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The mode Griineisen parameters of the LO and TO Raman phonons of AIN, BN, and BP, and
the dependence of e on lattice constant have been measured by Raman scattering in a diamond an-
vil cell. The results for e} are interpreted by means of pseudopotential calculations of e} versus lat-

tice constant.

I. INTRODUCTION

The advent of the diamond anvil cell has made possible
the accurate determination of mode Griineisen parameters
of phonons in semiconductors by means of Raman spec-
troscopy.! =3 Of particular interest has also been the
volume dependence of the transverse effective charge
which can be related to the dependence of the ionicity of
the chemical bond on bond length.>* The volume depen-
dence of e} has been measured for several III-V (Refs.
1-3) and II-VI (Ref. 5) compounds (GaAs, GaP, InP,
ZnS, ZnSe, and ZnTe) and for zinc-blende-type (a-) SiC.°6
In all these cases, with the exception of SiC, |eT| and
thus the ionicity has been found to decrease with decreas-
ing bond length. For SiC the opposite occurs. A semi-
quantitative interpretation of these results by means of a
pseudopotential band-structure calculation of e] has been
made.>® The anomalous sign of the derivative of |e7 |
with respect to the bond length results from the strong
difference in the pseudopotentials of C and Si for small
wave vectors, which in turn is related to the lack of p elec-
trons in the core of the carbon atoms.

In this paper we present similar data for the more exot-
ic large-band-gap III-V compounds BN, AIN, and BP.
Reliable values of the effective charges of these materials
are given. The mode Griineisen parameters ¥;o and y1o
are similar to those found for the equivalent phonons of
similar semiconductors (y between 1 and 1.6 with
¥To>7vLo)- The dependence of e] on bond length for
AIN and BP might have been similar to that of SiC ac-
cording to Periodic Table systematics. We found, howev-
er, that in all three cases |ef | decreased with decreasing
bond length. These results agree qualitatively with pseu-
dopotential calculations in spite of the difficulties encoun-
tered with the pseudopotentials of the first row of the
Periodic Table.

II. EXPERIMENTAL DETAILS

The AIN samples used in the high-pressure measure-
ments were prepared by polishing down to a thickness of
30 um a film grown at the IBM Yorktown Heights
Research Center on a sapphire substrate. A platelet of BP
was polished to a thickness of 30 um. These thin platelets
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were broken into small pieces and in each case one of
them, suitable to fit into the 200-um hole of the pressure
cell gasket, was chosen under the microscope. For sam-
ples of BN, several small crystallites approximately 200
um in diameter were glued together and polished down to
a 20 um thickness. The final samples were of the ap-
propriate size to fit into the hole of the pressure-cell gas-
ket.

A gasketed diamond anvil cell similar to that reported
by Syassen and Holzapfel’” was employed for the Raman
measurements. A 4:1 methanol-ethanol mixture served as
the pressure medium; the fluorescence of a tiny ruby chip
placed near the samples was used for the pressure calibra-
tion.® The Raman spectra were excited in backscattering
geometry with the 5145- A (2.41-eV) line of an Ar*-ion
gas laser. The scattered light was analyzed with a Spex
1401 double monochromator and detected with a RCA
C31034 photomultiplier in the photon counting mode.
All measurements were carried out at room temperature.

III. RESULTS

Figure 1 shows typical first-order Raman spectra of the
TO and LO phonons in zinc-blende-type BP and BN, and
for the 4, and E; TO and LO phonons in wurtzite AIN
for various pressures. The frequencies of the TO and LO
modes for zero pressure agree with values reported by oth-
er authors, with the exception of the TO phonon in BP.>1°
In all cases the LO(I')-TO(I") splitting decreases with in-
creasing pressures. Figures 2—4 display the peak position
of the LO and TO Raman lines as a function of pressure
(bottom horizontal scale) and the relative lattice compres-
sion —Aa /a, (top horizontal scale) for BP, BN, and AIN,
respectively. The Raman peaks show, within the experi-
mental error, a linear dependence with pressure in the
measurement range. The solid lines in Figs. 2—4 are the
least-squares fits to the data using the equations

P =(828.9+0.6)+(4.89+0.07)p ,

wBH=(799+1)+(5.48+0.08)p ,

wTO_(1054 7+0.6)+(3.39+0.08)p

(2)
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FIG. 1. First-order Raman spectra of BP, BN, and AIN ob-
tained at room temperature under different hydrostatic pres-
sures.
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FIG. 2. Dependence of the LO(I') and TO(I') phonon fre-
quencies of BP with pressure (lower scale) and relative lattice
compression (upper scale). Solid lines are least-squares fits to
the experimental points with Eq. (1).
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FIG. 3. Dependence of the LO(I') and TO(I') phonon fre-
quencies of BN with pressure (lower scale) and relative lattice
compression (upper scale). Solid lines are least-squares fits to
the experimental points with Eq. (2).

