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Abstract. Phonon anomalies in two intermediate valence compounds (IVC), SmS and
Smo.75Yo.25S have been investigated using breathing shell model (BSM). The BSM includes
breathing motion of electron shells of the rare earth atom due to f - d hybridization. The
phonon dispersion curves of IVC, calculated from the present model, agree well with the
measured data. One-phonon density of states calculated from the present model compares well
with the Raman spectra.
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1. Introduction

The valence instability of the intermediate valence (IV) systems due to fluctuations
between the 4f n and 4f ~÷1 electronic configurations gives rise to peculiar phonon
properties [1-11]. Because of this large volume difference in the two electronic states,
strong electron-phonon interactions have been observed in these systems [1, 4, 8-9].
These volume fluctuations or the breathing motion of the electron shells of rare earth
atoms occur on a time scale comparable with lattice response time, which influence
on the phonon properties such as damping or softening of the phonon modes and
elastic constants. Some of the IV compounds (IVC) for which phonon properties
have been studied are sulfides and selenides of samarium (Sm), thulium (Tm) and
yttrium (Y) and their alloys [5, 8-9, 11-14].
The phonon anomalies common to almost all the IVCs consist of softening of the
zone boundary longitudinal phonon modes. For SmS in its semiconductor state, it
is the longitudinal optical (LO) branch which gets soft at the zone boundary [8-9]
while for Smo.75Yo.25S and YS both LO and LA show softening near the zone
boundary. Similar situation is also observed in TmSe [1,4]. The strong electronphonon interactions which arise due to volume fluctuations affect the elastic properties
of the IVCs. In SmS, C12 is small [6, 15] while in TmSe, YS and Smo.75Yo.25S it is
negative [8, 9].
Recently much effort has been put in to interpret the electron-phonon interactions
in IVCs namely SmS, Smo.7~Yo.25S, YS and TmSe [8-11]. Guntherodt et al [8]
have examined the phonon anomalies in SmS, Smo.75Yo.25S and YS by using a
lattice dynamical theory which considers the interionic charge deformabilities [8].
This theory satisfactorily explained the mode softening and Raman spectrum in these
solids. The phonon dispersion curves (PDC) for YS and TmSe were measured long
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back [2] where the PDC has been analysed using the rigid ion model. Only limited
information is available for the optical modes in TmSe while no complete measurements of PDC for SmS is reported so far [1]. These authors have emphasized the
necessity of a model theory which considers the charge deformabilities [2]. The
phenomenological approach of Bilz et al [9] based on adiabatic cluster deformation
of RE ion site seems to be the most successful one but the drawback with this approach
is the fitting of the parameters with the PDC. In a recent paper Mischenko and
Kikoin [11] have considered the contribution from charge density deformation and
microscopic theory of electron-phonon interaction in IVCs. We have also reported
the calculated results on PDC and one-phonon density of states using three-body
force rigid ion model (TRIM) [1], which considers the long range many body
interactions arises due to charge transfer between neighbor ions. This model explain
the optical branches but fails to explain the acoustic anomalies in TmSe.
The phonon models mentioned above have considerable drawback, as far as their
predictions are concerned. All the model theories fit their model except our own
TRIM [1] to the measured dispersion curves to achieve a least square fit without
taking care of the physical significance of the magnitudes of the fitted parameters.
In the present paper we report the results of the theoretical calculations of the
PDC and one phonon density of states of SmS and Smo.75Yo.25S using a lattice
dynamical model theory which includes the breathing motion of the valence electrons
of the RE ions. This breathing motion of electron shells arises due to f - d
hybridization. This model has already been used to interpret the phonon properties
in U-compounds which show similar phonon anomalies [16, 17].
2. Theory
The breathing shell model (BSM) considers phenomenologically the short range
electron-phonon interactions in terms of electron shell deformations. Depending
upon symmetry, it includes dipolar, quadrupolar and breathing deformabilities of the
electron shells of the polarizable ions. A detailed review of this model can be obtained
from [15, 18].
The dynamical matrix derived from the interaction hamiltonian can be written as
[15]
D(q) = (R' + ZCZ) - (R' + ZCY)(R' + K + YCY)- *(R' + VCZ)

(1)

R'=(R-QH-*Q+).

(2)

where
Here C and R are the coulomb and short range repulsive interaction matrices. Q is
a (6 x 2) matrix representing the breathing mode variable while H is a (2 x 2) matrix
specifying the interactions between the breathing mode variables of different ions in
the lattice. K and Y are the diagonal matrices and represent the core-shell interaction
and shell charge respectively.
The present version of the BSM has altogether eight parameters, which can be self
consistently determined from elastic, dielectric and zone centre phonon properties.
However, since we have not made any attempt to obtain the least square fit to the
phonon data, we have assumed Y = Y, = Y2 to minimize the number of parameters.
The input and model parameters are listed in tables 1 and 2.
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Table 1. Input parameters for SmS and

Smo.~sYo.2~S.
Value
Property

SmS

Smo.75Yo.2sS

a
C11
Ct2
C44
Vro(F)
~1
~t2
eo
e~

5"975
1"25
0"12
0-31
5"33
0"41
5.50
3"55
9"69

5"695
1"129 +_0.70
-0"491
0"299
7"900
0"45
6'50
6"45
6"45

Elastic constants are in l0 t 2dyn/cm2, frequency
in THz, a in ~ and polarizability in A,-3
[2, 8,14].
Table 2. Model parameters for IVC using BSM. All are

in units of e2/2V except Y which is in units of e.
Value
Parameters

SmS

A 12

50"17260

B 12

- 8"66930

A11
B 11
B22
G1
G2
Y

12"77000
- 3"17000
- 10"36000
826.45000
33"04620
- 2'49000

Smo-~sYo-2sS
15-53927
2"76889
- 1-70398
0"40826
3-63200
11130-43900
-926-11500
- 9-82170

