal average of the electron densi-
ty varying with space T and time ¢,

(pa»,w)gexp(iq’-f’—iﬂt—}—ﬁt), 5=0%

induce those of the phonons
(5, Yaexp(iG-T—iQe +68t)

and vice versa through the electron-phonon cou-
pling. When the retarded Green’s function of free
phonon DX(q,Q) and that of free electron
G 5‘/((1',9.) are defined, as usual, by

i,
T (A48 —(Fiw )

qs

(pﬁ’,w >a and <¢71’s >q should satisfy the self-
consistent equations as follows:

1/2

*

qs
g qs,w

2N

<¢ﬁ’s >Q~ E

v,v

XD{G,Q)p5 ,)a=0, (32

]

172
qs

2N
X G (G, Q)¢5 )a=0.  (33)

<p‘(1’,w)0" 2

s

g'ﬁ’s,w

The resonant phonon frequencies ) are determined
from the condition that Egs. (32) and (33) have a
nontrivial solution of (¢—. Yo and ( Py i,

|A(G,Q)—Q% | = (34)

where [ is the 5X 5 unit matrix and A(q) is the 5X5
matrix defined by

= -1
As(@ D=0 g,0q, |8+ N ' 3 8%, s
xGR,(g,0)

(35)

As seen from Eqgs. (34) and (35), the phonons in the
absence of the electron-lattice coupling interact on
each other via electrons. The three of the solutions
of Eq. (34) give new acoustic modes whose frequen-
cies are zero at ¢=0. In the A15 compounds, the
tetragonal distortion u3; and the optic-mode dis-
placement Q; appear below Tj,. The soft modes of
these compounds are, therefore, one of such acoustic
modes. We discuss mainly the acoustic modes in or-
der to clarify a relation between the phonon soften-
ing and the phase transition. For these modes,
GR,(4,Q) in Eq. (35 are approximated by
ReGZX,(q,0), where Re means the real part of quan-
tities. Since 8w given by Eq. (29) is strongly an-
isotropic with respect to the direction of q, the
softening also depends on the direction of q.*>*
We substitute Eq. (29) with o and U () which
are known from Egs. (26) and (27) into Eq. (35), and
solve Eq. (34) approximately. The obtained acoustic
phonon frequencies are as follows: When
q=(q/V2,q/V2,0),

o cé - 1+ N ~'G3Re[G5(F,0)+G5(4,0)] (36)
0T, ™ 2 14+N ~'g/Re[G33(,0)+ G $(,0)]
02 (1oL ™ Efn—:—( (cfi+et+2c8— %ézc‘o)-l- %6‘0{ 14N ~'g/Re[G3(G,0)+G%(4,0)]} ~
X[ (go—V28H —£8:)*N ~'ReG%(q,0)+(go+ V285 —Lg;)*N ~'ReG $3(4,0)
+8g4°g7N "ReG5,(d,00ReG33(G,0)]) , 37
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% 0T, = =(c%/mg)q?*, (38)
and when ¢ =(0,0,q),
2 _qi 2
Q% oo = md((c11—3§co+ Tcof{1+N " 'g’Re[G%(T,0)+G5(5,00]}
X[ (go+80/V2—{g;i)’N ~'ReG5,(q,0)+ (80 —g0 /V2—£g:)*N ~'ReG(4,0)
+286°8’N ~*ReG % (4,0)0ReG 5(4,0)D , (39)
0% tooryr, =% ooryr, = (€44 /ma)g® . (40)

In Eqgs. (36)—(40), we have specified the modes s =4, 5, and 6 in terms of the direction of § K and the polariza-
tion; the polarization vector of [110]T, is parallel to [110]. By using Egs. (31) and (36), 0% 4.[10]T, is rewritten

more explicitly as

2 ¢o | 1—aX(T,q)
, 41
a3, [1ojT, = 2my | 1—OX(T,q) @l
with
1 & ™
X(T’ )=
4 2gkp Zz fo 1+exp[(#2k?/2m* +( —I)VVCOV/NG’ou—— )/kgT]

