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EFFECT OF VAN DER WAALS INTERACTIONS ON THE PHONON
DYNAMICS IN USe
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Van der Waals three body force shell model (vTSM), which includes the effect of van der Waals interactions (vWI) and
three body interactions in the framework of both ions polarizable rigid shell model (RSM), has been employed to study the
crystal dynamics of USe. We assume that the overlap repulsion is effective only up to the first neighbour, while the van der
Waals attraction acts up to the second neighbours and plays very important role. The agreement between our predictions and
experimental data for phonon dispersion curves strongly supports the inclusion of van der Waals interactions. We also report
the specific heat variations, two phonon IR / Raman spectra, and anharmonic properties of USe.
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1. Introduction

The NaCl-type uranium monochalcogenides (US,
USe, and UTe) show a great variety of interesting physi-
cal phenomena and some of them exhibit strong anoma-
lies in the phonon spectra. The nature of these com-
pounds can be well understood by high energy gap, high
dielectric constants, and large negative-ion electronic
polarizabilities (α−). Jackman et al. [1] have reported
the experimental results on phonon dispersion relations
and Rudigier et al. [2–3] have reported on specific heat
variations for USe. Jackman et al. [1] have fitted the
rigid ion and shell models (RIM and SM) to neutron
scattering data but the agreement obtained by them is
poor particularly at X point. The RIM and SM also
fail to explain Cauchy violation (C12 ̸= C44) for USe.
Lattice dynamics of uranium chalcogenides (including
USe) have been studied by Jha et al. [4] by using three
body force rigid ion model which includes long range
three body interactions due to charge transfer effects
[5] but three body force rigid ion model (TRIM) has
failed to explain phonon anomalies in these compounds.
In another attempt, Jha and Sanyal [6] employed three
body force rigid shell model which incorporated long
range three body interactions in the framework of rigid
shell model. The three body force shell model (TSM)
has explained the phonon discrepancies slightly better

than the three body force rigid ion model (TRIM) but
still discrepancies are observed along (q00) and (qq0)
directions. Further, TSM could not explain the zero
splitting of optical phonon frequency at X point. Later
on, Jha and Sanyal [7] have employed breathing shell
model [8] in which they considered the breathing mo-
tion of electron shells. They also compare their results
with TRIM and neutron scattering data; although the
results are better than those reported by using TRIM
and TSM, yet they are not entirely satisfactory and fail-
ure of the model can be seen more along (q00) for op-
tical branches. Further, breathing shell model (BSM)
less satisfactorily explains the discrepancies observed
along (qq0) direction. In order to explain the lattice vi-
brational behaviour of USe better, the present authors
have employed a model vTSM which includes the ef-
fects of van der Waals interactions and three body inter-
actions in the framework of both ions polarizable rigid
shell model. This model has already been used for the
study of lattice dynamics of lead chalcogenides [9] and
US [10] .

2. Theory

The general formalism of van der Waals three body
force shell model, vTSM, can be derived from the crys-
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tal potential whose relevant expression per unit cell is
given by

Φ = ΦC +ΦR +ΦTBI +ΦvWI , (1)

where the first termΦC is Coulomb interaction potential
and is long-range in nature, the second termΦR is short-
range overlap repulsion potential, the third term ΦTBI is
three body interactions potential, and the last term ΦvWI

is van der Waals interaction potential and owes its origin
to the correlations of the electron motions in different
atoms.

Using the crystal expression (1) and introducing the
effect of van der Waals interaction (vWI) and three body
interactions (TBI), the secular determinant

|D(q)− ω2MI| = 0 (2)

is obtained for the frequency determination, where D(q)
is the 6×6 dynamical matrix, M is the diagonal matrix
representing the ionic masses, and I represents unit 6×6
matrix.

If we consider the second neighbour dipole–dipole
van der Waals interaction energy, then it is expressed as

ΦvWI
dd (r) = −Sv

∣∣∣∣C++ + C−−

6r6

∣∣∣∣ = Φv(r) , (3)

where Sv is a lattice sum and the constants C++ and
C−− are the van der Waals coefficients correspond-
ing to the positive–positive and negative–negative ion
pairs, respectively. A detailed theory of present model
(vTSM) has been reported elsewhere [10].

