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Nuclear-acoustic-resonance determinations are made of the magnitudes and relative signs of the

two different nonzero components S» and S44 of the fourth-rank tensor relating electric field gradients

to elastic strains. Measurements are made at 300 K and 10 MHz at the Al" nuclear position in AlSb,
at Ga in GaP, and at In'" in InP. Improved measurements are also made at the Ga ' nuclear

position in GaAs and GaSb, at In'" in InAs and InSb, at As" in InAs and GaAs, at Sb in AlSb,
GaSb, and InSb. Theoretical S» and S4, are computed assuming them to be sums of ionic and

covalent contributions. Ionic contributions are approximated by point charges of the four first neighbors
with efFective charge Z». Covalent contributions are computed using atomic wave functions and bond

polarity values a . Z» and a are taken from Harrison's bond-optical model (BOM). Comparisons of
theoretical and experimental S» give (i) the sign of Z» at the group-V atom as negative, (ii)
agreement with the ratio of BOM values of Z* in seven compounds, and (iii) signs and magnitudes of
ionic and covalent contributions.

I. INTRODUCTION

Semiconducting crystals of III-V compounds
have local T„ tetrahedral symmetry. At a nuclear
position in the unstrained single crystal the elec-
tric field gradient mill be zero. If elastic strain
is introduced, there will now be nonzero electric
field gradients at the nuclear positions due to
changes in neighboring atom positions and in the
chemical bonds. The electric-field-gradient rela-
tionship to the elastic strain can be mritten in
terms of a tensor' of the fourth rank, S. From
the crystal symmetry, there are three different
nonzero components of S. When expressed in the
Voigt notation, these are S», S», and S«. %'e

shall assume that the variation in the electric
charge at the nuclear position with strain is zero. '
This assumption results' in the relationship S»

l~ll'
In this paper, we report nuclear-acoustic-res-

onance (NAR) experimental determinations of S„
and S«at the A12' nuclear position in A18b, at
Qa" in GaP, and at In"' in InP. We also report
new, more accurate experimental determinations
of Sii and S«at the Ga" nuclear position in GaAs
and QaSb, at In"' in InAs and InSb, at As~ in
QaAs and InAs, and at Sb"' in A1Sb, QaSb, and
InSb.

Point-charge and electronic contributions to
Si i and S«are computed and combined us ing the
bond-orbital model of Harrison and Ciraci. ' By
comparing measured and computed values of Spy

and S«, it is possible to determine the sign of the
effective ionic charge and the magnitudes of the
point-charge and electronic contributions to Sip.
In the remainder of the paper, me shall refer to
the bond-orbital model as BOM and the Harrison

and Ciraci paper as HC.
An initial NAR investigation of a III-V semi-

conductor was reported by Menes and Bolef' who
determined the coupling of elastic waves to the
In"' Sb nuclear-spin system as due to the dynamic
quadrupole interaction. We used NAR to measure
the S» and S44 in five different III-V semiconduc-
tors in an earlier paper' which we shall call I.
Other authors have employed nuclear magnetic
resonance with static strain measurements, ' '
and saturation experiments' to determine S» and

S,4 for specific III-V compounds.

II. EXPERIMENTAL CONDITIONS AND DATA

A III-V-semiconductor sample

In Table I we give the physical properties and
suppliers of the samples used in this investiga-
tion. All of the samples are intrinsic and were
approximate cubes with a pair of (110) faces.
The procedures used to determine these faces
and the face preparation are described in I.

B. Experimental method

Nuclear -acoustic-resonance' experiments at
300 K were used to measure absolute values of
the acoustic attenuation change due to absorption
of resonant acoustic energy by a nuclear-spin
system. One of the (110) faces of III-V compound
single crystals mas bonded with a 10-MHz X- or
A. T-eut fine ground quartz transducer. The com-
bination of sample, bond, and transducer is called
the composite resonator. Bonding of the trans-
ducer to the sample broadens the fundamental
frequency response of the transducer. If the com-
posite resonator is driven with an rf voltage near

10 42,44



10 EX PERIME NTAL GRADIENT-ELASTIC TENSORS AND. . .

TABLE I. III-V-semiconductor single-crystal samples. Physical properties determined
by supplier.

