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The phonon dispersion and elastic constants of mixed-valent Smg ;Y S are calcu-
lated. The microscopic model takes into account interactions of localized 4f electrons
with lattice vibrations and phonon-induced 4f=5d transitions leading to a breathing of
the rare-earth ionic radius. The resulting three-parameter model yields a quantitative
overall agreement with quite anomalous experimental dispersion curves. As input data
the unrenormalized frequencies are obtained from a second-neighbor Born—von Kar-

man model.

Among the many mixed-valent compounds (see
recent reviews!™) Sm,_,Y,S is known to possess
interesting anomalies which are the subject of
current research. Among these are special fea-
tures of the T-x phase diagram®® (possibly two
critical points), rather low values for the bulk
moduli compared with SmS,” and the appearance
of unusual soft LA phonons relative to the TA
phonons.® The latter effects are the subject of
this paper in which we present a quantitative cal-
culation of the phonon dispersions of Sm, .-

Y, »sS. We use a microscopic model with four
parameters, which is able to explain the under-
lying physics in a transparent way and has some
advantages compared with other recent works,® 1°
Since the unrenormalized phonon frequencies com-
puted as input data presumably resemble very
much those of the SmS constituent,! the strong
renormalizations should mainly be due to the YS
constituent which destroys the inversion sym-
metry of the NaCl lattice and thereby causes a
drastic change of the 4f = 5d transition rate.? 13

The following features of the measured disper-
sion curves of Sm, ,;Y, .S (Ref. 8) are reproduced
by our theory:

(i) LA phonons are unusually soft compared to |
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TA phonons. Nearly everywhere in the [¢¢¢] di-
rection the LA branch lies below the TA branch,
the difference being largest in the middle of the
Brillouin zone. As one approaches point L, LA
frequencies are extraordinarily enhanced until at
point L itself we find normal behavior (v o>V 14).

(ii) A similar behavior is seen along [££0]
where the LA branch lies below the TA, branch
until they cross halfway between I'" and K.

(iii) The rather low LA sound velocities should
lead to unusual magnitudes of the elastic constants
(e.g., C,,<0, indicating a tendency towards a
structural instability of the system).

(iv) The LO phonons lie below the TO phonons,
This effect is largest at point L.

These phonon phenomena are discussed within
the framework of the periodic Anderson'* model
extended to include the interaction of 4f electrons
with longitudinal and transversal phonons (for
early theories treating the mixed-valence phase
in connection with the coupling of 4f electrons to
a Bose field, we refer to Varma and Heine,®
Sherrington and Molnar,'® Haldane,'” and Entel,
Leder, and Grewe'®; for details of the present
theory, see Grewe'),

With use of the following form for the electron-
ic part of the Hamiltonian,

V[exp(—z'l?°§,-)fioTd;O+H-C-], (1)

the unusual coupling of strongly localized 4f electrons to lattice vibrations can formally be derived by
expanding the hybridization constant V (between 4f and 5d/6s states) and the position E , of the 4f level
in the relative displacements of the neighboring ions:

VaVo+ g Eprent 2 5 8™ Erry Eo=Eqo+80 ntn Cnteens (2)
n n,n’

Since we are mainly interested in phonon phenomena, the Hubbard term is taken into account only in
the Hartree-Fock approximation (E,,=E,+ U{n_,’)). The displacements are split into a static and a
fluctuating part due to phonons: E,, -5,,= -¢ +ﬁ,, -é,,. Here @ is the uniform part of the lattice distortion
(relative change of the lattice constant) and may be regarded as the order parameter of the mixed-
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valent phase. This scheme has successfully been used earlier in the description of continuous and dis-
continuous phase transitions in substituted SmS compounds.’®”2° The relative fluctuating displacements
;0 of ions o in cell [ are given by phonon operators b3 », by, )\T in the usual way:

