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Lattice dynamical theory of thermal expansion and mode Grüneisen parameters in cubic BP
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Lattice dynamical theory of thermal expansion and mode Gru¨neisen parameters in cubic boron monophos-
phide is reported in thequasiharmonicapproximation within the framework of a second-neighbor rigid-ion
model. In this scheme, we optimized the involved force constants by using nonlinear least-squares procedures
with constrained parameters and weighting of the available data on critical-point phonons and elastic and
lattice constants. Theoretical results of the phonon dispersion curves along high-symmetry directions~both at
ambient and 89 kbar pressures!, mode Gru¨neisen parameters, and thermal expansion coefficient$a(T)% are
compared and discussed with the existing experimental andab initio calculations. Consistent with x-ray data,
our calcualtion for the variation ofa(T) with temperature in BP is found to be remarkably similar to that of
b-SiC, and unlike most other III-V-compounds, it does not attain negative values at lower temperatures.
@S0163-1829~97!03118-4#
pt
m
d
ra
c-
n
ra
ty

ry
y,
pr
ing
lt
e
s
a

e
T
ti

h
io
e

a
f
c
d
eV
in
d/
re
ti
di

-

up
s-
cal

ons
in
and

ug-

k-

d
eat
er

of
has

of

sity

re
ion

is
ter-
uc-
ture

sed
re-
first
ical
I. INTRODUCTION

Technological interest in boron monophosphide~BP! has
been stimulated in recent years by its potential use in o
electronic and microelectronics devices working in extre
conditions.1–5 The material BP exhibits both physical an
chemical properties that differ significantly from the gene
trends of the III-V family. The factors that make BP attra
tive for device applications include its wide band gap, stro
covalent bonding, high melting point, high Debye tempe
ture, high thermoelectric power, high thermal conductivi
and strong mechanical strength with Knoop hardness
4700 kp mm22. Despite all these important features, ve
little experimental information was known, until recentl
about its electronic and vibrational characteristics. The
mary reason for this was the extreme difficulty of prepar
sufficiently large BP crystals, which was due to its high me
ing point (.3000 °C) and high decomposition pressur
(;105 atm at 2500 °C!. The material-handling processe
were equally complicated due to the refractory hardness
brittleness of BP.

The progress made in crystal growth techniques in rec
years has, however, expedited the experimental studies.
has resulted in a considerable amount of data on the elas6

vibrational,7 structural,8 and thermal properties9,10 of cubic
BP. Earlier, Suzukiet al.11 reported high-pressurein situ
x-ray diffraction studies using a diamond anvil cell, whic
resulted in experimental values for the volume compress
isothermal bulk modulusBT (5267 GPa), and its pressur
derivativeBT8 (53.15). Elastic constant measurements6 by
Brillouin scattering have, however, suggested different v
ues for the bulk modulusBT (5173 GPa). In the absence o
neutron scattering data of phonon dispersions, Raman s
tering spectroscopy is regarded as a powerful tool for stu
ing solid-state excitations in the energy range 0–0.4
Pressure can cause large changes in the energies and
actions of these excitations within a given solid phase, an
it can cause transitions to new phases having quite diffe
excitation spectra. The effects of compression on the en
phonon dispersions in semiconductors has been stu
550163-1829/97/55~17!/11293~7!/$10.00
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through a combination ofone- andtwo-phonon Raman mea
surements. In BP, however, Sanjurjoet al.7 have reported
vibrational properties~both at ambient and high pressures
to 89 kbar! by usingfirst-order Raman scattering spectro
copy and derived valuable data for long-wavelength opti
phonons $vLO~G!,vTO~G!% and mode Gru¨neisen
$gLO~G!,gTO~G!% parameters. Thesecond-order Raman
spectrum, which arises from the scattering by two phon
with opposite wave vectors, predominantly near the Brillou
zone boundaries, was not attempted. Earlier, Slack
Bartram10 measured the thermal expansion coefficienta(T)
as a function of temperature using x-ray technique and s
gested that at low temperatures the variation ofa(T) in BP
is different from most other III-V compounds, but is remar
ably similar to that ofb-SiC. Our recent study inb-SiC ~Ref.
12! for the variation ofa(T) with temperature has exhibite
a behavior much like that of the variation of the specific h
with temperature. Moreover, we found that unlike most oth
tetrahedrally coordinated materials,a(T) in b-SiC does not
attain a negative value at lower temperatures.