Compound Type

Carrier
concentration

(cm ~)

Mobility
(cm2 V ~ sec ~)

Resistivity
(0 cm)

Etch-pit
density

(cm 2)

Al.Sb
GaP
GaAs
GaSb'
InP
InAs
InSb'

P

n

p

n

P

4x 10'8
2-30x 10"

1.4x 10 8

1.7x 10~7

& 5x 10"
1.4x 10"
1.5x 10'8

90
100

3 800
570

18 200
4 500

1.8

0.0115
0.066

0.024
0.112

50 000
1 200
5000

1 100
100

~Obtained from Bell and Howell Research Laboratories.
Obtained from Metals Research LTD.
Supplied by Monsanto Chemical Company.
Obtained from Ministry of Technology, Electronic Materials unit, Royal Radar Establish-

ment.

the fundamental frequency of the transducer, a
large number of standing wave or mechanical
resonances occur. The NAR experiment is per-
formed by measuring the amplitude change of the
one of these mechanical resonances as acoustic
energy is absorbed by a nuclear-spin system
under conditions of nuclear magnetic resonance.

In I we summarized the relationships between
measured acoustic attenuation change and S» and

S4, when the nuclear-spin-acoustic-phonon cou-
pling is via the dynamic quadrupole interaction.
In the present experiments, only nuclear-spin
transitions involving the nuclear-spin quantum
number m changing by hn+2 were studied. This
choice was made to take advantage of the narrower
b,m =+2 NAR linewidths. " We measure S,4 by
propagating transverse-acoustic waves at the
Larmour frequency for 4m =+2 transitions in the
external magnetic field H. The propagation vector
K was along [110], and the polarization vector P
was along [001], H was in the (001) plane and lI

was the angle between H and fc. The attenuation
change can be written

ho,„,= 4CB,(QS~ sing)' .

We measured S» by again using transverse-acous-
tic wave propagation with k along [110], $ along

[1TOJ, H in the (1TO) plane and X as the angle be-
tween H and k. The attenuation change is

&o'„...= —,
' C (BQ „Si sy)n (2)

n n2„„.= CB2Q (gS,~
—S4~cos2$)

Relative signs between S» and S~ were determined
by propagating longitudinal-acoustic waves with k
along [110] and H in the (001) plane. This attenua-
tion change is

where

(I),2
= [(I+m)(IT m —l)(I+ m + 1)(I+m+ 2)]~2,

r' ¹'e'g(v)
16(2I)~(2I-1) (2I+1) pe kT

In the above expressions, I is the nuclear spin, N
is the number of resonant nuclear spins per unit
volume, v is the elastic-wave frequency, g(v) is
the normalized line-shape function, p is the mass
density, v is the acoustic-wave velocity, k is the
Boltzmann constant, and T is the absolute temper-
ature.

The procedures followed in the experiments de-
scribed in this paper are identical with those of
I with the following exceptions.

(i) The NMR calibrator" was located on the
sample side of the NAR spectrometer. Such place-
@tent reduces the number of quantities to be mea-
sured in determining Spy and S«.

(ii) Signal averaging with a Northern Scientific
model 550 was used to achieve an output signal-
to-noise ratio of greater than 100/1 for all nu-
clear -spin systems except Al"Sb. A minimum
time of 48 h of signal averaging was necessary to
have a 5/1 signal-to-noise ratio with this nuclear-
spin system.

(iii) All NAR analog data were digitized using
the Northern Scientific 550. The line-shape fac-
tors of each nuclear-spin system except Al"Sb
were determined by numerically integrating the
experimental first derivative of the acoustic ab-
sorption signal. The A12'Sb signal-to-noise ratio
was too small to determine an accurate line-shape
factor. Since the experimental linewidths of
Al 78b and A1Sb were found to be identj, cal, the
AlSb"' line-shape factor was used for Al"Sb.
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C. Experimental data

The magnitudes and relative signs of S» and S,4
were measured under the conditions describing
Eqs. (1)-(3). Magnetic field modulation amplitudes
were chosen to be no larger than one-eighth the
experimental peak-to-peak NAR line shape. The
dynamic elastic strain amplitudes were chosen to
produce less than 1/g saturation of the NAR signal.
All NAR studies were made with H along (100)
directions where the effects of static quadrupole
line broadening are minimum. " The magnitudes
of Si i and S44 for each nuclear -spin system were
measured on five different mechanical resonances.
Each of the mechanical resonances could be de-
scribed by a Lorentz line-shape function within
experimental error.

