PHYSICAL REVIEW B

VOLUME 23, NUMBER 8

15 APRIL 1981

Coupling between valence fluctuations and lattice vibrations in rare-earth chalcogenides
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A critical study of the interplay between f-d valence transitions and lattice vibrations in rare-earth chalcogenides is

presented for a simplified electron-phonon coupling.

I. INTRODUCTION

During the last decade'™* mixed-valent systems
of rare-earth materials have been studied inten-
sively both experimentally and theoretically. Such
systems exhibit an interesting behavior. How-
ever, so far no completely satisfying microscopic
theory exists for the most essential physics of
valence transitions. In the present study we would
like to discuss a theory which takes into account
the interplay between the valence fluctuations and
the lattice vibrations in the mixed-valent systems.

Many experiments® 8 and theories® !® have sug-
gested already that the valence fluctuations and the
lattice vibrations should interact strongly, because
the former might induce local lattice distortions
through the change in the ionic -radii of relevant
rare-earth ions.  Therefore, one should study how
this interaction affects the valence fluctuations as
well as the lattice vibrations. Sherrington and
Riseborough'* have already studied this problem,
but did not give any definite results. Our present
study attempts to solve this problem by using
simple models. We find these results: Firstly,
the valence fluctuation is strongly suppressed by
the local lattice distortion (polaron effect), if the
lattice vibrations are much faster than the val-
ence fluctuations. Then, the lattice vibrations
are also not much affected. Secondly, phonon
softening occurs but there are no large effects on
the valence fluctuation if the lattice vibrations
are much slower than the valence fluctuation.
Thirdly, in the intermediate case, both valence
fluctuations and lattice vibrations are changed
due to their coupling. In particular, when both
lattice vibrations and valence fluctuations have
the same frequency, we find a very strong cou-
pling between them and thus a drastic modifica-
tion of the lattice vibrations (resonance effect).

In Sec. II, we propose a simplified Hamiltonian
(including ionic-size effect) for the coupling be-
tween the valence fluctuations and the lattice vi-
brations. In Sec. III, we study the case in the
semiconducting phase where only localized elec-
trons are involved, while in Sec. IV we treat the
case in the metallic phase where both localized

and delocalized electrons are involved. Finally
in Sec. V, we give a summary and some conclud-
ing remarks.

II. ELECTRON-LATTICE COUPLING (IONIC-SIZE
EFFECTS)

Most of the rare-earth chalcogenides have
NaCl-type structures and their lattice constants
are given quite accurately by the sum of the ionic
diameters of the rare-earth ion and the chalcogen
ion. On the other hand, the ionic diameter of the
rare-earth ion is intimately related to its valence,
that is, the number of 4f electrons in the rare-
earth ion. Smaller valence (i.e., a larger number
of 4f electrons) means larger ionic diameter.
Therefore, the fluctuating valence in a rare-earth
ion directly causes a fluctuation in the ionic
diameter. Furthermore, because of the strong
Coulomb attraction among the rare-earth ion and
its surrounding chalcogen ions it may induce
local lattice distortion around the relevant rare-
earth ion. Conversely the lattice vibration may
seriously affect the valence fluctuation. Qur aim
in the present study is to investigate the essential
features of this interplay between the valence
fluctuation in the rare-earth ions and the lattice
vibrations through the chalcogen ions. In the
following we refer to SmS as a typical system
just to simplify the terminology in the present
study. The ionic radii of S*~, Sm?*, and Sm3*
ions are given by 1.84, 1.14, and 0.96 A, re-
spectively. Note, that the difference in the ionic
radii of the two kinds of Sm ions is nearly 20%
of the radius of the Sm3* ion. The electronic con-
figurations of Sm?* and Sm®' ions are character-
ized by (4f)° and (4f)°, respectively. When an
Sm ion changes its valence from Sm?* to Sm3*, it
releases a localized 4f electron as a delocalized
5d electron. Hence we may use the average num-
ber #, of 5d electrons per Sm atom to represent
the average atomic concentration of Sm3* ions in
the system,

#, = N(Sm*)/[N (Sm*)+N(Sm?*)],

where N(Sm®*) and N(Sm?*) are the numbers of
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Sm3' and Sm?* ions, respectively.