In spite of numerous experimental efforts, the amount
theoretical understanding for the electronic properties
been limited to a handful of studies13–18 and, in particular,
the knowledge of the vibrational and thermal properties
BP are rather scarce.19 By using the norm-conserving
pseudopotentials and plane wave expansions within den
functional theory, Alves and Kunc19 reported calculations for
the phonon frequencies and Gru¨neisen parametersg’s at
critical points in BP. To the best of our knowledge, the
exists no theoretical study in BP that deals with the variat
of the thermal expansion coefficienta(T) or Grüneisen pa-
rameterg(T) with temperature. Such a model calculation
of practical importance as we need this information to de
minine the match or mismatch of dimensions in semicond
tor materials and substrates cycled over large tempera
ranges.

Two theoretical methodologies have been commonly u
in the literature to treat the temperature- or pressu
dependent phonon properties in semiconductors. The
method relies on the phenomenological lattice dynam
11 293 © 1997 The American Physical Society
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11 294 55D. N. TALWAR et al.
models,20 and the other technique uses the microsco
theory of lattice dynamics based on the electronic proper
of solids.21 In the latter approach, the total energy is gen
ally evaluated for the atomic configuration in static equil
rium and for the configuration distorted by a given eigenv
tor. By using the ‘‘frozen-phonon’’ method, one ca
calculate the phonon frequencies, eigenvectors, and G¨n-
eisen parametersg’s for different modes of vibrations a
high-symmetry points in the Brillouin zone. Unfortunatel
the microscopic approach, except for Si,21 has not been use
to study the variation ofa(T) or g(T) with temperature in
compound semiconductors. On the other hand, we have
cently treated the pressure-dependent phonon propertie
several compound semiconductors includingb-SiC ~Ref. 12!
by using a phenomenological lattice dynamical sche
based on a second-neighbor rigid-ion model.22 Theoretical
values ofa(T) are found to be in good agreement with t
experimental data.

In this paper, we have reaffirmed the reliability of o
rigid-ion model and reported the results of a comprehens
lattice dynamical study for the variation ofa(T) with tem-
perature in BP. Based upon the previous successes of
calculations for related materials,20 we believe that our re-
sults present an attempt to supply the missing informa
about the phonon dispersions, density of phonon states,
mode Gru¨neisen parameters. Comparing theoretical and
perimental data10 for the thermal expansion coefficient of B
and b-SiC with other III-V compounds has allowed us
attain some useful insight into the different relative streng
of the bond-bending and bond-stretching forces that af
the phonon-mode behavior and consequently the vibratio
properties.

In Sec. II, we give a brief account of the lattice dynamic
theory for the thermal expansion in solids. For BP,
present our results of the phonon dispersions, mode G¨n-
eisen parameters, and linear thermal expansion coefficie
Sec III, and compare them with the existing experimen
and theoretical data. The results with some criticism are
cussed in Sec. IV with concluding remarks presented in S
V.

II. THEORETICAL BACKGROUND

A. Thermal expansion and Grüneisen constant

One of the most intriguing properties observed23 in tetra-
hedrally bonded solids is the negative thermal expansion
efficienta(T) at low temperatures~i.e., T<0.07Q0!, where
Q0 is the limiting value of the Debye characteristics te
perature asT→0. For thenth mode in a crystal under com
pression, the Gru¨neisen parametergn is a dimensionless
quantity relating the volume dilation to the consequent fr
tional change in the phonon frequency. As the phonon
quency of the excited lattice modesvn goes to zero in the
low-temperature limit (T→0), the variation of the individua
frequencies with volume,gn52d lnvn /d lnV, can be re-
lated to the volume dependences of the corresponding el
constantscn through the relationship23

gn52
1

6
2
1

2

d lncn
d lnV

. ~1!
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The zero-temperature limitg0
el of the average g

5(Cngn /(Cn , in which the individualgn are weighted by
the heat capacityCn contribution of the mode, should b
equal to the value ofg0

th determined from the experimenta
data ofa asT→0:

g th5
3aBTV

CV
, ~2!

whereV andCV are the crystal volume and the specific he
at constant volume, respectively.