In Table II we give the experimentally deter-
mined values of S» and S,4 with the quadrupole
moments used in these determinations. The values
of Table II are in good agreement with most pre-
vious Syi and S44 measurements in the III-V com-
pounds. We find agreement within experimental
errors between Table II and our earlier work I.
We also find agreement of Table II In"' Sb values
with those measured by static strain" and satura-
tion. ' However, there is disagreement between
Table II values and the most recent static strain
experiment' for GaSb, GaAs, AlSb, and InAs.

III. THEORY

x 2e(1 —A, )(b~(3 cos'8; —1)/r', .~b) . (4)

ln Eq. (4), y, is the direction cosine from the z
principle axis to the ith bond direction, e is the
electron-charge magnitude, Z* is the effective
ion charge of the nearest-neighbor atom (including
sign of the charge), y, and 8, are-the Sternheimer
antishielding and shielding factors" for the solid,
d is the nearest-neighbor distance, b is the bond-

We assume that the electric-field-gradient com-
ponent V„can be written as the sum of two con-
tributions: a point-charge or ionic contribution,
and an electronic or covalent contribution. The
field-gradient tensor components are expressed
in orthogonal coordinates which are the principle
axes of the tensor so that only diagonal components
are different from zero. To be more specific, we
write V„at a nuclear position in terms of its con-
tributions from the charge distributions of the four
nearest-neighbor atoms considered as point
charges and from the bonding orbitals between the
atom with nucleus at the origin and the four nearest
neighbors.

TABLE II. Experimentally determined components of
S and quadrupole moments used in their calcul. ation. The
quadrupole moments are expressed with atomic shielding
corrections made and are in units of 10 24cm2. Com-
ponents Sii and. S44 have units of 10 statcoulombcm '.
The experimental uncertainty of QSii or QS44 is + 10% for
Al + 6' for Gae, and 4% for In. i~ Asv~, and Sb

Nucleus Compound

Al~

Ga"
Ga69

Ga89
Inii5
lnii5

In f15

As"
As"
Sb'~'
Sbi2'
Sb"'

AlSb
GaP
GaAs
GaSb
InP
InAs
InSb
GaAs
InAs
AlSb
GaSb
InSb

0.165+ 0.003 '

0.199+ 0.001
0.199+0.001
0.199+ 0.001
0.860+ 0.001
0.860+ 0.001
0.860+ 0.001
0.27+ 0.04"
0.27+ 0.04
0.53+ 0.08
0.53 + 0.08
0.53+ 0.08

+ 3.8

+ 9.2
+ 8.1
+ 8.7

+ 10.0
+ 10.5
+ 26.5
~ 25.2
+ 31.4
+ 31.5
+ 30.0

+2.6
+9.5
+ 9.1
+6.1

+19.7
+ 16.7
+13.1
+ 13.2
+ 13.0
+ 13.5
+ 10.7

12.3

H. Low and G. Wessel, Phys. Rev. 90, 1 (1953).
"G. F. Koster, Phys. Rev. 86, 148 (1952).

K. Murakawa, Phys. Rev. 110, 393 (1958).
K. Murakawa, Phys. Rev. 100, 1369 (1955).

orbital wave function, and 19; and &; are the co-
ordinates to the ith electron expressed with respect
to an orthogonal coordinate system with its ~ axis
along the ith bond direction. The factor —,'(3y'; —1)
is due to the transformation of the electron part
of V„ from a coordinate system with z axis along
the ith bond direction to the z direction of the
principal axes. The factor of 2 in the electronic
part comes from assuming two electrons per bond,
and the minus sign is from the field-gradient
definition. "

The Sternheimer term 1 -y, is introduced""
to correct V„at a nuclear position of an ion due
to the interaction of the ion with its nuclear quad-
rupole moment and with the external point-charge
electric field gradient. The term 1 —A, is a
shielding correction to account"'" for the shield-
ing effect of the core electrons in the atom whose
nucleus is at the coordinate origin.