As regards the interplay between the valence
fluctuation and the lattice vibration, S ions may
be supposed to play a predominant role, because
an S ion has nearly five times smaller atomic
mass than that of an Sm ion. Therefore, through-
out the present study we neglect the effects of the
finiteness of the Sm-ions atomic mass for the
sake of simplicity. Since an Sm®" ion has a smal-
ler ionic diameter than an Sm?* ionas noted above,
whena Sm ion changes its valence from Sm?* to Sm?*,
the Sions surrounding the relevant Smion must con-
tract towards the Sm ion. Then, the repulsive
interactions among the S-ions core electrons and
the Sm-ions core electrons might just balance
the attractive Coulomb interaction among the S
ions and the Sm ions. On the other hand, when
an Sm ion changes its valence from Sm3* to Sm?,
the situation is reversed. Then, the S ions sur-
rounding the Sm ion must be pushed away from
the Sm ion. The most essential part of these
processes can be described by the following sim-
ple electron-phonon interaction:

a, aR.) N
He_ph=_*kz g——ﬁ——————i—a( [y (Ry+2y) -7 ] .
s @

(2.1)
Note, g should also include Coulomb contribu-
tions proportional to (i /vV,/i). In Eq. (2.1) ﬁ,
runs over all of the S-ion sites, & (a=+1, +2,
+3) denotes the unit lattice vector of magnitude
a (a is the lattice constant) pointing to the near-
est neighbors of an S ion, {, (ﬁ,) is the displace-
ment vector of the S ion at lattice point ﬁ, ’
n; (R) is the number operator of 4f electrons at
the Sm ion at lattice site R, and 77, is the average
number of 4f electrons per Sm ion throughout the
sample. Since only the difference [, R) -7, ] is
relevant, we may simply set n, (R)=1 if the Sm
ion at R is divalent and n, (R)=0 if the Sm ion
is trivalent, while #;=1 -#%,. Now, as is usually
done, we rewrite Eq. (2.1) in terms of electron
operators (f, d, etc.) and phonon (Einstein phonon
in the present case) operators. Then,

Hem= 2, galn, ®,+3,) -7, |[6L(®,) +5,®&,)],

Rg, a

(2.2)

where g, = (#/2w, M, )*/? g sgn(a) and M, is the
atomic mass of an S ion. The phonon operator is
defined by

i 1/2 >

ﬁ(ﬁ,)=<m) ; [BLR,)+0,®R,)] 'af‘,

together with b1,(R,) = b1 ,(R,) and b,(®,) = b_,(R,).

The harmonic term in the phonon Hamiltonian is
given by

Hy= 2o 3rwfbi® )b ®&,)+1]. (2.3)

Rgeat

III. SIMPLE MODEL ASSUMING LOCALIZED 4
ELECTRONS

First, we investigate the case #, << 1, which is
supposed to be a extreme case realized in the
semiconducting phase. Then the Sm ions are
mostly in the Sm?* state and only occasionally
excited to the Sm®" state through the f-d hybridi-
zation mechanism. Consequently, we may regard
Sm3* ions as isolated excited states of Sm ions
just like impurities dissolved in the Sm?* matrix,
and neglect in lowest approximation the interac-
tion among Sm3* ions.}* When a Sm ion changes
its valence from Sm?*' to Sm?', it must release
a localized f electron as a delocalized d electron.
The d electron can move to other Sm ion sites be-
cause of the delocalized nature of the d wave
function. However, it cannot move completely
away from the Sm3* -ion site from which it has
been released because of the strong Coulomb at-
traction between the d electron and the f hole left
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1 j_“ﬁ'
7[€d+€f+ (ed—ef) +V7]
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FIG. 1. Tlustration of the electronic configuration in
the semiconducting phase described by Eq. (3.1) in which
the electron-phonon interaction is neglected. Only the
localized f states are occupied by electrons in the
ground state. The characteristic frequency of the val-
ence fluctuation is given by the larger of (e, —€ ;)/# and
V/kE. In the present study we assume (e;— €) >V, ie.,
ng <1.
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behind in the Sm3* ion. Actually, a bound exciton
is formed whose binding energy is of the order of
the Coulomb energy, which is significantly larger
than the relevant energies involved in the present
problem. Thus, we may neglect the explicit ef-
fects of the band character of the d electrons,?
although implicit band effects are included in the
formation of the exciton. Thus, neglecting band
effects, the simplest form of the effective Hamil-
tonian for the present problem may be given by