(#/2m*)(2kq +q?) 1)*V/CoV /N Gou
Xln |— k, (42)

(#/2m*)(—2kq +q*)—2(—1)"/CyV/N Gou

where ik is the Fermi momentum in the undistort-
ed crystal. Expanding X(T,q) in powers of g, and
using Egs. (23) and (41), we can show that the sound
velocity lirnq_,o(ﬂa»y[“om/q) vanishes at T =T),,

and the [110]T, mode is the soft mode. However,
limq_,o(ﬂa [110]T1/q) vanishes also at T < T, be-

cause of the presence of the equilibrium conditions
(14) and (15). This is again characteristic of the
I y,-subband model.

Figure 8 shows the acoustic-phonon frequencies
at T=0 and o which are obtained for a set of the
values of the parameters in Egs. (36)—(40). The
modes [110]T,, [001]T,, and [001]T, are unchanged
by the phase transition, since these modes do not
couple to the I'j,-subband electrons. The mode
[110]T, is remarkably softened, especially in a re-
gion of 0<gq <2kf, while the softenings of [110]L
and [001]L are smaller than that of [110]T;. This
difference originates mainly from the fact that local
distortions  produced by [110]L and [001]L with
small g contain small tetragonal- and ortho-
rhombic-type distortions compared to those pro-
duced by [110]T;. Some of these properties of the
acoustic phonons were also obtained for the Gor’kov
model by Bhatt and McMillan.?> Our softenings of

1
the acoustic phonons agree qualitatively with the ob-
servations on V;Si above Ty.'? From Eq. (41) we
see that Qﬂ (0], is characterized by a and ©. Fig-

[oonL
o5k | 1 toiL
20f | { -
(1101 T,
Ev 1.5+ + o
s
s lor + + J
;, (00T, (1017,
osk T2 L 4 |
: T
o + 1l 1 1 1 L]L 5 A b 1
2 I o ] 2 3 3 2 I 0
X r M r
q/ ke

FIG. 8. Calculated dispersion curves of the acoustic
phonons along some directions of wave vector q. The
bold and thin lines correspond to T =0 and o, respective-
ly. The lines were depicted as an example for a set of the
values as a=1.08, ©=0.22, {=g(=0, ¢} /co=1.8,
¢%,/c0=0.8, and ¢ /c,=0.3.
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qu ol
T=0K
a =108

0 3.0

© aq/ kg

FIG. 9. © dependence of the dispersion curve of the
[110]T, mode (q||[110], €||[110]) at zero temperature.
The sound velocity at the limit ¢ —0 is always zero except
for©/a=1.

ure 9 shows the © dependence of Q—. [10]T, at zero

temperature for a fixed value of a. The softening of
Q_. [110]T, decreases with increasing © /a and disap-

pears at ©=a, although the sound velocity of
Q_. [110]T, at the limit ¢g—0 is always zero except

for ©=a. We obtain Q. 7.[110]T, above T, by sub-

stituting ¥ =0 and u determmed by Eq. (15) into
Eqgs. (41) and (42). The temperature dependence of
Q.. 4, [110]T, thus obtained is shown in Fig. 10, and is

compared to the experimental data on Nb;Sn.!3 As
seen from Fig. 10, the calculated sound velocity at
T > Ty is no longer zero. At temperatures near T,
dﬂa.’[”om/q changes significantly at g~kr. By

comparing the calculated dispersion curves to the
observed ones, kp is determined to be about
0.28(r/agy). The remaining parameters a and O are
determined so that the temperature dependences of
Qa’,[nom and ¢, —c, above T, are fitted to the

experimental data. The obtained result is a=1.08
and ©=0.22. The agreement between the theory
and the experiments is satisfactory.*’ However, the
calculated curves deviate from the experimental data
at ¢ >2kyp. This is because the I'j, subbands used
here do not reproduce the true subbands at large k
and because the ¢ dependence of the coupling be-
tween the acoustic phonons and the I';,-subband
electrons cannot be neglected at large g. The ob-