o N(E)=(895+2)+(4.0+0.2)p ,
0O (E)=(671.6+0.8)+(4.84+0.09)p ,
0PN (4,)=(888+2)+(3.840.2)p ,
070N (A4,)=(659.3+0.6)+(4.97+0.06)p ,

with wto and i in cm ™! and p in GPa. In hexagonal
AIN the 4, and E,; anisotropy, as can be seen in Fig. 4, is
small. This consideration enables us to define an effective
average value for the longitudinal frequency @i
=[wiold,) +2a)%_0(E1)]/3 and a similar expression for
®to.'! The pressure dependence found for these average
frequencies is

B =(89342)4(3.940.2)p ,

4)
Br0 =(667.5+0.7)+(4.88+0.08)p .

In Table I we list the relevant parameters used in this
work, i.e., the zero-pressure lattice constant (ay), bulk
modulus (By), and the high-frequency dielectric constant
(€,,), as well as the optical frequencies just obtained.

The mode Griineisen parameters y; are defined as

dlnw; By do;
Vi T my T o, dp

(5)

where the w;’s are given phonon modes [LO(T") and TO(T')
in our case]. In order to evaluate the y;’s we need the
bulk moduli By. Unfortunately, only few data are avail-
able for the elastic properties of the materials at hand.
With the exception of BP, for which the elastic constants
are known, the bulk moduli were estimated by using
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FIG. 4. Dependence of the LO(I') and TO(T") phonon fre-
quencies of AIN with pressure (lower scale) and relative lattice
compression (upper scale). Solid lines are least-squares fits to
the experimental points with Eq. (3).

empirical relations for the elastic constants.!> They are
listed in Table I together with other parameters needed for
the discussion. For AIN we used the relation a3 =v"3a’
to define an effective cubic lattice constant a, from the
hexagonal constants @ and ¢ of this material. The values
of y1o and y1o found from Egs. (1)—(4) with the B’s of
Table I are given in Table II. They are similar to the
values found for other diamond and zinc-blende-type
semiconductors.!~>® In zinc-blende-type semiconductors
the Born transverse effective charge is related to the split-
ting of the long-wavelength LO and TO phonon modes*

3
*2_ €01

e =" (@ o—who) . (6)
In Eq. (5) p is the reduced mass of the two-component
atoms (y‘lzm A_l—f-m B h, ag the cubic lattice constant,

and €, the infrared dielectric constant. To calculate the
]

VB CB

(n,K | px | n",K){n",K eS| n,K)
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dependence of e} on volume, we encounter the difficulty
that the volume dependence of €, is not known experi-
mentally. We have taken for all three compounds the
same value as for SiC,° that is, dlne, /dInag~1.8. This
step sounds justified in view of the discussion given in
Ref. 14. With the use of the data of Figs. 2—4, Eq. (5),
and the data of Table I, we obtain the dependence of e} on
the lattice constant displayed in Fig. 5. In AIN and BP,
e} decreases clearly with increasing pressure, while BN
shows a very small decrease with pressure. The solid lines
in Fig. 5 are the least-squares fits to the data. The values
of ej at zero pressure, as well as Oej/dlna and
ye} =3 Ine./dInV obtained from the above fit, are listed
in Table II. For comparison we also show in Table II pre-
vious results found for SiC,° InP,? and GaAs."?

IV. DISCUSSION

Two different types of approaches can be used to calcu-
late e7 and its volume dependence. The first is based on
semiempirical models of the tetrahedral bond. With this
model* we find

e}:——AZ+§§O—ap—%a; , 7
where AZ is one-half the difference in core charges be-
tween the anion and the cation (AZ =0,1,2 for IV-IV,
III-V, and II-VI compounds, respectively) and a, is the
polarity of the bond defined in Ref. 4. By choice of the
sign e} represents the charge of the cation. The depen-
dence of the polarity on lattice constant is given by>*

=2a,(1—al), (®)

with Egs. (7) and (8) we obtain the values listed in
columns 6 and 9 of Table II. Another approach is to use
the microscopic pseudopotential expression for e in the
way followed recently for InP and SiC.»® The results of
this full pseudopotential calculation are listed in columns
5 and 8 of Table II.