Earlier, the elastic continuum models and their vario
ramifications were used in the literature to account for
temperature dependence ofg in solids.23 While such ap-
proaches provided fair descriptions ofg(T) in metals and
ionic compounds, they failed, however, to reproduce the
served deep minima ing(T) nearT;0.05Q0 , which seems
to be a characteristic of the tetrahedrally bonded materi
For most solids, the continuum models also yielded reas
able values ofg` ~the high-temperature limit! for which all
the lattice modes are excited and contribute with eq
weighting. The agreement in these calculations is, howe
spurious24,25and depends upon the fortuitous cancellation
the temperature-dependent contributions that arise from
wave vector dependence ofgn and the excitation of optica
modes, both of which are neglected in the elastic continu
models. Here we have adopted an alternative method
studying the temperature dependence of Gru¨neisen constan
g(T) or a(T) in BP. This technique is based on a compr
hensive description of the realistic lattice dynamical mod
and is quite different from the one offered by the continuu
approximation.

In the quasiharmonicapproximation, we treat the lattic
vibrations as harmonic, but with assumed volume- a
pressure-dependent frequencies. In this approximation
Helmholtz free energy of a crystal at given volumeV and
temperatureT is given by12

F~V,T!5F0~V!1Fvib~V,T!, ~3!

where theT50 internal energyF0(V) is temperature inde-
pendent. The vibrational contribution toF is given by

Fvib~V,T!5
1

2 (
nq

\vn~q!

1kBT(
nq

ln@12exp$2\vn~q!/kBT%#.

~4!

From the equilibrium condition]F/]VuT50, we obtain that
at zero pressure the volume is given by

V~T!5V01
1

2BT
(
nq

\vn~q!gn~q!coth@\vn~q!/2kBT#,

~5!

where the Gru¨neisen parameter of then,q mode is

gn~q!52
] lnvn~q!

] lnV U
V0

5
1

xT

1

vn~q!

]vn~q!

]p
. ~6!
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The term

xTH 5
1

BT
52

1

V

]V

]pU
T
J

in Eq. ~6! is the isothermal compressibility. The entropy
the vibrating latticeSvib follows from the free energy de
scribed asSvib52]Fvib /]TuV . Its knowledge allows one to
calculate the internal energy of the crystal by using the re
tion Uvib5Fvib1SvibT. Apart from extremely low tempera
tures, the internal energy of the lattice also defines the h
capacity at constant volume of the crystal byCV(T)5
2]Uvib /]TuV . From Eq.~4! one can obtainCV(T) by using

CV~T!5(
nq

kBF\vn~q!

kBT
G2 exp$\vn~q!/kBT%

@exp$\vn~q!/kBT%21#2
.

~7!

In terms of the linear thermal expansion coefficienta(T),
the well-known thermodynamical relation for the avera
Grüneisen constant is defined as

a~T!5
1

3BTV
(
nq

gn~q!CVn~q,T!, ~8!

whereCVn(q,T) are the contributions of the modesvn(q) to
the specific heat. Once the mode Gru¨neisen parameters ar
known @cf. Eq. ~6!# for the wave vectors throughout th
Brillouin-zone, the temperature dependence ofg(T) or
a(T) can easily be calculated.

B. Lattice dynamics

In most IV-IV, III-V, II-VI, and I-VII zinc-blende-type
materials, the existing neutron scattering data of phonon
persions have provided us with a good description of in
atomic forces using lattice dynamical schemes in the h
monic approximations.22 More recently, the use of lasers i
the excitation of Raman scattering and the introduction
diamond anvil cell have provided opportunities for meas
ing the pressure-dependent phonon properties in eleme
and compound~e.g., group IV, III-V, and II-VI! semiconduc-
tors up to their phase transition pressurept .