For zero strain, we expect V„ to be zero. The
coupling between acoustic waves and the nuclear-
spin system in an NAR experiment' involves a
linear dependence of field gradient on strain. By
expanding Eq. (4) in a Taylor series in a specific
component of strain, we can identify S» and S44 as
the expansion coefficients which are linear in
strain. The component Sy] is found by taking V„
along a [001] crystal direction and choosing a
component of strain e„=Su,/&z along the same
direction. We write the z displacement u, =re„.
The component S44 is found by choosing V. .. along
a [110]direction and choosing a component of
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strain e„,where x is along [100J and y along [010j.
We write e„,= (su„/sy }+(au, /Bx} where u, =ye„,
and My

= x&~y ~

One set of first neighbors has the coordinates
relative to the crystal axes (d/v 3 )(1, 1, 1),
(d/43)(-1, -1, 1), (d/&3)( —1, 1, -1), and

(d/I3 )(1, -1, -1). We resolve the strain compo-
nent which defines S», namely e„, into radial
displacements along bond directions and angular
displacements perpendicular to bond directions.
Because of the strain direction relative to first-
neighbor directions, only angular changes in bond

directions contribute to S]y.
As discussed by HC, the pure shear e„,will

cause an inner displacement" of the anion sub-
lattice relative to the cation sublattice. Such an
inner displacement causes a displacement of the
nearest neighbor in the z direction

S;„.„,, = ~ (Z,*/d')(I y,-),

2n (1 n')
Z, /e

(6)

and at the cation nuclear position

S;„.„„=~(~.*id')(I -y.), (10)

the BOM. The change in n~ due to an increase in
bond length Ad is2

d ns = snc(1 —n22)ad/d,

where s is shown by HC to be close to 2. We take
s =2 in this paper. The point-charge contributions
at the anion nuclear position to S» and 544 become

u, = -(de„/v 3 (5)

where ( is Kleinman's" inner displacement param-
eter which has been calculated by Martin" from
fitting force constants to measured elastic con-
stants. The strain e„,which defines S44 will give
both angular and radial contributions.

A. Point-charge contribution

Z,' = -(4nc —l)e (6}

for III-V compounds. The polarity e~ is deter-
mined from two of the three basic para, meters of

As in I, the field gradient is computed from each
successive shell of atoms at constant distance r
from a nuclear position. The charge distribution
at each neighboring ion is regarded as a point
charge Z*. The contributions from first through
twenty-fifth shells have been computed directly.
As pointed out by Cohen and Reif, "the largest
contribution is from the four first neighbors. We
expect that ionic contributions from the second or
third shells and further shells should be sealed by
the static microscopic diel. ectric constant to ap-
proximate the electronic screening. Gn the other
hand, in these near intrinsic semiconductors with

very small conduction-band populations, we ex-
pect little screening for the first-neighbor shell
charges. Therefore, we assume a step dielectric
function so that point charges of the first neighbors
are not screened, but those from second and the

remaining shells are screened. Because of the

large static microscopic dielectric constants" of
the III-V compounds, the point-charge contribu-
tions to the electric field gradient become those
of the first neighbors.

The effective charge of the anion, Zf, is defined

by HC to be

B. Bond contribution

We use the BOM to describe the molecular bond.
The bond is constructed from sP' hybrids. For an
orthogonal coordinate system with origin at an
anion nuclear position and with z axis along a
bond-orbital axis, the hybrid on the anion can be
written as

lh') = l(ls'&+ alp'&),
and the hybrid on the cation as

Ih'& = l (ls'& - ~~ Ip'&) . (13)

The molecular bond with origin at the anion nu-
clear position is

lb') = u, lh') + u, lh'& . (14)

By minimizing the bond energy, HC find

1 —S(l —n22)~2 nc
s' '

p s*y"*)
1 —S(1 —nc}~' ns

c 2 I S2 (1 S2)l/2 (16)

where S =(O'lh'). We define q = (3 cos'S; —I)/&';
and write the bond-orbital expression in Eq. (4) as

(b'lq'lb') = u'. (h'lq'lh')

+ 3u, u,(h'lq'Ih') + u!(h'lq'lh') . (I't)

Because of the orthogonality of the atomic orbita1. s
s' and P', the first term of the right-hand side of
Eq. (17}is r~u,'(p'Iq'Ip'&. In order to estimate the
magnitudes of the contributions to the electric
field gradient from the integrals q', ,=(P'Iq'IP'&, q'„
=(h'Iq'Ih'&, q« ——(h'lq'lh'), and S and similar inte-
gra1, s at the cation nuclear position, bond orbitals
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TABLE III. Values of g ~) for specific atoms having

p electrons. The quantity (& ) is expressed in atomic
units.