- 1 n /2 - +
Mo= Iy 2 (m) ea'x(o)exp(—zq-R,o)(ba,A+b_a')\ ), (3)

q,A

where €7 ) denotes the polarization vector and R,, the position vector of the oth ion in the /th unit cell.
The additional electron-phonon interaction arising from the presence of approximately 0.5 conduction
electrons per lattice site is assumed to be absorbed in appropriate unrenormalized phonon frequencies.
An evaluation of the self-energy contributions arising from the direct 4f-electron—phonon interaction
(g, coupling term) and the strong coupling to 4f = 5d transitions (g, coupling term) then gives the re-
normalized frequencies. By taking only the lowest-order polarization diagram into account for the
phonon self-energy I A\(2z), the new longitudinal modes (x denotes LA or LO) are determined from
2% —vg 2= 2wg 2 Iy A(2) =0. It has been shown that higher-order contributions do not qualitatively

change the result for II3

(2).2! An approximative solution of the integral equation is obtained by using

piecewise-flat electronic bands. This is justified for d not too small. Within this approach the final

result for the longitudinal modes is*

M@ P=2{vg 2+4V2=[(vg, P - 4VA)2+8vg \ V& T xlea(T)]l/z}. (4)
q,

The determination of the unrenormalized frequencies vy ) is described below. V is the effective hy-
bridization energy of 4f and 5d states, V=hV="V, - 2g,®(T), where &(T) = [a(T) - a,)/a,, the relative
change of the lattice constant.?° Since, in the undistorted lattice, parity conservation does not allow for
a hybridization of 4f and 5d states at the same rare-earth ion, V, has from next-nearest neighbors a
contribution of the form?; LV (cosik,acosik,a+cosik,acossk,a+cossk,acosik,a). The form fac-

tor T, is given by*

TaﬁE( .

e 2M oM 2TV
where €,,''° is the unit vector from ion (Z, 0) to
ion (I’, 0’). The function F4(7) contains phase-
space factors and the expectation values (f;, 'f;o)
and a=Y,{f;,'d,,+H.c.). Approximately they
can be taken from a Hartree-Fock treatment of
the extended periodic Anderson model describing
the mixed-valent phase.'® The dependence of F
on wave vector and temperature is weak and may
be neglected. A typical value of F3(7)=0.1 is
used here.?® This leaves us with essentially two
parameters, V and g,, which determine the mag-
nitude of the renormalization of longitudinal lat-
tice vibrations.

The transversal modes are affected by the part
due to transversal displacements in the second-
order term of the expansion (2) (see Grewe and
Entel®):

u>‘(c+1)=va_)\(1+4lalSa_>\/ua,>\)1/2. (6)

In view of the strong dependence of the hybridiza-
tion mechanism on binding angles and local sym-
metries, the qualitative behavior of the coupling
function is as follows:

(i) For TO phonons hybridization cannot be sup-
ported coherently by transversal motion which

1/2 - —- . ‘ > reyt
) {MREI/Z €5, (0" exp[~iq(R, o/~ Ryp) | - Mo*2e, X(O)}e,o’ e, (5)

makes the renormalization shift positive.

(ii) For TA phonons a coherent breathing of the
4f shell as a result of 4f=5d transitions is ener-
gentically favorable and effectively decreases the
TA-phonon frequencies., The unrenormalized
phonon spectrum is calculated with a simple sec-
ond-neighbor force-constant model appropriate
to the semimetalliclike state of Sm, ,;Y, ,;S. Con-
sidering all possible central and noncentral near-
est— and next-nearest-neighbor interactions in
the regular fcc lattice with Sm and S ions consti-
tutes a six-parameter model. The unrenormal-
ized spectrum at 300 K is obtained with the follow-
ing choice of force constants (in units of 472 dyn/
cm is as follows: For central interactions, Vgyg
=1100, Vg, =150, and V¢ =10; for noncentral
interactions, Vgms’'=50, Vgnsm’=30, and Vg'=30.
These values for the force constants have been
obtained by fitting the spectrum at those points in
K space where the renormalizations due to Egs.
(4) and (6) should be negligible. Because of the
particular form of 73, LA phonons are not affect-
ed at the symmetry points X and L, whereas LO
phonons are not affected at I"and X but become
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FIG. 1. Phonon dispersion curves for Smg ;57 55S.
The dashed curves represent the unrenormalized
phonon spectrum obtained by a second-neighbor force-
constant model. The full lines are the renormalized
dispersion curves obtained with the help of Eqs. (2)
and (5). The filled and open circles are experimental
results for longitudinal and transversal branches,
respectively.