The theoretical calculations of e} are based on the pseu-
dopotential expression'®

Gx[iu,(é)siné-?—va(a)cos(_:i-?’] . 9)

t=—8Z+% 3 333

Gxo " " ¥

(Enk '_En’k )2

TABLE I. Relevant parameters for AIN, BN, and BP used in this work and measured zero-pressure

zone-center phonons.

w-ro(p =0) wLo(p =0) aoo Bo
cm™! cm™! A GPa €.
AIN 667.5(7) 893(2) 4.37(3)* 218(20)° 4.76(8)*
BN 1054.7(6) 1305(1) 3.6155(2)2 465(50)° 4.50(2)*
BP 799(1) 828.9(6) 4.5383(4)2 190(15)° 9.61(2)*

“Landolt-Bornstein Tables,edited by O. Madelung (Springer, Berlin, 1982), Vol. III, 17a.
®Interpolated using empirical relations for the elastic constants (Ref. 13).

“Reference 12.
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TABLE II. Mode Griineisen parameters of the zone-center phonons, transverse effective charge, and its variation with lattice con-
stant as measured experimentally and as calculated with various pseudopotential approaches for various III-V compounds and SiC.

ef 3| et | /d1Ina,
M Expt.  Full pseudo- ' r Full pseudo- ! Vex

YT0 YLo (absolute potential BOM potential BOM experi-
Compound (Expt.) (Expt.) value) calculation  Harrison Expt. calculation  Harrison® mental
AIN 1.6(2) 1.0(1) 2.57(3) 2.91 2.36 5(2) 1 3.06 —0.65
BN 1.5(1) 1.2(1) 1.984(5) 2.78 1.17 1.01(7) 4 3.45 —0.17
BP 1.3(1) 1.12(9) 1.34(1) —1.38 0.31 10(2) +2 2.44 —2.49
Sic® 1.56(1) 1.55(1) 2.697(4) 2.81 1.69 —5.4(1) —14.1 2.97 0.67
InP° 1.44(2) 1.24(2) 2.54 1.81 2.35 4.5 8.5 3.06 —0.59
GaAs®d 1.39(2) 1.23(2) 2.18 1.71 1.86 4.4 8.3¢ 3.59 —0.67

GaP 1.09 0.95 2.04% 2.11° 2.05 1.5f 8.8 3.46 —0.5f
2.68 —0.85%

2Reference 4.

YReference 6.

“Reference 3.

dReference 15.

“Reference 16.

fReference 2.

8G. A. Samara, Phys. Rev. B 27, 3494 (1983).

This expression follows from a calculation of the macro-
scopic dipole moment which is induced by a small ionic
displacement at zero macroscopic electric field. Equation
(9) is derived in the framework of linear-response theory
with the Hartree approximation and the method of long
waves. The single-particle Bloch states |n, k) and the en-
ergies En? of the electrons are calculated with the local,

empirical pseudopotential method. N denotes the number
of unit cells, the G’s are the reciprocal-lattice vectors, P is
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FIG. 5. Dependence on lattice compression of the transverse
effective charge for BP, BN, and AIN. Points were obtained
from the measured pressure dependence of the LO and TO pho-
nons of Figs. 2—4 using Eq. (6). Solid lines are least-squares fits
to the experimental points.

the momentum operator, and 7=(a /8)(1,1,1). The first
term in Eq. (9) arises from the bare core charges. The
vs(a) and v,,(a) are the symmetric and antisymmetric
combinations of the screened atomic pseudopotential form
factors. For AIP,!” GaN,'® AIN,'® and BP," we used pre-
viously published empirical form factors. For BN, the B
and N form factors normalized to a fixed volume were
taken from the interpolated BP (Ref. 19) and AIN (Ref.
18) pseudopotentials, respectively, rather than directly
from Ref. 19, in order to maintain the transferability of
the pseudopotentials. This is essential for the conceptual
validity of the empirical pseudopotential method. It
should be mentioned that the neglect of nonlocality (angu-
lar momentum dependence) of the carbon-row atomic
pseudopotentials is actually quite a crude approximation
due to the absence of p electrons in the core.?’

The pseudopotential form factors which we used in this
paper are tabulated in Table III. Eighty-nine plane waves
and ten special k points were included in the numerical
calculation of Eq. (9). To calculate the pressure depen-
dence of e}, the atomic form factors are needed at the
pressure-shifted G’s and have to be renormalized to the
compressed unit-cell volume. We have truncated the
perfect-crystal form factors beyond q.,, = 3ky and then in-
terpolated them by a cubic spline in order to obtain these
form factors. In addition, the rigid-ion approximation
was adopted, where the dominant dependence of v(G) on
the lattice constant arises solely from the normalizing cell
volume Q, v(G) < Q120

The results of the pseudopotential calculations are sum-
marized in Table III. The theoretical values for e agree
well with the experimental values while the pressure coef-
ficients of el generally agree only qualitatively with the
data. However, the calculations in all cases reproduce the
experimentally found sign of 3 | e} | /3p. This sign has an
interesting physical origin which will be discussed now.