3. Computations and results

We have calculated our twelve model parameters by
using interatomic separation r0, elastic constants C11,
C12, and C44, frequencies νLO(Γ) = νTO(Γ), νLO(L),
νTO(L), νLA(L), and νTA(L), electronic polarizabilities
α1 and α2, and van der Waals coefficients C++ , C−−

and have presented them in Table 1. These parame-
ters have been employed to calculate the phonon dis-
persion curves for USe and have been shown in Fig. 1.
The calculated phonon dispersion curves (PDC) have
also been compared with the experimental data [1].
The adequacies of van der Waals three body force shell
model (vTSM) have been further tested by studying spe-
cific heat variations and two phonon IR / Raman spec-
tra. For this we have computed the specific heats at con-
stant volume and pressure (Cv/T and Cp/T ) from the
phonon spectra, plotted against the square of tempera-
ture (T 2), and presented along with measured data in
Fig. 2. In order to study the second order IR and Ra-

Fig. 1. Phonon dispersion curves for USe: △ are longitudinal, ⊙ are
transverse experimental points, — is present study.

Fig. 2. Specific heat at constant volume and pressure (Cv/T and
Cp/T ) as a function of T 2.

man spectra we have employed the critical point analy-
sis [11]. A comparison of combined density of states
(CDS) peaks and their assignments from IR / Raman
scattering spectra with the help of neutron data [1] and
the present study is shown in Table 2. We have also
studied the anharmonic elastic properties by calculat-
ing third and fourth order elastic constants as they pro-
vide physical insight into the nature of binding forces
between the constituents of a crystal. The expressions
for these elastic constants and pressure derivatives of
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Table 1. Input data and model parameters for USe.

Properties Values Ref. Parameters Values

C11 (1012 dyne/cm2) 2.01 [7] Z2
m 2.0821

C12 (1012 dyne/cm2) 0.00 [7] r0f
′
0 −0.1076

C44 (1012 dyne/cm2) 0.17 [7] A12 37.6977
νLO(Γ) = νTO(Γ) (THz) 6.20 [1] B12 −2.8709
νLO(L) (THz) 5.88 [1] A11 −11.3557
νTO(L) (THz) 5.90 [1] B11 21.2040
νLA(L) (THz) 2.97 [1] A22 8.2385
νTA(L) (THz) 2.96 [1] B22 −20.7587
r0 (10−8 cm) 2.87 [7] d1 0.2196
α1 (10−24 cm3) 0.41 [7] d2 1.6625
α2 (10−24 cm3) 7.00 [7] Y1 −3.4909
C++ (10−60 erg cm6) 1428 [13] Y2 −7.8724
C−− (10−60 erg cm6) 792 [13]

Table 2. Assignments of two-phonon Raman and infra-red peaks for USe.

CDS Raman active Infra-red active
peaks Peaks, Ref. [1] Present study Peaks, Ref. [1] Present study

(cm−1) (cm−1) Assignments Values (cm−1) (cm−1) Assignments Values (cm−1)

57 – – – – – –

107 110 2TA(∆) 104 110 2TA(∆) 104
2TA(X) 110 – – –

125 123 LA+TA(∆) 120 123 LA+TA(∆) 120

143 146 TO–TA(∆) 148 – – –
147 TO–LA(X) 140 – – –

LO–LA(X) 143 – – –

165 – – – – – –

193 194 2TA(L) 194 – – –
196 LA+TA(L) 199 – – –

230 – – – – – –

247 – – – – – –

260 258 LO+TA(∆) 257 258 LO+TA(∆) 257
259 TO+TA(X) 255 – – –

LO+TA(X) 258 – – –
261 TO+LA(X) 261 – – –

LO+LA(X) 263 – – –

288 – – – 288 TO+TA(L) 289
290 TO+LA(L) 294

298 – – – 295 LO+LA(L) 300

327 – – – – – –

355 – – – – – –

388 387 LO+TO(L) 390 – – –
392 2LO(L) 396 – – –

407 406 2LO(∆) 410 406 2LO(∆) 410
408 2TO(X) 400 – – –

LO+TO(X) 403 – – –
2LO(X) 406 – – –



358 Atul Pandey and K.S. Upadhyaya / Lithuanian J. Phys. 46, 355–359 (2006)

Table 3. Third and fourth order elastic constants
(in units 1012 dyne/cm2) for USe.