H=H;+Hy+Hyy v Hp +H, oy 5 (8.1)
with
Hy = Z e;n, (R,) ,
Ron
H, =

Z €y (R,)
.ﬁm

Hpe= 2 [V ®)A®,) + Hell,
Rm
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where H,, and H,_, are given in Egs. (2.3) and
(2.2). Here, R, runs over all of the Sm sites.
We use n; (R,) +n, (R,)=1. As far as the present
problem is concerned, the spin degeneracy of the
electron is not relevant, and hence we do not use
explicitly spin indices. The electronic configura-
tion described by Eq. (3.1) in which the electron-
phonon interaction is neglected is illustrated in
Fig. 1.

Since we wish to treat the electron-phonon inter-
action H,_,, as exactly as possible, we treat
H,_,, by using the canonical transformation meth-
od rather than the perturbation method. The can-
onical transformation'* which diagonalizes the
electron-phonon interaction H, ., is given by e?
with

D=3 i«—j[n,(ﬁﬁa) -7, [ bI(®,) - b, (R,)].

Rg,

Then, the transformed Hamiltonian H =e~? He? is given by

H=M+Hy+H .

with
H,=H, —Z: Wo (Zfﬁ["f (R+3,) ‘7[;])
Rs @ “o

iy=H,,

2
b

Hyq = Z [Vf TR, (ﬁ,,.)exp(; ‘—ff‘o— b'®,+3,) -bR,+ ia)l) + HC] ,

Rom

Hy=Hp,

(3.2)

Now flﬁ is taken into account perturbationally. With the help of the ordinary Green’s-function technique,®
we calculate the average f -electron number 7, =(n, (R,.), the ground-state energy E,=(H), the renormal-
ized phonon energy @,, and the mean-square displacement of S ions (uz(ﬁs ). Here, (A) means the
expectation value of A for the true ground state of fI. Since the explicit procedure of the calculation is
quite straightforward, we only give the final results which are exact up to O (V?):

_ P ,,721') If}lz L

e rl—Z() ("! (€qg —&p+nwy)? ’ (3.3)
~erio 23 (M) L7l

E,= €E,t3W, "220 (nl ) €, —E,+7Lwo ’ (34)

7] 2 it 2n+2 ’
By~ w, 117 Y (2 ' )( — 1 1 _ -2, ’ (3.5)
W, n! € —Ep+NW, — W, €€ +NWo+ Wy €4 —E,+NW,
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2

Wy g [14172 (L) (=

(€ —€;+nw,)*

+[€4 &+ (n+1)w,)?

6
- (e,,-E,+nw0)[ed—Ef+(n+1)wo]>] ’ (3.6)

n=0 n!
with
=2, (——‘gﬂ>z,
a \Wo
| 712= | v|ze ", 3.7

&= €,+ (277, - 0w, .
In deriving these results, we have assumed (ed
-€,)>0, which is consistent with the condition
7,;=1-7%,<1. Here, it should be noted that every
bare vertex V is renormalized to V due to an ar-
bitrary number of phonon-closed loops attached to
it. This is essentially due to the local lattice dis-
tortion. The » summation in the above equations
gives the exchange process between two adjacent
vertices. In calculating the renormalized phonon
energy @,, we have used, for the phonon Green’s
function, the form?