23 Whenever
phase transitions occur, Raman scattering reveals them
discontinuities in the frequency and/or the intensity of t
phonon peaks. From the critical-point analysis of t
pressure-dependent first- and second-order Raman spe
one can obtain information about the variation of acoust
and optical phonons and consequently the mode Gru¨neisen
parameters at high-symmetry points in the Brillouin zone.
extract knowledge of the interatomic binding forces in sem
conductors under compression and to relate that informa
to charge-transfer effects and structural instabilities, the
man data have provided us a good testing ground for th
retical studies. Consequently, the lattice dynamics and
lated phonon properties in zinc-blende-type crystals h
been extensively studied in terms of rigid-ion mode
~RIM’s!,26 shell models~SM’s!, valence force field models
~VFFM’s!, and overlap valence shell models~OVSM’s!.22

In BP, although there exist no neutron scattering data
phonon dispersions, the values of optical phonons at thG
critical point are known only from first-order Raman scatt
-
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ing spectroscopy7 both at ambient- and high-pressure con
tions. The pressure variations of acoustical phonons atX and
L critical points are not available from Raman studies.
mentioned before~cf. Sec. I!, the phonon frequencies an
Grüneisen parameters at high-symmetry pointsG, X, andL
are obtainedab initio using a density functional theory.19

From the existing information about critical point phonon
elastic, Gru¨neisen, and lattice constants in BP, we have c
structed a second-neighbor RIM for describing its lattice d
namical properties both at ambient- and high-pressure~89
kbar! conditions. The rigid-ion model incorporates lon
range Coulomb forces in terms of an effective charge (Zeff)
and short-range@nearest-neighbor (A,B) and next-nearest
neighbor~Ci ,Di ,Ei ,Fi , with i51,2!# forces up to and in-
cluding second nearest neighbors.

We have optimized the two sets~ambient pressure and 8
kbar; see Table II below! of the RIM parameters by using
nonlinear least-squares method with constrained parame
and weighting, to the existing information about phon
modes, elastic constants, Gru¨neisen constants, and lattic
constants~see Table I!. The optimization process follows
closely the procedure developed earlier in which simi
ideas were applied for treating the pressure-dependent
non properties ofb-SiC.12 In calculating the model param
eters at 89 kbar, the compression-related effects are assu
to be linear for the elastic constants, critical-point phon

TABLE I. Relevant data for BP used in optimizing the 11 rigid
ion model parameters both at ambient and 89 kbar pressures.

Relevant data used in the lattice
dynamics of BP

Phonon mode Frequency (cm21)
LO~G! 828.9a

TO~G! 799.0a 808b

LO(X) 800b

LA(X) 527b

TO(X) 701b

TA(X) 306b

LO(L) 764b

LA( L) 506b

Elastic constants (1011 dyn/cm2)
C11 31.50c

C12 10.0c

C44 16.0c

Bulk modulus ~GPa!
BT 173c

267d

BT8 3.15d

Lattice constant ~Å!

a0 4.538c ~1 atm!

4.4669e ~89 kbar!

aSanjurjoet al. ~Ref. 7!.
bAlves and Kunc~Ref. 19!.
cWettling and Windscheiff~Ref. 6!.
dSuzukiet al. ~Ref. 11!.
eCalculated from Fig. 1~b! by using the Murnaghan equation o
state@Eq. ~9!# with the values of isothermal bulk modulus and i
pressure derivative from~c! and ~b!, respectively.
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11 296 55D. N. TALWAR et al.
frequencies, and the crystal volume. The volume ra
(V/V0) @or the lattice constant ratio (a/a0)# in BP was cal-
culated from the two sets of experimental values known
BT andBT8 by using the well-known Murnaghan equation
state27

V

V0
5F11p

BT8

BT
G21/BT8

, ~9!

valid for pressures up to several hundred kbar~see Fig. 1!.
As the total energy calculations provided results ofBT and
BT8 close to those of Wettling and Windscheif,6 we estimated
the lattice constant at 89 kbar for BP from Fig. 1~b!.

