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The crystal dynamics of magnesium oxide have been studied by incorporating the effect of
three-body interactions in the framework of the shell model on the lines of the work of Singh
and Verma [Phys. Rev. B 2, 4288 (1970)]. The theoretical dispersion curves in the three
symmetry directions and specific-heat variation with temperature have been calculated and
compared with the corresponding experimental results. The experimentally observed second-
order infrared absorption and the Raman spectra have also been interpreted by using the criti-
cal-point analysis and the combined-density-of-states approach. An excellent agreement has
been obtained with the recently measured neutron-scattering, specific-heat, and second-order

infrared-absorption and Raman-scattering data.

I. INTRODUCTION

In recent years, the availablity of the phonon
dispersion relations for magnesium oxide by means
of the inelastic scattering of thermal neutrons has
stimulated considerable interest in the study of its
lattice dynamics among both thecretical and ex-
perimental workers. It is a solid of great interest
and crystallizes in sodium-chloride structure. The
studies of the lattice energy and other properties
made by Huggins and Sakamoto! clearly show that
it is purely an ionic solid and its ions Mg and O
possess two units of charges (i.e., Mgz* and 0%),
This material has been found to exhibit a very large
deviation from the Cauchy relation (C;;=Cy), Cyy
being approximately twice as large as C;,. It has
also been observed that the polarizability of the
Mg?* is negligibly small as compared to that of 0%
Obviously, for a complete investigation of the phys-
ical properties of MgO one must use a lattice-
dynamical model capable of describing both the
elastic and dielectric behavior of ionic solids.

The pioneering work of Kellermann?® on the
dynamics of crystal lattices with NaCl struc-

ture explains the average properties like specific
heat well but presents a very poor description of
the details of the vibration spectra. The limitations

of the theory can be traced to two simplifying assump-

tions: (a) The ions of the solid are rigid spheres
and (b) they interact through central two-body in-
teractions. These assumptions directly lead to

the Cauchy relation (C,;;=Cy) and fix the value of
the high-frequency dielectric constant as unity.
Experiments, however, do not support either of
these two results, and one is led to believe that the
assumptions impose too strong restrictions on the
motion of the ions, particularly the outer electronic
shells (unpolarizable ions). Thus the rigid-ion
model does not take into account the electronic
polarization and hence does not include the effect

of distortions of the ions due to the lattice waves.

A simple presentation of the electronic polarization
and distortion effects in ionic crystals is given by
an elegant phenomenological theory, which is known
as the shell model and has been introduced by Dick
and Overhauser? and Hanlon and Lawson.® This
model, extended by Woods, Cochran, and Brock-
house® and by Cochran, ""® considers the ions to be
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divided into two parts: (i) a rigid shell of outer
electrons and (ii) a rigid core comprising the nucleus
and the remaining (inner) electrons. The model

has been found to present an excellent description

of the dielectric properties of the ionic crystals and
has been very popular in recent years. However,

it does not go beyond the rigid-ion model in respect
of the elastic properties. The main cause of this
drawback seems to be the assumption of rigid elec-
tronic shells, which is the reason why a number of
models have been developed by ascribing some kind
of deformation of the shells (Niisslein and Schréder,® °
Karo and Hardy, ! Melvin ef al. , '2 and Basu and
Sengupta'®). These models have been found to be
very successful, but most of them have been de-
veloped by introducing artificial constraints con-
sisting of noncentral forces into the framework of
the rigid-shell model of Woods et al.®

Recently, a modified shell model has been de-
veloped by Verma and Singh!* (see also Singh and
Verma~!® and Singh!®) which takes account of the
deformation effects of electron shells by introducing
the matrix elements of the three-body overlap
forces within the framework of the shell model of
Woods ef al.® The model has achieved great suc-
cess in describing the elastic and dielectric prop-
erties of the lighter!*~! as well as heavier alkali
halides (Lal and Verma®’). The modifications in-
troduced in the shell model by these authors seem
to be quite realistic and get strong support from
the shell model derived by Sinha®'?2 from quantum-
mechanical considerations. The identical equations
obtained by Sinha also indicate the fact that Verma
and Singh’s modified shell model is not simply a
phenomenological model but has a fundamental ba-
sis. These considerations together with the suc-
cessful results obtained inthe case of alkali halides!*~2°
show that the model promises to give a satisfactory
description of lattice dynamics of all the ionic
solids.