Dw)=—if (T [[67) ~b(1)), [(0) - @] ])

xet?t | (3.8)

where b'(R,,¢) and b(R,,¢) are the Heisenberg
representation of bt (R, ) and 5(R,), respectively.
The renormalized phonon frequency &, is given
by the pole of D(w), whose formal expression is
given by

D(w)=Dy(w)[ 1 - (w)Dy(w)]™*, (3.9)
with

Dy(w) =2 wy(w? — wi+i8)7",
where I1(w) is the phonon self-energy whose typi-
cal diagrams are illustrated in Fig. 2.

Now we discuss these results in some limiting

cases. First, we assume (€, —€,)> w. Then
Eqgs. (3.3)—(3.6) simplify as follows:

U 4 3.10

L v (8.10)

E,~¢, -—‘;Jl—(ed—e,)ﬁd s (3.11)

(bo'zwo[l p (‘ed—‘-o-gé;") ﬁd] , (3.12)
3r w _

2y~ 20— . 3.13

(ug 2w, M (1+271 €-% n") (3.13)

To be consistent with the condition® 7, <1, we
must have [| V|?/(e, - &;)?]<1. Note, the polaron
factor in V is completely canceled by the contri-
butions from the terms including the multiphonon
exchange between the two adjacent vertices. So
we have the bare vertex V in Eq. (3.10). Note,
the valence fluctuation makes the phonon softer
through the electron-phonon interactions, see Eq.
(3.12). Also note, the correction to (u2) due to
the electron-phonon interaction may be regarded
fully due to the phonon softening. Equation (3.13)
results from Eq. (3.12) if (#2) is given by (37 /
20, M,). Secondly, we assume w,> (e, —€;)> 0.
Then, we find

7|2
T s (3.14)

(ed"‘-f) ’

W _
E0u€,+—2-‘1-(e,,—e,)nd s (3.15)
aouwo(u(z_nz) 4= ) (3.16)

0

FIG. 2. Typical diagrams for the phonon self-energy.
The solid lines denote f- or d-electron propagator and
the wavy lines denote unperturbed phonon propagator
Dy(w). The vertices denote the renormalized f-d mixing
interaction V.
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and

2y . 3%

(ug) = 2w, M,
To be consistent with the assumption® 77, <1, we
must have [ | V|2/(e, -&;)?|<1. Inthis case, we
note that the multiphonon exchange is not import-
ant and hence we have V in Eq. (3.14). Also, note
the valence fluctuation makes the phonon harder
for 1< 2 and softer for n>>2. We can estimate
1% approximately by using the relation

e E@fm [R(Sm2*) = R(Sm®* )]/ (u2),,

(1+4n?m,) . (3.17)

(3.18)

which is derived in the Appendix. Here, R(M) is
the ionic diameter of the ion M and N, is the
number of the nearest neighbors of an S ion. By
using the experimental data,* R(Sm?*)=~1.14 A,
R(Sm®)=~0.96 A, and Ny, =6 together with®
[(u*R,)),]1/2~0.07 A we find n2~5. Although we
cannot take this number for 7® too seriously be-
cause of the crudeness involved in the formula
(3.18), we still feel that it is unlikely to find the
phonon hardening due to the valence fluctuation in
a real system. Finally note, the correction in
(u?) is essentially independent of the phonon
softening or hardening.?® Actually this correction
results from the random motion of an S ion fol-
lowing the changes in ionic sizes of its neighbor-
ing Sm ions induced by the valence fluctuation.
Thirdly, we assume w,~¢, —E, . Then we have to
execute the » summation in Egs. (3. 3), (3.4),

and (3.6) to obtain the values of #,, E,, and (uZ2).
Most interesting is the calculation of &:o. Note,
the first term in the second set of large paren-
theses in Eq. (3.5) will be divergent if we take
@o=€, —~€; ~w, withn=0. Therefore, we cannot
replace @, in Eq. (3.5) simply by w,, as is done
in usual perturbation procedure. Solving Eq.
(3.5) with respect to @, we find