T L1103

T/ Tu
.Sk a 1.02
a .78
°o 2.67
* 6.56

o] 1.0 20 3.0
a/ kg
FIG. 10. Temperature dependence of the dispersion
curve of the [110]T, mode (q||[110], €||[110]). The solid
lines are the calculations at the temperatures given in the
figure for a=1.08 and ©=0.22. The experimental data
on Nb;Sn (Ref. 13) are also shown.

served softening of Q. 7,10y, At T~Ty is a little

larger than the calculated one. This seems to be due
to the neglect of phonon damping in our calculation.
According to neutron scattering experiments on
NbsSn, the broadening of the [110]T; phonon line
increases rapidly below 60 K. Even at 5 K, which is
sufficiently lower than T, the [110]T, mode has a
large damping. These facts suggest that damping
processes also play a role in the electron-phonon
coupled modes.

Equation (34) gives also the optic-phonon fre-
quencies Qa’z and Q.. The matrix elements of
A(q,Q) between the optic and acoustic modes be-
come zero with decreasing g to zero. The acoustic
modes modify the dispersion of Qa’z and 933 by
only a little amount at small ¢ being neglected.
Then 071’2 and 033 satisfy the approximate equa-
tions as

Qza’z="’¢?{ 1+N~'g/Re] G§3(Q,Q—>2)
+65%(4,0,,)1), @3)
0% =0} {1+N ~'g/Re[ G5,(4,0,)
+G% qQ—»3)]}

When go=§=0, i.e., the acoustic modes do not at
all part1c1pate to the structural transition, and more-
over, when g? is sufficiently large, Eqgs. (43) and (44)
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give the solution Qa’z’ﬂa’s"‘q which can be the
soft-mode frequencies. When g, and/or {540 as in
V,Si and Nb;Sn, G is greater than g7. The [110]T,
mode, therefore, becomes unstable at the highest
temperature giving Ty, as seen from Egs. (36), (43),
and (44). In this case Qg and ; are not affected
by the structural transition since GX,(0,Q,) van-
ishes for Qg,+5£0.2 This is the reason why the ob-
served Raman shift of the I'y, optic phonons in V;Si
exhibits only a weak temperature dependence in the
cubic phase.'®

V1. CONCLUDING REMARKS

The various aspects of the structural phase transi-
tion in the 415 compounds have been explained suc-
cessfully by ascribing the phase transition to the
I"{;-subband electrons near the Fermi level. It has
been shown that the observed peculiar properties
such as the weak first-order structural phase transi-
tion, the stabilities of ¢/a > 1 and c/a <1 being al-
most the same, and c¢;;—c;~0 in the tetragonal
phase originate from the properties of the coupling
between the I'j,-subband electrons and the lattice.
We approximated the I';, subbands by the two para-
bolic bands. This approximation is justified only in
a small region containing the I' point. The bands
other than the I'j, subbands were not treated expli-
citly. Those bands are insensitive to the structural
change, but behave as an electron reservoir for the
I'|, subbands. Moreover, we neglected the Coulomb
interactions between electrons, which reduce the
band electron-lattice coupling through the screening
process. These approximations must be improved
for more quantitative studies on the structural phase
transition.

Here we compare our theory to the earlier works
on the structural transition in the A15 compounds.
Labbé and Friedel'® and other authors’***5 as.
sumed threefold-degenerate bands for the bands
causing the structural instability. The ground elec-
tronic state in the tetragonal phase is a singlet or
doublet depending on the sign of c¢/a —1. This
means that the electronic free energy is not an even
function of ¢/a —1 even in the absence of the
higher-order couplings between the electron and the
lattice, and gives the first-order phase transition.
This situation holds also for the R (4) model pro-
posed by Lee, Birman, and Williamson.*® In the case
of the I'j,-subband model, one of the two bands goes
down while the other goes up, irrespective of the
sign of ¢ /a — 1. Therefore the electronic free energy
(except for the energy of the higher-order coupling)
is symmetric with respect to the sign of c¢/a —1.
The transition is almost of the second order if the
third-order term in ¢ /a — 1, F3, is sufficiently small.