The main aim of the present work is to investi-
gate how well the model of Verma and Singh can
describe the lattice dynamics of MgO, which is an
important member of another class of ionic solids.
The model has been investigated for MgO, for
which it is quite reasonable to ignore the polariza-
bility of the positive ions (@;=0.094 A% and o,
=3.88 A% see Peckham®). This leads to the ne-
glect of the mechanical polarization of these ions,
and therefore the basic equations of the model used
here are slightly different from Verma and Singh’s
model. The results reported in this paper for the
phonon dispersion relations show an excellent
agreement with the experimental neutron-scattering
results of Sangster et al.?* The definite improve-
ment obtained over the simple shell model indicates
the importance of the inclusion of three-body in-
teractions. The frequency shifts in the second-
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order Raman-scattering and infrared-absorption
spectra computed by using the critical-point analy-
sis (Burstein et al.?'% and Loudon?") and the com-
bined-density-of-states approach (Smart ef al, 28)
have been found to present a much better interpreta-
tion of the experimental data available. The Debye
characteristic temperature ®, computed as a func-
tion of temperature T has also been found to give
a fairly good agreement with experimental data of
Barron et al. ?®

In Sec. II we give a brief description of the exact
form of Verma and Singh’s model used here. The
results obtained are given in Sec. III and they are
discussed in Sec. IV.

II. MODIFIED SHELL MODEL FOR MgO

The present model for the lattice dynamics of
MgO follows almost identically the modified shell
model described in detail by Singh and Verma!” and
reviewed by Cochran. 3’ The number of parameters
has been reduced by making the following assump-
tions: (i) The ionic charge Ze is 2e; (ii) only the
oxygen ions are polarizable; and (iii) the short-
range forces act between (a) the nearest-neighbor
shells and (b) the shells and their own cores of the
ions. Since we consider only one ion to be polariz-
able and deformable, the basic equations of Singh
and Verma’s model are modified in the following
form:

Mw?T= (
0=(R

+Z
2

R+ ,
~ )
Ye

Z2)T+(R+2C’
+(R+K+Y¥C'Y)

where, as in the usual shell model, U and W stand
for the core displacement vector and the displace-
ment vector of the shells relative to their own
cores, respectively. M, Z, Y, and K are the 6
X6 dlagonal matrices defmed as in the case of the
one-ion-polarizable shell model. Their elements
are formed, respectively, from the ion masses,
ion charges, shell charges, and shell-core force
constants. R is the short-range interaction matrix
representing the shell-shell interactions between
the nearest neighbors as given by Woods et al. , ¢
and g’ is the long-range interaction matrix de-
tined by Singh and Verma, !" which specifies the
interactions arising from the electrostatic forces
and the shell deformations (three-body overlap
forces).

By solving Eq. (1) in the long-wavelength limit
we obtain the following expressions for the elastic
constants (C,;, Cy,, Cy44) and the optical vibration
frequencies (v, vy) in terms of the model param-

eters:
[A—5.112 <1+ %Ef(r)>

2ryCyy =
d
+9.3204 (% ?1{—)] ,
0

¢’
U+

(Ze)®
v
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where Ze represents the ionic charge, 7, is the
equilibrium separation of the nearest neighbors,

v (= 2v3) is the volume of the unit cell, the subscript
zero on the brackets indicates the equilibrium
values of the quantities inside, p is the reduced
mass of the two ions in the unit cell, f(7) is the
function dependent on overlap integrals of the elec-
tron wave functions defined by Lowdin, 3! and A and