III. NUMERICAL COMPUTATIONS
AND RESULTS: PHONONS, MODE GRÜNEISEN

AND THERMAL EXPANSION

In order to assess the significance of the two sets of o
mized RIM parameters~cf. Table II! and to treat the phonon
properties of BP at any desired pressurep, we have consid-
ered a linear interpolation scheme

Pari~p!5Pari~ambient!1p
] Parj

]p
, ~10!

where Pari ( i51–11) are the 11 RIM parameters. The r
sults of our theoretical calculations of phonon dispersio
along high-symmetry directions and the corresponding o
phonon density of states@both at 1 atm pressure~solid lines!
and 89 kbar~dotted lines!# are displayed in Figs. 2~a! ~upper
panel! and 2~b! ~lower panel!, respectively. In Table III, we
have compared the calculated phonon frequencies at cri
points with the Raman scattering data as well as with th
derived fromab initio calculations. The phonon frequencie
from our study show, in general, good agreement with
existing data. In the case of BP, both the linear expans
coefficient and mode Gru¨neisen parameters along hig

FIG. 1. Variation of volume ratio as a function of pressure
the cubic boron monophosphide. The curves~a! ~solid line! and~b!
~dotted line! represent, respectively, the calculations using Eq.~9!
with the values ofBT andBT8 given by Suzukiet al. ~Ref. 11!, and
Wettling et al. ~Ref. 6!. The open circles represent thein situ x-ray
diffraction data from Ref. 11.
o
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symmetry directions are computed by performing the n
merical derivatives of the frequencies. The results for
gn(q) anda(T) are compared in Tables III and IV, respe
tively, with the available theoretical and experimental r
sults.

Similar to most III-V compounds, we find that in BP a
increase in pressure causes increase in the short-range f
and hence an increase in the vibrational frequencies of
longitudinal and transverse optical~LO, TO!, and longitudi-

TABLE II. Optimized set of rigid-ion model parameter
(105 dyn/cm) for the lattice dynamics of BP at 1 atm and 89 kb
pressures.

Model parametersa 1 atm 89 kbar

A 20.7757 20.8656
B 20.6000 20.6700
C1 20.057 92 20.0623
C2 20.0888 20.1000
D1 20.0639 20.083 34
D2 20.045 20.09
E1 0.105 0.136
E2 20.078 20.0674
F1 0.231 0.2710
F2 20.263 20.2850
Zeff 0.431 66 0.403 13

aIn the notations of Ref. 22.

FIG. 2. ~a! Rigid-ion model calculations for the phonon dispe
sions along high-symmetry directions for BP based on the se
parameters of Table II. The solid curves show the calculation
ambient pressure, whereas the dotted lines show the calculatio
89 kbar. ~b! Calculated one-phonon density of states at ambi
~solid lines! and 89 kbar pressures~dotted lines!.
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TABLE III. Comparison of the calculated critical-point phonon frequencies (cm21) and the Gru¨neisen
parameters at critical points for BP with the existing experimental Ref. 7 and theoretical data Ref. 19

Modes

Phonon frequency (cm21)
~1 atm! Grüneisen parameter

This work a b This work a b

LO~G! 830.00 828.9 1.03 1.12
TO~G! 800.00 799.0 808 1.16 1.30 1.14
LO(X) 803.24 800 0.99 0.90
TO(X) 706.66 701 1.01 1.54
LA(X) 502.24 527 1.11 0.94
TA(X) 293.61 306 20.64 20.27
LO(L) 727.18 764 1.13 1.03
TO(L) 747.15 1.04
LA( L) 529.26 506 0.82 1.00
TA(L) 243.19 0.12

aSanjurjoet al. ~Ref. 7!.
bAlves and Kunc~Ref. 19!.
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nal acoustic~LA ! modes throughout the Brillouin zone~cf.
Fig. 2!. From Table III, it is also clear that in BP th
TO(G) mode shifts faster with pressure than the LO(G) so
that the splitting@vLO(G)2vTO(G)# decreases with pressur
This LO-TO splitting, related directly to the effective charg
Zeff , is an intuitively expected result since as the interatom
distance shortens with pressure it causes stiffening in
short-range forces~see Table II! and results in less transfer o
charge for the compressed crystal causing thereby a dec
in Zeff . Although the transverse acoustic~TA! modes at the

TABLE IV. Experimental/or recommended values of the line
thermal expansion coefficientsa(T) (1026 K21) for GaAs,b-SiC,
and BP.