28

When F; becomes large, the discontinuous change
of ¢/a —1 at Ty, becomes large. Then the models
of the twofold- and threefold-degenerate bands give
similar properties of the structural phase transition.
However, many experiments prove that Fj; is
anomalously small in the 415 compounds. Another
characteristic of the I'j,-subband model is the iso-
tropic nature in the u,-u; plane. In the threefold-
degenerate-band models, one of the two tetragonal
distortions ¢ > a and ¢ < a is stabilized, depending on
the electron number.!® This means that the electron-
ic free energy is strongly anisotropic in the u;-u;
plane. Also, in the Gor’kov model, there exists the
anisotropy which originates from the anisotropic
coupling between the electrons and the lattice.
These strong anisotropies are unfavorable to the ex-
perimental facts such as ¢{; —c,~0 below T}, and
the stabilities of ¢ >a and ¢ <a being almost the
same. The earlier models often assumed low dimen-
sionality in the electron bands. Labbé and Friedel
supposed that the sharp peaks in the one-
dimensional bands of the cation chains are impor-
tant to the structural instability. Gor’kov et al. also
assumed a small interchain transfer of electrons so
that the Fermi surface has well-developed flat por-
tions containing the X points. In contrast to these
models, the '}, subbands considered here are rather
isotropic around the ' point. Although there exists
no sharp peak in the density of states of our bands,
the structural transition can occur when the Fermi
level lies above the band bottoms and the electron-
lattice coupling is large enough to split the degen-
erate bands by a considerable amount. The assumed
one dimensionality gives rise to another question. In
crystals with the purely one-dimensional bands,
long-period ionic displacements with g =2k can
occur through the Peierls instability if kg is not
placed at the zone boundaries. Even if nonzero
transfers of electrons between the cation chains par-
tially smear the flat portions of the Fermi surface,
large Kohn anomalies can be expected at ¢ =2k on
the ['-X lines.”** Experimentally, such anomalies
have not been observed. The I';,-subband model, on
the other hand, does not exhibit any notable soften-
ing of phonons at ¢ =2k on the '-X lines, being in
agreement with the observations.'>'*

In this paper we have extended the theory of the
cooperative Jahn-Teller effect in localized electron
systems>>37 to the case of the band-electron system.
It has been proven that the band Jahn-Teller effect
has some characteristic properties such as the
second-order Jahn-Teller effect and the softening of
the acoustic [110]T; phonon in a range of
0<g<2kp. The band Jahn-Teller effect for
twofold-degenerate bands was discussed by some au-
thors in order to explain the cubic-to-tetragonal
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transitions in LaAg,In;_, (Refs. 47 and 48), R ' +
La;_,S4 (Ref. 49), and also the 415 compounds.>* si Hp=-— NC GoB;[ 2uyu;lazas+asza;)

In these theories, the bands are assumed to have 0

sharp peaks whose positions or widths are changed
by the structural change. Recently, Weber and
Mattheiss?’ confirmed by calculating the energy
bands for tetragonal Nb;Sn that the I'y, subbands
are split s1gn1ﬁcantly by the tetragonal dlstortlon as
predicted by k- P perturbation theory.* In the
present theory together with Ref. 4, however, it has
been emphasized that just the symmetry of the I'y,

+(u%

—u3)
X(a;az—a;rag)] ,
(A1)

with the coupling constant By. The total Hamiltoni-
an (H ¢ +H ') has the eigenvalues as

subspace governs the various aspects of the structur- €i2 #2k? CoV 2
al phase transition in the 415 compounds. €13 T am* - N Gou
We have not discussed the relation between the
structural phase transition and the superconductivi- 1,2
ty. If the electrons in the I', subbands pertain also 1+ 23 ue 0s(30)
to the superconductivity, both phase transitions can Co ’

strongly interfere with each other. The study on
this problem is left for the future.