B are the short-range force constants defined by
2

Kellermann, © The remaining symbols have their
usual meaning'”;
z'=z-d, 4)
2
Ro= 22 (a2, %)
a 8r 12 v df
fom1e 2 3 [<1+ Zf('r)) +6(Z ‘”>]o ,
12 ©
a 4r
fret= S50 (10 Fm) 0

The electrical and mechanical polarizabilities
(a, d) of the negative ions are given by

_ (Ye)! 3v (€, -1

@= Roy+K =~ 4m \ €,+2 )’ ®
_ RyY aR,

d‘Ro+K“e2Y : ®

If we choose Z=2 and use the equilibrium condition

12
B——1.165<1+—Z—f(1'))0, 10
the remaining five parameters A, f(ry), (rdf/dr),,
d, and Y can be determined from Eqs. (2)-(9), which
give just five independent equations. Once the pa-
rameters of the model are known, Eq. (1) can be
solved for the vibrational frequencies v correspond-
ing to each phonon wave vector q .

III. NUMERICAL COMPUTATIONS

In the present study the dynamics of crystal
lattices of MgO have been investigated in detail by
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using the model described in Sec. II and developed
by Verma and Singh. % The model contains seven
parameters: the two short-range force constants

A and B, the two parameters f(7) and (vdf/dv),
arising from the deformation forces (three-body
overlap forces), the ionic charge Z, the shell
charge Y, and the mechanical polarizability d for
the O%* ion. These parameters have been calculated
by using the neutron data, 3® together with the elas-
tic constants®? and high-frequency dielectric con-
stants® given in Table I along with the relevant ref-
erences. The calculated model parameters are
also given in Table 1.

Now Eq. (1) can be solved to obtain the vibration
spectra of MgO for the 48 nonequivalent wave vec-
tors of the first Brillouin zone corresponding to a
division in 1000 equal parts by using the parameters
listed in Table I. The calculated dispersion rela-
tion for phonons propagating along the (¢, 0, 0),

(g, g, 0), and (¢, g, q) directions are shown in Fig.
1, plotted together with the neutron dispersion re-
lations measured by Sangster et al. # The theoreti-
cal results obtained by the simple shell model?®

are also included in the figure for visual compari-
son.

In order to study the dynamical properties like
specific heat and second-order infrared-absorption
and Raman-scattering data, we have used the com-
puted vibration spectra of MgO. The specific heat and
the associated Debye temperatures @ , inthe harmonic
approximation have been calculated as a function
of temperature T from the lattice frequency spec-
tra, The comparison of the calculated with that
obtained from calorimetric measurements by Bar-
ron, Berg, and Morrison® is shown in Fig. 2.

The combined-density-of-states (CDS) curves
have been obtained by computing the density of
states N( v, + v,) of the combination frequencies
(v1+ vy) from the knowledge of lattice vibration fre-

TABLE I. Input data and the model parameters of MgO.
Experimental data Model parameters

Constants Values Refs. Parameters Values
Cy (10" dyn cm™) 28.917  Chung® A 8.003
Cyy (10 dyn cm™)  8.796  Chung® B -1.105
Cy (10" dyn cm™®) 15,461  Chung? Sflry) —0.009
vy (10¥ sec™!) 21.679° Sangster® (rdf/dr)y  —0.122
vy (1012 sec™!) 11.870  Sangster® Y —3.205
70(10°8 cm) 2.106  Skinner? d 0.681
€w 2.957 Stephens z 2.000

and Malitson®

*Reference 32.

bValue calculated from Lyddane-Sachs-Teller relation
(Ref. 36) using €,=9.86 (Sangster et al., Ref. 24).

°Reference 33.

9Reference 34.