aouwo(1 £ —‘Y—'—> €G-8 ~w, , (3.19)
wo ’

where the sign + corresponds to the sign of

(wo—€,+€,). This is the result due to the res-

onantlike coupling effect between the phonon and

the valence fluctuations. One should note again

that, although we do have a nonperturbative mod-

where H; =H,,

ification of the phonon frequency, we do not find

a singular behavior of other physical quantities
such as #f,, E;, and (#2). The anomalous soften-
ing of the optical~zone boundary phonons observed
in SmS at low pressure can be explained with the
present model by assuming that (e, - €;)2 w,.

IV. SIMPLE MODEL ASSUMING DELOCALIZED
d ELECTRONS

If 7,=1-~#%,<1, then all of the Sm ions are
mostly in the Sm** state and very occasionally
excited to the Sm?** state through the f -d hybridi-
zation mechanism. This is supposed to be an ex-
treme case realized in the metallic phase. Again,
we may neglect the interaction among excited
Sm?* states. In the present case, we have the
delocalized d electrons in the ground-state Sm3*
configuration of the Sm ion. The d electrons are
occasionally trapped by the Sm ion to become
bound f electrons. This physical model is most
simply described by the following Hamiltonian:

H=H;+ Hy+ Heg+ Hyp + Hooy (4.1)

where H;, H, , and H, , are given in Eq. (3.1).
H, is given by

Hy= 2 edl d

%, o ko ko
and

Hy, =2 [VfT(R,)d% ,+H.c.]

Here, €, is the band energy of the d electrons.
Note that we use a spin-nonconserving interaction
H,, because we are not interested in the spin de-
generacy of the f states in the present study, but
we need to take explicit account of the spin degen-
eracy of the d states in order to avoid unphysical
occurrence of the excitonic state. The electronic
configuration described by (4.1) in which the elec-
tron-phonon interaction is neglected is illustrated
in Fig. 3. Now we can follow the procedure sim-
ilar to that taken in the previous section. We apply
the polaron transformation to H to obtain the ef-
fective Hamiltonian

H=H,+8,+8,, +H , (4.2)
f d fd ph

iy, =Z Z: [Vf*(ﬁm)df.oexp(z %ﬁ-[b"(ﬁm+§a)—b(§m+§a)])+H.c.] ,
R, k,o o 0

and fIf and H,, are given in Eq. (3.2). We can use a perturbation expansion with respect to V to calculate
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various physical quantities. For practical purpose, we may reasonably assume that the density of the d
states is given by a constant p, within the range of the energy of our present interest. Then, the average
number of the f electrons 7Z;, the shift AE, of the ground-state energy E, due to including H,,,, the re-
normalized phonon frequency @,, and the mean-square displacement (uz(R ) are given up to O(V?) by

©

.'72" 1

N, =~ |2 ———
nf Zl Vl Po 1§) n! nw0+2f_“ ’ (4.3)
- haid 2n D
E =E D=Ly - 2 n v
AE,=E, —=p,D?* -} w, > —p,| V| Zo T Prowe v I : (4.4)
- V2 < 2n+ 2 _ e - ~
woﬁwo[l«'f'poI | E n : (ln pAnwo =@ | 1 & —pinwy + &
w, w0 n! -l +Rw, - +nw,
-8, —u+nw°—&')o))] , (4.5)
3n SN e 4 6 |E,—p,+(n+1)wnl)]
2\ ~ 2 2 -t i
(ug)= 2w, M, [1+2p0|Vl ,g n! & -p+m+ 1w, * & -l +nw, wol € — L +NW,
(4.6)

Here, ¢, 1% and | V|2 are given in Eq. (3.7).

i and D are the Fermi energy and half of the d

band width, respectively. In deriving these re-

sults we have used the assumption (&, - w)/D<1,

(wo,/D) <1, together with & -y >0 and have kept

the lowest-order terms in each expression. For
- u>w, Eqs. (4.3)-(4.5) simplify as follows:

1
, = 2p,| V|2 = s 4.7
£ pol i g, -1 (4.7)
L ip D \._
AE, = -3(€&; —u)ln(gf_u 7y, (4.8)
Qomw(,(l -2 Yo ;i,) , (4.9)
&G —u
3r [7)
2y 2_%Y
W)= 5T (1+zn T n,). (4.10)

Note, that these results are essentially the same
as those given in Eqs. (3.10)—(3.13), where 7, and
(e4—%) are replaced by #; and €; — ., respect-
ively. For w,>&,—u >0, we find

iy = 2p,| V|2/(E; - 1), (4.11)
AE,~-3(e; - p)In | % (4.12)
@y = w, |1+{(2 - 7*)n? & —p) In | =0
o 0 W, gf -l
— 2 Ef‘—“))ﬁ,] (4.13)
wO
(uz)= ——?1- (1+4527,) . (4.18)

Again, these are essentially the same results as

r
those given in the previous section, see Eqs.

(3.14)~(3.17). The only modification is the life-
time effect in &@,.

As is clear from this, all the results given here
are essentially the same as those given in the
previous section. Therefore, previous remarks

ENERGY

4np0V2

resonant
f state

Fermi energy

d band

DENSITY OF STATES

FIG. 3. Illustration of the electronic configuration in
the metallic phase described by Eq. (4.1) in which the
electron-phonon interaction is neglected. Only the states
in the shaded areas both of the d band and the resonant
f states are occupied by electrons in the ground state.
The characteristic frequency of the valence fluctuation
is given by the larger of (e;— /% and pon/h‘ In the
present study we assume (€ ;— p) > pOV , l.e., nf «<1.
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are also relevant here. However, the situation is
different for the result for @, in the limit w,

~g&; —u. Although we have a singular term in
Eq. (4.5) for =0 and @,~ w,, implying that we
must solve (4.5) with respect to &, again, the re-
sult is not as singular as that given in Eq. (3.19).
One obtains

@y wo(l+7) , (4.15)

with
¥ 2 y,(lny,+1n|Inyy| +-«+)

and
Yo = pol 14 Iznz/wo-

A typical example for the present case may
be®"® Sm,_, Y S with x> 0.2 at room temperature.
In order to make a critical comparison of the
present results with experiments®® we also have
to include the lattice vibrations of the Sm ions
explicity.?® But the general physical situation is
well explained by the present model assuming
that & —u = w,.

V. CONCLUSION

So far we have investigated the essential fea-
tures of the interplay between the valence fluctua-
tions and the lattice vibrations by using a simple-
model Hamiltonian. The interaction between them
includes the ionic-size effect.. The latter may be
dominant and is most simply described by the
electron-phonon interaction given in Eq. (2.12).
For simplicity we neglected the lattice vibration
of Sm ions.

The essential results of our study are summar-
ized as follows: In a simplified physical model
we view the system with #7;<<1 as a system with a
few Sm3* ions in an Sm?* -rich system. The case
7y <1 is viewed correspondingly. We have then
calculated the ground-state energy E,, the re-
normalized phonon energy &,, and the mean-
square displacement of S ions (uz(ﬁs ) to first
order in the impurity-ion concentration x rigor-
ously. Here, x is defined by x =7, if #;<<1 and
by x =7, forn, << 1. The results simplify in some lim-
iting cases. If the characteristic electron energy
Ae [ which is (e, —&;) or (&, — ), respectively]
is much larger than the characteristic phonon-
energy w,, the electron-phonon interaction cor-
rections are small, of the relative order of
0(n*(w,/A€)x). The shift Aw, in the phonon ener-
gy due to the electron-phonon interaction is al-
ways negative. The renormalized phonon becomes
softer proportionally to the impurity-ion concen-
tration x. The corrections to (uz(ﬁs ) seem to be
simply due to the phonon-softening effects. On