System

Linear thermal expansion coefficient (1026 K21)

Experimentala/recommended Lattice dynamicalc

GaAs 0.001 at 5 Kb 0.0021 at 5 K
0.0027 at 10 Kb 0.0042 at 10 K
20.016 at 15 Kb 20.027 at 15 K
20.065 at 20 Kc 20.086 at 20 K
20.126 at 25 Kb 20.139 at 25 K
20.168 at 30 Kb 20.179 at 30 K

b-SiC 0.27 at 100 K 0.26 at 100 K
2.77, 3.50b at 300 K 2.47 at 300 K
5.64 at 1600 K 5.16 at 1600 K

BP 1.77 at 200 K 1.63 at 200 K
2.94 at 300 K 3.00 at 300 K
3.65 at 400 K 3.81 at 400 K
4.21 at 500 K 4.40 at 500 K
4.65 at 600 K 4.73 at 600 K
5.17 at 800 K 5.11 at 800 K
5.42 at 1000 K 5.31 at 1000 K
5.54 at 1200 K 5.42 at 1200 K

aSlack and Bartram~Ref. 10!.
bBarron, Collins, and White~Ref. 31!.
cPresent calculation.
c
e

ase

X critical point soften with pressure~i.e, gTA(X),0!, the ef-
fect of p on the modeg’s is seen to be much weake
$gTA(X)520.64% compared to the available data for seve
elemental@group IV: Si (21.4), Ge (21.53)# and com-
pound @III-V: GaAs (21.62); II-VI: ZnS (21.2), ZnSe
(21.3), and ZnTe (21.55)# semiconductors.23 In fact, the
available data for these materials show thatgTA(L) exhibit
similar negative values with a notable exception of diamo
wheregTA’s are positive. This means that in diamond t
effective force constants for the transverse acoustic mo
are not weakened with pressure and, therefore, the lin
thermal expansion coefficient will not attain a negative va
at lower temperatures. Although in BP our calculations
vealed a small positive value ofg for the TA branch near the
L critical point ~cf. Table III!, one should be careful not to
generalize this result to other similar materials until mo
experimental data is collected.

In Fig. 3, we have reported the linear thermal expans
coefficienta(T) in BP and compared our results with th
existing experimental data.10 In Table IV, we have also gath
ered experimental and theoretical values ofa(T) at different
temperatures for GaAs,b-SiC, and BP. A perusal of Table
IV reveals that, in general, our lattice dynamical calculatio
provide a very good description ofa(T) at all temperatures
In particular, the theory predicts very well the occurrence
low-temperature negative thermal expansion behavior
GaAs and the absence of negativea(T) in b-SiC and BP. In
concurrence with the experimental observation, the the
also provides remarkably similar trends for the variation
a(T) in BP andb-SiC.

IV. COMMENTS AND DISCUSSION

The anomalous behavior of the thermal expansion coe
cient in tetrahedral solids can be elucidated in terms of
balance between the weightedg i for the acoustic shear an
compressional modes, the former having a tendency tow
negative values, whereas the latter are positive. The temp
ture dependence ofa(T) may be determined by the degree
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which different phonons are excited and change sign as
relative thermal populations of the modes vary. In this co
text, Blackman28 studied the modeg’s in four fold-
coordinated solids by considering a simple ionic model
which the interaction between the ions was represented
the sum of the Coulomb potential acting on all neighbors a
the inversenth power law repulsive potential (2C/r n) be-
tween the nearest neighbors. For ZnS withn56, the three
modeg’s for the vibrations whose propagation velocities a
determined by the elastic constants c11
(510.3231011 dyn/cm2), c44 (54.6131011 dyn/cm2), and
c8@5 1

2(c112c12)51.89531011 dyn/cm2] are found to be
1.24,20.766, and25.09, respectively. It may be noted th
the negative values of the modeg’s are associated with th
transverse acoustic vibrations related to the smaller value
the shear modulus. In GaAs,b-SiC, and BP the experimenta
values of c8 are 3.34531011, 10.631011, and
10.7531011 dyn/cm2, respectively. Clearly, in the strongl
bonded materials BP andb-SiC, one expects that the stiffen
ing in the shear modulus by angular forces will resist
bond bending. This resistance is believed to reduce the
sibility for the TA modes to soften under pressure. On
other hand, in weakly bonded partially ionic tetrahedra
coordinated solids, the nonuniformity of the charge distrib
tion along the bonds causes weakening in the angular fo
which result in the mode Gru¨neisen parameters for the low
est shear modes to become increasingly negative.