®Reference 35.
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quency spectra. The peaks obtained in the CDS
curve which correspond to the subsidiary maxima
in the two -phonon Raman and infrared (ir) spectra®” %
have been compared with experimentally determined
peaks and are shown in Fig. 3. The values of the
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frequencies corresponding to theoretical and ex-
perimental peaks are listed in Table II

In view of the fact that the two-phonon combina-
tion and overtones are Raman active while the
latter are infrared inactive in the rocksalt struc-
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FIG. 2. Debye characteristic
temperatures as a function of
temperature for MgO. The full
curve is derived from vibration
spectra (present study); the broken
curve from the specific~-heat
measurements by Barron et al.
(Ref. 29).
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The arrows full and broken indicate the positions of ob-
served peaks in Raman-scattering and ir-absorption
spectrum, respectively. Assignments O, A, B, C, D,
and E specify the positions of the more pronounced ab-
sorption peaks.

ture, the exclusion of the two-phonon overtones in
the above approach thus leads to an incomplete
description of the Raman-scattering data. In order
to present a complete interpretation of Raman
spectra we have, therefore, used the critical-
point analysis, 22" which takes account of both the
two-phonon combination and overtones correspond-
ing to the critical points in the Brillouin zone. The
computed Raman shifts in terms of overtones and
combinations of frequencies corresponding to the
critical points (T, X, L) in the symmetry directions
and compared with those of Manson et al. 3® calcu-
lated from the neutron data® are shown in Table

III. The frequency shifts in ir spectra computed

in terms of combinations of frequencies correspond-
ing to the critical points (L, A) and compared with
those of Martin and David*' obtained from the sim-
ple shell model are also shown in Table III

IV. DISCUSSION

A glance at the various properties investigated
in the present study clearly shows that the Verma
and Singh’s model provides a completely satisfac-
tory description of lattice dynamics of MgO. It is
clear from Fig. 2 that our theoretically computed
dispersion relations connecting the frequency of
the normal mode of vibration of the crystal lattice
to its wave vector agree extremely well with those
deduced from the neutron-scattering technique by
Sangster et al.?* A similar agreement has been
obtained by Sangster ef al. , 2 with the help of a nine-
parameter breathing-shell model. The model
parameters determined from the knowledge of phonon
dispersion curves give almost correct values of
the elastic constants but yield considerably low
values of the dielectric constants. This is a re-
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flection of the low value of the ionic charge. This
reduction in ionic charge will lead to a great re-
duction in the cohesive energy of the crystal and
hence will spoil the agreement between calculated
and measured cohesive energy. Also, the improved
agreement obtained in the model is subject to the
restriction G, #K,, which has no theoretical justi-
fication® to retain it. Further, the breathing-shell
model proposed by Mon*? with G,= K, is found to lead
to poor agreement with neutron dispersion curves.
On the other hand, the seven parameters in the
present model have been determined from the ex-
perimental data other than the phonon dispersion
data it intends to predict. Also, they yield quite
reasonable values of the cohesive energy, elastic
constants, and dielectric constants. On the basis
of these considerations this model can claim to be
relatively more realistic to describe the dielectric
and dynamical behavior of MgO.

The theoretical ®,~ T curve presented in Fig. 2
shows an excellent agreement with the experimental
curve obtained by Barron et al.?® The small devi-
ations obtained at higher temperatures are expected
because the present model is subject to the har-
monic approximation.

A brief inspection of Fig. 3 shows that the peaks
of the CDS curves compare favorably with the cor-
responding peaks observed in the two-phonon Raman

TABLE II. Comparison of observed peaks in fine struc-
ture of second-order ir-absorption and Raman-scattering
spectrum with calculated CDS peaks for MgO.

Ref. 39 Present study Ref, 40
Raman-spectra peaks CDS peaks Infrared peaks
(observed) (theoretical) (observed)
(cm™) (cm™1) (cm™Y)
oo 393 394
X 502 496
592 595 cee
oo 650 660
712 718 723
742 760 770
801 ) “.e
825 es e s
836 ) oo o
858 853 857
870 e s
880 881 880
895 oo 891
926 923 921
“se cee 958
975 980 982
1019 1020 1012
1048 1052 oo
1098 1100 1105
1149 1150 see
se e e 1210
coe cve 1380
1470 “e e Y
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TABLE IIl. Assignment of peaks of ir-absorption and Raman-scattering spectra of MgO.
Raman active Infrared active
Ref, 39 Present study Ref. 41 Present study
Neutron- Simple-
diffraction- shell-model
data peaks Value peaks Value