A simple and physically illuminating expression for e}
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TABLE III. Pseudopotential form factors (in Ry) for various III-V compounds used to calculate ef

with Eq. (9).
BN BP AIN GaN AlP

vs(3) —0.585 —0.373 —0.310 —0.340 —0.210
vs(4) —0.320 —0.260 —0.221 —0.229 —0.130
vs(8) 0.155 —0.085 0.011 0.018 0.040
vs(11) 0.070 0.099 0.070 0.070 0.080
vs(12) 0.013 0.091 0.092 0.069 0.076
va(3) 0.265 0.010 0.280 0.270 0.130
va(4) 0.320 0.023 0.275 0.243 0.080
v,(8) 0.015 0.038 0.119 0.132 0.023
v,(11) —0.050 0.034 —0.010 0.040 0.015
v,(12) —0.026 0.033 —0.032 0.018 0.012

can be obtained from Eq. (9) by neglecting all pseudopo-
tential form factors but the dominating ones v,(3) and
va(3), with |G | =(27/a)V/3. The Bloch states can then
be evaluated explicitly and one finds'®

8.
ef=—AZ + p,2 ,

I+ (10)
_ v.(3)
P==)

The ratio p; plays the role of a “polarity” [cf. Eq. (7)] and
is defined in such a way that 0 <p; <1 for most semicon-
ductors (cf. Table III). Taking the derivative of Eq. (10)
with respect to the lattice constant

der 1—p? 3p;

=8
da (1+p,'2)2 da

, (11)

one sees that the sign of dey/da equals that of dp;/da,
i.e., el will decrease with pressure if the polarity also de-
creases with pressure.

The pressure dependence of p; follows the pressure
dependence of the pseudopotentials. The origin of this
dependence can be seen most clearly by considering model
pseudopotentials rather than empirical form factors which
qualitatively agree with one another.”® The atomic form
factors (4 =anion, C =cation) v,(q), vc(g) behave like
screened Coulomb potentials for ¢—0, vy c(q)
— —47Z,4 /€(q)q*. For g of the order of the inverse
core radius, 1/R ™, on the other hand, the pseudopoten-
tials tend to become small and to oscillate around zero. In
a IV-IV compound, such as SiC, the form factors of Si
and C approach each other for ¢—0, since Zg;=Z =4,
but they differ considerably for large g¢q since
RE™ << R§™. The above behavior is displayed qualita-
tively in Fig. 6. As a consequence, the difference
v, =(vsi—vc)/2 as well as the polarity p; increase when
7’s are shifted to larger g, a fact which corresponds to in-
creased pressure. Therefore, IV-IV compounds are
predicted to have the effective charge increased with pres-
sure, in agreement with experiment.® In a typical III-V
compound such as GaAs, on the other hand, the form fac-
tors differ for ¢—0 since Z5, =3, Z,,=35, but they be-
come close for large g since these atoms have comparable
core radii (see Fig. 6). As a consequence, most III-V com-

pounds and also II-VI compounds are expected to show a
decreasing eT with increasing pressure, again in agreement
with experiment. Since e is a measure of ionicity (e} =0
in Si), one concludes that this ionicity decreases with pres-
sure in GaAs but increases with pressure in SiC.

In this paper we have studied III-V compounds with
group-III atoms from the carbon row of the Periodic
Table which have very small core radii. In these cases, the
pseudopotentials differ significantly for ¢—0 and for
g ~1/R", From the previous discussions it is clear that
these compounds therefore represent borderline cases be-
tween the “normal” (3 | eT- | /9a > 0) and anomalous pres-
sure dependence (3 | e} | /da <0) of e}. While AIN and
BN still behave like GaAs, BP is found theoretically to
behave anomalously. As can be deduced from Table II,
the polarity p;~0 in BP, which implies the effective
charge of B to be negative ef~—1, according to the
analytical expression Eq. (10).

The full pseudopotential calculation gives e = —1.38
for BP. The pressure coefficient of p; and e} in BP is
theoretically found to be anomalous, dp;/da <0, as in
SiC. Experimentally, only |eT | can be measured optical-
ly and since ej itself is negative, one also obtains
d|eT | /8a >0 for this material.

viq) viq)
Bm

AN
(m) m)
v/ iy '
q

(a) (b)

FIG. 6. Schematic drawing of screened atomic pseudopoten-
tial form factors v (g) as a function of wave vector g for a typical
IV-IV compound such as (a) SiC and for a typical III-V com-
pound such as (b) GaAs. The approximate position of the first
reciprocal-lattice vector is indicated by arrows. Under pressure
the reciprocal-lattice vector increases. Correspondingly, the
“ionicity” as measured by the difference of the 4 and B (111)
pseudopotential form factors increases in a IV-IV compound but
decreases in a I1I-V compound.
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