the other hand, when A€ <w,, then drastic effects
result from the electron-phonon interaction. The
matrix element for the f-d hybridization is re-
duced by the polaron factor of O(e~"°). The shift
Aw, in the phonon energy can be positive or nega-
tive depending on the sign of (n? ~2). The correc-
tion to (u2(R,)) is O(n3), which is significantly
larger than that expected from the modification in
the phonon energy.? When A€ ~w,, we find singu-
lar modifications in the phonon frequency [ see
Eqgs. (3.18) and (4.14)], which cannot be expressed
simply by the perturbation expansion in x, while
we do not find anything singular in other physical
quantities.

These results are applicable only to cases with
#y;<<1 or ;<1 in the strict sense of the approxi-
mation used. So it makes sense for the semicon-
ducting phase, because to our best knowledge most
of the mixed-valent materials seem to have 7, <1
in the semiconducting phase. On the other hand,
this is not the case for the metallic phase. We
have to include higher-order terms in power of
fi; in order to discuss the more realistic cases.

One of the conventional ways to extend the pres-
ent study in such direction is to replace the unper-
turbed /' Green’s function G{(e)=(e ~ &, + p +58)™*
used in the above calculations by the renormalized
one G (e)=[e -2 +p+2®(e)]™!, where the
self-energy is given by

1 g) 2n
ar (&

x3 | v|?
= €—€tp —nwy+idsgn(ey — 1)

2P ()= 2

n=0

which simplifies as

—-iA sgn(e —p) (for | e —p|> w,)
Z(fl)(e)z
—-iAsgn(e - p) (for w,>|e —p|),

with A= 2rp,| V|2 and A = 2mp,| V|2 This approx-
imation® is to neglect the vertex corrections due
to the multiphonon exchange processes, which are
negligible in the both limits of [(&; — p)? +A%]V2>
and of w,> [(&; - u)?+A2]*/2, Thus we can also
calculate 7i;, E,;, @,, and (uZ) rigorously in these
limits.. The details of such calculations and the
results will be published separately,?* but the
qualitative feature of the results is summarized
in brief as follows: When (&, - p)*+A%>» w2, 7,

is given by cos™*{ (&, — p)/[(E; — n)?+A%]*/ %} /x
and the energy (¢, — ) and #Z, appearing in Egs.
(4.8)—(4.10) are replaced by [(¢; - 1)2+A%]'/2 and
sin(rfi; )/m, respectively. When w?>> (g, — )2+ A%,
7, is given by cos™{(z; — u)/[(€; — )2+ A2)1/%},
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and the energy (&, — ) and #Z; appearing in Egs.
(4.12)-(4.14) are replaced by [ (€, — p)?+A%]t/2
and sin(r#; )/7, respectively. Hence, we note
that the results given in the present study can be
used not only for cases with x <1, but also for
cases with more realistic values of x by regard-
ing (Ae/It) as the characteristic frequency of val-
ence fluctuation as far as the semiquantitative
studies are concerned.
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APPENDIX: DERIVATION OF EQ. (3.18)

If the electron-phonon interaction, Eq. (2.1),
would result dominantly from the ionic-size ef-
fect, then we can relate the coupling constant g
to the difference between the ionic diameter of

an Sm*" ion and that of an Sm3®" ion. Let us look
at a pair of neighboring S~ ion and Sm ion located
at sites R, and R,+3,, respectively. Then the
displacement » of the S ion is a function u(n;) of
the number n, of f electrons in the Sm ion. We
may regard the difference { Au) = |u(1) —u(0)| as
the difference between the ionic diameters AR
=[R(Sm?*) —=R(Sm>")]. Then,

g3 M,w2AR . (A1)

On the otherhand, M, w, is related to the mean-
square displacement (%2 ), in the zero-point os-
cillation by the relation

M, w,=5(u?), . (A2)

Using these results, we find the result (3.18).
Note, this estimate of g neglects contributions
resulting from the conventional electron-lattice
coupling.
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