(cm™) Assignments (cm™Y) (cm™?) Assignments (cm™)
570 2TA(X) 572 570 2TA () 572
602 cee e 630 ces coe
v 2TO(L) 704 660 TO(L) +TA (L) 656
720 LA(A) + TA () 728
731 LA(X)+TAKX) 728 7 TO(A) + TA(A) 746
744 TO(X) + TA(X) 745 785 oo oo
788 2TO(T) 792 840 LO(A) + TA (D) 844
oo LA(L)+TA(L) 832 885 LO(L)+TA(L) 884
855 LO(X) + TA(X) 844 o TO(L) + LA(L) 898
860 2LA(X) 864 oo TO(A) + LA(A) 902
873 tee v 935 2TO0(4) 920
876 s oo 995 LO(A) + LA (a) 996
886 TO(X) + LA(X) 902 e LO(4) + TO(A) 1014
oo 2TO(X) 920 1090 2L0(4) 1108
969 LO(L)+TO(L) 950 cee LO(L)+LA(L) 1144
984 cee Y 1400 eee e
997 LOKX) + LA(X) 996

1032 LO(X) +TO(X) 1014

1108 2LO(X) 1108

1114 cee LY

oee 2LO() 1196

1368 see s

1440 2LO(T) 1446

and infrared spectra. The comparative results
presented in Table II show that the relatively fewer
peaks found in the CDS curves are not sufficient

to interpret satisfactorily the fine structure of ir
absorption and Raman spectra. This limitation
can be ascribed to the coarseness of our selection
of wave vectors within the Brillouin zone. It is
hoped that the model will present a much better
description by using more sophisticated ways of
computing second-order densities of states relating
to the ir-absorption and Raman-scattering spectra.
However, Table IV shows that the peaks obtained
by us from the CDS curve agree very well with the
more pronounced ir-absorption peaks observed by
Barnes ef al., *? Burstein et al. , ** and Willmott.
They also all agree with the peaks calculated by
Verma and Dayal. *®* The various peaks observed
by different workers*~* in the ir-absorption spec-
tra generally lie between 8 and 25 p, which corre-
sponds to the range obtained by us. Further, the
computed peak corresponding to the lattice frequen-
cy 25.4 p is in better agreement with the principal
peak observed by Saksena and Viswanathan®’ at
25.26 pu. This shows that the observation of Sak-
sena and Vishwanathan!’ is reasonably correct and
a principal absorption maxima occurs at 25.26 p.
The over-all results of the CDS curve derived from
the harmonic theory present sufficiently good

agreement with experiments in view of the spread
in the position of the peaks observed by different
authors.

It is seen from Tables II and III that the two-
phonon Raman and infrared spectra of the solid
under consideration find a satisfactory explanation
in our scheme. The assignments of Raman spec-
tra obtained by Manson et al.* are very close to
those obtained by us. This is expected because
our dispersion relations are in exact agreement
with neutron data used by them. The basic aim of
the detailed study of the two-phonon Raman and
ir spectra in the present work is to correlate the

TABLE IV. Comparison of more pronounced CDS and
experimental infrared-absorption peaks of MgO.

CDS peaks Experimental ir-absorption peaks

Present Verma and

study Dayal® Willmott® Barnes et al.® Burstein et al.?
()] AW A @ (] P (7]
25,40 25,0 24.30 v 22.00
19.97 18.1 17.50 15.4 16.00
15,14 15.2 14.80 14.4 AR
11.87 12.3 11.70 11.8 11.82
10.18 10.5 10.07 10.2 10.18

9.07 9.1 ces 8.8 8.30

2Reference 46.
bReference 45.

°Reference 43.
9Reference 44.
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neutron and optical experimental results on MgO.
It is expected that the study will be useful in de-
ducing the values of individual phonon frequencies
and in investigating the optical and infrared prop-
erties of MgO to explain the considerable coupling
between the modes of vibration of its ions.® In
this connection, it would perhaps be worthwhile to
mention that the study will prove to be much more
important if more sophisticated programs now
available for generating density of states functions
are used rather than the crude root-sampling
method used here.