unusually soft at L. The sound velocities in the
different symmetry directions are strongly de-
creased. For TA phonons we expect no changes
for small values of q but for TA and TO phonons
a large renormalization is predicted at L, !+
This fixes the zeroth-order spectrum unequivo-
cally. The dispersion curves thus obtained ex-
hibit the normal behavior of phonons in semi-
metals with fcc structure (dashed lines in Fig. 1).
Remarkably, these phonon dispersions resemble
what one expects for SmS, since the values for
elastic constants and bulk modulus obtained from
the force-constant model are in reasonable agree-
ment with the values for SmS (Table I). This

gives a strong hint that, in addition to generating
internal pressure, the Y constituent more dras-
tically affects the properties of the compound. It
is suggestive to assume an enhancement of the
mixing strength V by on-site processes which are
allowed in the absence of inversion symmetry due
to the local distorsions.

The renormalized phonon spectrum shown in
Fig. 1 is in excellent agreement with experimen-
tal results: The observed anomalies of the dis-
persion curves, listed above, are well repro-
duced. Moreover, the same values V,=0.1373
eV, 22,%(T=300 K)=0,0515 eV, g,=0,065eV/A,
and F4(7)=0.1 used here have already been
chosen earlier in the description of realistic first-
order phase boundaries of substituted SmS com-
pounds,’®2° A shift of transversal branches has
been taken into account only in the [¢¢¢] direction.
We have also calculated the temperature depen-
dence of longitudinal-phonon frequencies in the
[¢£g] direction due to the temperature dependence
of ®;: Over a wide range and not in the immediate
vicinity of the phase transition, ®(7) approxi-
mately depends linearly on T. This gives the nu-
merical results shown in Fig. 2 [2g,®(T =200)
=0.036 eV, Vgns=1400]. The curves agree quali-
tatively with the experimental findings at low
temperatures and are easily explained. With de-
creasing temperatures one approaches the first-
order phase boundary which is accompanied by
a decrease of V and hence—because of the par-
ticular form of Eq. (4)—by a decrease of v¥4,

In conclusion, it has been shown that the theory
of phonon renormalizations in mixed-valence
compounds, as developed in Refs. 19 and 23, ap-
plied to a zeroth-order spectrum obtained by a

TABLE 1. Elastic constants and bulk moduli for Sm ;Y S (from the
neutron-scattering data, Ref. 8) compared with those for Sm, ;Y S Ref. 7),
for the zero-order spectrum obtained from the force-constant model, and
for SmS and YS (Refs. 7 and 13). The lattice constant of Smg 15Y( oS is
taken to be (Ref. 7) a = 5.73 A which gives the mean density p = 5942 g/cm?,

o Gy o B*?

Smy 75 Y555 1.127 -0.413 0.29 0.1
Smyg ;Y58 1.35+0.1 -0.5%0.1 0.3 0.1125
Zero-order spectrum 1.656 -0.141 0.278 0.458
SmS (mixed valent, 0.52

b = 6.5 kbar)
SmS (semiconducting, 1.2 0.11 0.25 0.47

»=0)
YS 2.5 0.2 0.3 1.0

2 All quantities given in units of 10'? dyn/cm?.
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FIG. 2. Temperature dependence of the [£¢¢] longi-
tudinal-acoustical branch.

second-neighbor Born-von Kdarmdn model quali-
tatively explains the experimental phonon disper-
sion of Sm, .Y, ,.S. The input spectra at the
same time should show more similarity to the
pure system SmS. In addition the data concern-
ing the quite anomalous temperature dependence
of LA-phonon frequencies could be reproduced.
Arguments have been given as to why in this sys-
tem the effects generally predicted for the mixed-
valence situation should be particularly strong.
However, it would be very useful to have more
phonon data—dispersions, Debye-Waller factors,
elastic constants, etc.—from other systems in
order to test the concepts developed.
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