In the lattice dynamical description of thermal expansio
which arises from the wave vector dependence of modeg’s,
it is clear@cf. Eqs.~7! and~8!# thata(T) is closely related to
the frequency spectrum of the solid. At low temperatur
since the acoustic vibrations are dominant, the average G¨n-
eisen constant ora(T) can become negative if the pressu
~or volume! derivatives of the TA phonons at critical poin
are also negative~e.g., in GaAs; cf. Table IV!. This lattice
softening effect for the TA phonons has been detected
several pressure-dependent Raman studies in tetrahed
coordinated solids including GaAs. Although such latti

FIG. 3. Comparison of the calculated~solid lines! variation of
linear thermal expansion coefficienta(T) as a function of tempera
ture with the experimental data@open diamond~Ref. 10!#.
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softening effect has not been observed experimentally in
our calculations have suggested negative modeg’s for the
TA branch near theX zone boundary withgTA values being
relatively weak. On the other hand, the calculated modeg’s
for the TA branch near theL critical point are found to be
slightly positive. The reason for the difference is that t
directional partially covalent bonding in BP andb-SiC is
much stronger than in GaAs.

Bond charge models represent the concentration of e
tron density in covalent bonds by point charges midway
tween the bonded atoms, in addition to the ion charg
Ishida29 has applied such a model to calculateg~q! and
g(T) for germanium with the bond charge and its volum
dependence as adjustable parameters. To study the la
dynamics of III-V compound semiconductors atp50,
Rustagi and Weber30 extended the bond charge mod
~BCM! of elemental semiconductors by adding an additio
parameter which measures the shift of the bond charge f
the center towards the group-V ion. There is no reason w
this model could not be employed to treat the pressu
dependent phonon properties in III-V compounds. This h
not yet been attempted. However, we predict, on the basi
our present calculation, that for BP under pressure the b
charge should move adiabatically towards the center of
bond, which leads to an increase in the covalency of
bond.

V. CONCLUSIONS

In the absence of neutron scattering data for phonon
persions, we have constructed rigid-ion models at amb
and 89 kbar pressures to study the lattice dynamics and
lated properties of BP. The involved force constants w
optimized by using a nonlinear least-squares procedure
constrained parameters and weighting to the available
on critical-point phonons and elastic and lattice constants~cf.
Table I!. Results for the complete phonon dispersion curv
density of states, mode Gru¨neisen parameters, and therm
expansion coefficient are compared and discussed with
existing experimental and theoretical data. Considering
simplicity of our rigid ion model, an accurate prediction
the variation ofa(T) with temperature in BP,b-SiC, and
GaAs is satisfactory.

In compound semiconductors, as the tetrahedral bond
comes less covalent, the angular forces are weakened an
shear stiffness is reduced, causing transverse acoustic~TA!
modes to soften under compression. This softening in the
branches and their substantial weighting at low temperatu
lead to the observed anomalous negative behavior ofg(T)
anda(T) in several fourfold-coordinated materials. In fac
pressure-dependent second-order Raman measureme23

have made it possible to explicitly support this conjectu
However, to the best of our knowledge there exist no seco
order Raman scattering experiments in BP concerning
pressure dependence of the acoustical and optical phon
Such data are very much needed especially when the ri
ion model used in the present study does not predict nega
a(T) at low temperatures for BP andb-SiC. It is also worth
mentioning that the TA modes depend upon the electro
polarizability, which is neglected in the rigid-ion mode
scheme.
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Again, there are serious gaps in the temperatu
dependent experimental data fora(T) in BP andb-SiC.
With the advent of the high-sensitivity dilatometers for use
liquid helium temperatures and the accurate diffractome
furnaces for high-temperature applications, the collection
such data should be possible. The behavior of Gru¨neisen
parameter aroundT50.05Q0 and aboveQ0 ~Debye tem-
perature! is of great interest, but requires corresponding s
cific heat and elastic constant data of high accuracy, wh
are not yet available. Finally, the effect of high pressure
anharmonicity in general, and thermal expansion in parti
lar, presents challenging avenues for further research.
high-pressure and high-temperature measurements are
y

m
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.
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t
r
f

-
h
n
-
he
ffi-

cult, but the experimental data in this area would be of gr
interest in understanding and verifying theoretical models
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