Property Value Property Value

C111 684.9202 C1122 2.1527
C112 −0.3420 C1266 2.5310
C166 −0.5598 C4444 2.3288
C123 0.3273 C1123 −0.8834
C144 0.4288 C1144 −1.2409
C456 0.4795 C1244 −1.0417
C1111 783.6910 C1456 −1.2181
C1112 0.4296 C4456 −0.9702
C1166 1.8076

Table 4. Values of pressure derivatives of SOE
and TOE constants for USe.

Property Value

dK/dP 6.5750
dS/dP 8.2181
dC44/dP −1.0571
dC111/dP −1409.5924
dC112/dP −1.3347
dC166/dP 1.9728
dC123/dP 1.8301
dC144/dP 0.0140
dC456/dP 2.1024

second order elastic constants (SOEC) are similar to
those derived by Puri, Verma, and Garg [12] for NaCl
structure. The third order (C111, C112, C166, C123,
C144, C456) and fourth order (C1111, C1112, C1166,
C1122, C4444, C1123, C1144, C1244, C1456, C4456) elas-
tic constants are shown in Table 3, while the pres-
sure derivatives of second and third order elastic con-
stants (dC44/dP , dC111/dP , dC112/dP , dC166/dP ,
dC123/dP , dC144/dP , and dC456/dP ) of USe have
been presented in Table 4.

4. Discussion and conclusion

The computed phonon dispersion curves displayed in
Fig. 1 show that the inclusion of van der Waals interac-
tion have improved the agreement between experimen-
tal data [1] and our results. The inclusion of van der
Waals interaction (vWI) with TBI have influenced both
longitudinal and transverse optic modes much more
than acoustic branches. The agreement between the-
ory and experimental data at X point is also excellent.
Another striking feature of the present model is note-
worthy from the excellent reproduction of almost all
branches. Hence the predictions of phonon dispersion
curves (PDC) for USe using vTSM may be considered

Fig. 3. Combined density of states curve for USe.

more satisfactory than those from other models [1, 4, 6–
7].

We have plotted the variation of specific heat at con-
stant volume and pressure (Cv/T and Cp/T ) with the
square of temperature (T 2). It is evident from the Fig. 2
that our results are in good agreement with measured
data [2] and are generally better than those of breath-
ing shell model (BSM) [6]. The combined density of
states by using vTSM for USe has been plotted in Fig. 3.
The basic aim of the study of two phonon IR / Raman
scattering spectra is to correlate the neutron and optical
experimental data for USe. We have also investigated
the anharmonic properties of USe by using vTSM. This
includes the predictions of third and fourth order elas-
tic constants and the pressure derivatives of SOE and
TOE constants. Since no experimental values on these
properties have been reported so far, we are unable to
comment as such on the reliability of our results.

In this paper we have systematically reported phonon
dispersion curves, specific heat variations, combined
density of states, and anharmonic properties of USe. On
the basis of overall fair agreement, it may be concluded
that the present model, van der Waals three body force
shell model (vTSM), is adequately capable to describe
the crystal dynamics of USe.
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Santrauka
Van der Valso (van der Waals) trijų kūnų sąveikos sluoksninis

modelis, apimantis van der Valso sąveikų įtaką ir trijų kūnų sąvei-
kas pagal abiejų jonų poliarizuojamų kietų sluoksnių modelį, pa-
naudotas tirti USe kristalų gardelės dinamikai. Tariama, kad stūma
dėl sanklotos veikia tik pirmuosius kaimynus, o tuo tarpu van der

Valso trauka veikia ir antruosius ir yra labai svarbi. Teoriškai nu-
matytų rezultatų ir eksperimentiškai gautų duomenų apie fononų
dispersijos kreives sutapimas patvirtina, kad turi būti atsižvelgiama
į van der Valso sąveikas. Taip pat pateiktos savitosios šilumos va-
riacijos, dvifononiai IR ir Ramano spektrai ir anharmoninės USe
savybės.