The results discussed above show that in spite
of the successful and satisfactory agreement ob-
tained between theory and experiment there are
small discrepancies. These are not unexpected
and may be mainly due to the lack of inclusion of
anharmonic effects and higher-order neighbor-in-

48,49
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teraction effects.
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Measurements of the "*Br nuclear-quadrupole-resonance frequency and spin-lattice re-
laxation time in a polycrystalline sample of K, PtBrg from 4 to 450 K are reported. The fre-
quency data indicate that structural phase transitions occur at 78, 105, 137, 143, and 169 K,
The relaxation-time data are extremely sensitive to the phase transition at 169 K. At the
high-temperature phase transition the structure of the substance changes from cubic to te-
tragonal. On the basis of previous comprehensive studies in KyReCl; it is likely that the
phase transition is second order and is driven by the rotary lattice mode. As a model for
this transition it is assumed that the PtBrg?~ octahedra remain undistorted but that they rotate
within the cages defined by neighboring K* ions and that the cages elongate in the directions
of the axes of rotation of the octahedra. The frequency data in the high-temperature phase
are analyzed to yield the temperature dependence of a certain average ©, of the rotary-lattice-
mode frequency over the Brillouin zone; a 12% softening is deduced. The relaxation data in
the high-temperature phase are analyzed to yield the temperature dependence of a second av-
erage 5T1 of the rotary-mode frequency over the Brillouin zone; a 40% softening is deduced.
Itis shown thatthe difference between the temperature dependence of w, and ETI is due to a
difference in weighting of the rotary-mode frequency near the Brillouin-zone center. In par-
ticular, the dramatic temperature dependence of GTi can only be accounted for through the
anharmonic Raman process and not the ordinary Raman process for quadrupolar-dominated
spin-lattice relaxation. Below 169 K, two T, values, one approximately twice the other, are
observed at each temperature. It is shown that this observation is consistent with the model
postulated for the phase transition. The average rotary-mode frequency is found to harden as
the temperature decreases below 169 K. That T, is insensitive to the phase transitions at
lower temperatures is thought to imply that these transitions are not driven by the rotary-lat-

tice mode.

I. INTRODUCTION

Nuclear-quadrupole-resonance (NQR) research
carried out at the University of Toronto in recent
years!=S to study the cubic RyMXg compounds has
shown that the temperature and pressure depen-
dences of the resonance frequencies and spin-lat-
tice relaxation rates of chlorine nuclei predomi-
nantly reflect the behavior of the low-lying rotary-
lattice mode. Because of symmetry considera-
tions this mode is neither infrared nor Raman ac-
tive in the cubic phase, and therefore, NQR spec-
troscopy provides an especially attractive tech-
nique for the study of the rotary mode.

Many of the R,MXg compounds exhibit multiple
phase transitions from their high-temperature
cubic phase to lower-symmetry phases as the tem-
perature is decreased. It was suggested by
O’Leary® that the temperature variation of pure-
NQR-frequency data could be used to advantage
for the observation of the softening of low-fre-

quency librational modes in regions otherwise in-
accessible to spectroscopic investigation. He pre-
sented data for the **C1 NQR in K,ReCl; and ana-
lyzed the data in the region of the crystalographic
phase transition at 110. 9 K. The analysis of the
experimental information for this paramagnetic
compound is complicated by the possible contribu-
tion from 7 bonding and by large specific-volume
effects.® To circumvent these difficulties we de-
cided to study the ™Br resonance in diamagnetic
K,PtBrg in which 7 bonding is not present and in
which specific-volume effects are likely to be con-
siderably less important.

Unfortunately, much less is known about the
phase transitons in K,;PtBrg than in K;ReCl;. In
our analysis we will rely on the results of the
comprehensive analysis available for K,ReClg."

In this salt the phase transition at 110. 9 K is
thought to be a displacive phase transition of the
second kind in the Landau sense. According to the
Landau theory the phase transition is brought