APPENDIX A

We obtain here the electronic contribution to Fj,

(A2)
where a small term has been neglected. We substi-
tute Eq. (A2) into the free energy F given by Eq. (11)
and expand F in powers of B;. Fj is obtained to be

e 1/2
F5. The following calculation is a simple extension E{: v GoB;u’cos(36)
of the theory made in the localized electron sys- v NCy ’
tem®%3" to the case of the band-electron system.
The electron-lattice coupling has also the second- X f D(e)[f3(e)—frle)]de . (A3)

order terms in the displacements, H ’T{’ which are ex-
pected to be smaller than the first-order terms in Eq.
(5). Taking account of the relation (12) which is ap-
proximately true for a small higher-order term, we
write H'> in terms of only u, and u3 as

Equations (14) and (A3) lead us to
Fe

V= —Bu’cos(30) . (A4)

APPENDIX B

The couplings between the I'j,-subband electrons and phonons at small g are obtained by use of a symmetry
consideration. The electron potential at T produced by ionic displacements is written as

)08uG(j,T)

= > vl r—R

AN

where v,,;(T— Rl) is the potential at T

(B1)

T produced by the unit displacement of the «th ion in the jth cell at R

along the i axis, and 8u,;(j,T) is the net displacement effective to an electron at T. Since electrons are also dlS-

placed by the acoustic modes, 8u,;(j,T) is given by

1 3
Sulj, 1) =—= UL (Qeys
m.] \/N EIZ ‘/;1—" ng ss'\q )exis
. T, L o= ~ TR
+ ,——l__ H 2 2 Usps qlei’s’+qi’eis”“qieis’8i[’)(r_Rj_‘rx)i' Qa’se‘q ! ’
m

(B2)

where €,, €;, and €, are the unit vectors along the x, y, and z axes, respectively, UL.(q) is defined by Eq. (25),
T, denotes the position of the «th ion in a unit cell, and 77 is the mean value of m,. The I'|,-subband states, on
the other hand, are expressed as
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1

E’-’

Vo (D =—7= 3 Ulyd,(Te iker (B3)
vV S
where ¢,(T)=¢,(T ). Equations (B1)—(B3) give
3
<\Ilk+q VISVI\I’ >—2 EQ—’ Ue UVV’ 2 Av’V s+2 EIUP q)qzetsAVv' Nid
q.s Vv ‘=2 s'=4 i,i’
(B4)
In Eq. (B4) we have defined 4,/,» ¢+ and A, ;;+ by
N |72
AV’V",S’= 2 Z exi,s'¢%+—g",,/'¢-g*',V”U-g",“' ’ (BS)
Ev-i’ K1 K
N 172
Apyrir= 2 2| = ] (Vg i Vg0 g 4 v g v (B6)
FE A S

with

g, «i
Vg = [ ValONF—Fye T TdT,
where g and g’ are the reciprocal-lattice vectors, and Vg i and v?m have been used, respectively, for
V(g + i and Vg . with small g. We can prove that the quantities 4, - are transformed by the sym-

metry operations m space group Pm 3n as the bases of the representation I'{, X I'j; X I'j,, while the quantities
A,y i are transformed as those of I'j; X', X[IsXT'ys]. The nonvanishing quantities A, ¢ Or A,y i
are found by using the fact that among the linear combinations between the quantities 4, + or A, ;» only
the bases of the identity representations are nonvanishing constants. After some manipulations, Eq. (B4) is re-
duced to

<\yk+q vlsV(wrv
QTJI’S e e e e e p —
2 (wtgx (U, Uys + UssUs ) UL (Q) + (U Uy, — U Uy ) UA(Q)]
q.s
172
+il=| gl (ULUL+ULU%) g, Ur(T)—q, UPs(d)]/V2+(UR Uy, — UsyUys)
X[2qufb(a)—qxUf4(a)_qufS(a)]/‘/3}
172
.| o UP-(G P ()1 /V3
+1 —_d_ g {( v2Uv’2+Uv3Uv’3 [qx q)+qy S(q)+qus6(q)]/ 3})

(B7)

In obtaining Eq. (B7), we already took into account that Eq. (B7) with =0 should give the term of the cou-
pling between the electrons and the displacements in Eq. (5). Replacing U;, in Eq. (B7) by §,, in the cubic
and tetragonal phases, and comparing Eq. (B7) to Eq. (28), we arrive at Eq. (29).
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