3. Results and discussion

The calculated phonon dispersion curves for SmS and Smo.75Yo.25S are plotted in
figures 1 and 2 and compared with experimental results [2, 8, 11]. In figure 1 we have
presented the PDC for SmS using BSM. The figure reveals that the BSM can explain
satisfactorily the measured acoustic branches all along the BriUouin zone. The optical
branches particularly in A and A directions are reproduced well by the present model
while it fails in predicting the phonon modes in E direction. Since the information
about the longitudinal optical branches is limited, appropriate comment cannot be
made.
The calculated phonon dispersion curves for Smo.75So.25S obtained from the
present model are presented in figure 2 and compared with the neutron scattering
measurements [8]. Since the model does not consider the doping effect of yttrium hence
the local mode at 5.2 THz has not been shown in the figure, similar to what has been
Pramana - J. Phys., Vol. 43, No. 3, September 1994
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Figure 1. Phonon dispersion curves for SmS. Experimental points are taken from

ref. [2,8, 11].

z

3
0
I.U
rr

LI.

0
0

!.0

0

0.5

REDUCED WAVE VECTOR

Figure 2. Same as in figure 1 for Smo.TsYo.2sS. Experimental points are taken
from [2, 8].

reported by Mischenko and Kikoin [11]. Figure 2 reveals that the acoustic branches
in Smo.75Yo.2s S alloy have been fairly well reproduced by the present model. In this
compound the BSM has predicted fairly well the longitudinal acoustic phonon
anomalies throughout the Brillouin zone (BZ). The softening of LA branch at X-point,
fairly close magnitude of LA and TA2 modes along X direction particularly at lower
wave vectors, softening of LA branch and crossing over TA around (0.4, 0-4, 0.4)
have been explained satisfactorily. On the other hand the present model fails to
predict the optical branches satisfactorily.
The force constants presented in table 2 for SmS and Smo.TsYo.zs S are reasonably
physical. The parameters are physically significant, in the sense that they correctly
reproduce the short-range interactions and the crystal properties of these solids. These
physically reasonable force constants have been obtained from the macroscopic
properties of these compounds. From table 2 it is clear that the positive and negative
ion interaction is dominant. The positive-positive ion and negative-negative ion
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Figure 3. (a) One phonon Raman spectrum of SmS [2, 8]. (b) One phonon density
of States of SmS.

interactions are small in magnitude. The Smo.TsYo.25S, however do not follow the
trend as SmS. This can be justified from the fact that the dispersion curves for
Smo.75Yo.25S quantitatively reveal metallic nature and zone centre LO and TO
phonons degenerate, while the same for SmS are different.
In figure 3, we have presented the one-phonon density of states (DOS) for SmS
and compared with Raman spectrum [8]. The experimental Raman spectrum excludes
the contribution due to quadrupolar deformability (F~2). Guntherodt et al [8] have
observed a peak at 6 THz (200cm-t), contributed by zone boundary LO phonons
due to breathing deformabilities. In our DOS, we have also observed similar peak
at 6.25 THz contributed by the longitudinal phonons only. The largest contributions
arise from the L point of the Brillouin Zone. This result is similar to EuS [20].
However, q = 0 phonons are observed at 300 K in EuS due to spin disorder, whereas
due to lattice defects in SmS [7]. Another peak in the higher frequency side is due
to TO branches. The broad band below 4 THz in figure 3 is from acoustic phonons
and can be verified from the experimental Raman spectrum which is attributed to
first order defect induced Raman scattering from acoustic phonons. It seems, therefore,
the present model has predicted the gross features of the density of states for SmS.
In figure 4, we compare the DOS and Raman spectrum for Smo.75Y0.2sS. The
Ram an spectra of Sm o.7s Yo.2s S show two sharp peaks at 2.5 THz and 7"0 THz which
are due to the Sm- breathing deformability. The density of states of Smo.TsYo.2sS
calculated from the present model predicts the peaks at 7"0 THz contributed by LO
phonons. This peak could be verified from the Raman spectrum. In our calculated
density of states, we have also observed a peak at 6.25 THz due to TO 1)honons. In
Smo.7~Yo.25S the DOS shows a gap between 3.75THz and 5.75THz due to the
separation between optical and acoustical branches. The peak at 2"55THz in the
Pramana - J. Phys., Vol. 43, No. 3, September 1994
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Figure 4. Same as in figure 3 for Smo.~sYo.2sS [8].

lower frequency region of the Raman spectrum could also be obtained from our.
calculated DOS.
Therefore, from figures 3 and 4 it seems that the breathing deformability of Sm
ion is responsible for the dominant contributions of F~ Raman scattering and LO(L)
phonons in the SmS and LO(L) and LA(L) in Smo.TsYo.2sS to the peak at higher
frequency side of the DOS.
Finally, in the present paper we have presented the results of a systematic study
of phonon properties of SmS and Smo.7~ Y0.2s S. The calculated results bring out the
views that the phonon anomalies in these compounds, in general originates from the
breathing motion of the electron shells of rare earth ions. The breathing shell model
satisfactorily reproduces the gross feature of the PDC. These predictions reveal that
the short range deformations due to breathing motion of the electron shells of RE
ions contribute significantly to the phonon anomalies in IVCs.
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