TABLE IV. Values of the overlap integral S and the
change in S with bond-length change, M = (8S//~) fI|„

Hartree-pock'
numerical

Al
p
Ga
As
In
Sb

1.0883
3.2667
4.8908

4.4572
9.2313

See Refs. 12 and 20.
This paper.

CSee Ref. 21.

Hartree-Fock b

analytic

1.0855
3.3002
2.865
6.879
4.312
9.045

B ames
and Smith'

1.27
3.48
3.51
7.46
5.72

13.03

Nuclear position

Al~7Sb
a89P

Ga"As
Ga89Sb

In P
In As
In"'Sb
GaAs"
InAs"
AlSb~~~

GaSb"'
Insb"'

0.659
0.627
0.635
0.657
0.600
0.611
0.642
0.635
0.611
0.659
0.657
0.642

-0.582
-0.392
-0.456
-0.530
—0.411
-0.480
-0.536
-0.458
-0.479
-0.483
-0.491
-0.535

were approximated by linear combinations of
atomic orbitals (LCAO). We assumed that only
the valence shell electrons contribute to the bond-
ing orbitals and that these orbitals can be written
as LCAO of Hartree-Fock atomic orbitals for
neutral ground-state atoms. Recently, computed
atomic orbitals of Roetti and Clementi" were
used. Two center integrals were computed using
a f function expansion procedure due to Barnett
and Coulsen. '9 Computations were done using
I ORTRAN IV coding on a Digital Equipment Corp-
oration PDP 11 disk operating system. The change
in the two center integrals with change in bond
length was also studied.

Table III contains values of (1/r') =&q„which
we have computed using the analytic Hartree-Fock
functions, results of computations by Froese' '

for numerical Hartree-Fock functions, and values
computed by Barnes and Smith" from the experi-
mental. fine-structure splitting of the optical lines
due to the spin-orbit interaction. Table III shows
good agreement among the values except for Ga
and Sb. Values of the overlap integral S and the
change in S, hS=(BS/Br), ~d with bond-length
change 4d are given in Table IV. The values of
S in Table IV are approximately 10% smaller than
those computed by Hubere' using Slater wave func-
tions. Pruitt, Marshall, and O'Donnell" have
computed S= 0.5 for A18b, GaSb, and InSb. Using
atomic orbitals appropriate to the solid, HC com-
pute S=0.5 for Si.

The I CAO calculations gave values for q„and
the change in q„with bond-length change that are
less than I')D of q„. The values of q'„cannot be
determined accurately because of differencing ef-
fects'~ in the application of the Barnett and Coulsen
method. We estimate that q'„ is also less than 1@
of qgg e

On the basis of the above LCAO calculations, we
expect that radial contributions to the covalent part

S;, „=-—,'[3 —2(1 —&)+(I —$)(au2/u2)]S;„, „,

where nu', =(su2/ar)„, d. The expressions for the
cation nuclear position are identical with the sub-
scripts or superscripts a being replaced by c.

TABLE V. Quantities used in computing the ionic and
covalent contributions to S&&. The polarity e&, polarity
change with bond extension 60.

&
= 20.

& (l-e&}, and effec-
tive charge at the cation Z ~, are computed from the
BOM theory. The ionic term e/d~ has units 10 stat-
coulombcm ~ and 1-y„ is the Sternheimer antishie1, ding
factor for the free atom.

Nuclear
position Z +/e e//d3

A12~8b

Ga"r
Ga"As
Ga"Sb
Ini15P
Inii5AS
In'"Sb

0.541
0.522
0.490
0.435
0.582
0.530
0.510

0.766
0.760
0.745
0.705
0.770
0.762
0.784

1.16
1.09
0.96
0.74
1.33
1.12
1.04

0.025 61
0.036 53
0.032 74
0.02612
0.029 25
0.026 61
0.021 76

2.5 0.65
10.5 0.59
10.5 0.60
10.5 0.61
25 9 0 70
25.9 0.68
25.9 0.70

See Ref. 24.
bSee Ref. 25.
CSee Ref. 26,
G. Giesecke and H. Pister, Acta Crystallegr. 11, 369

(1958}.
eSee Ref. 16.

of S44 will come only from changes in the electron
probability terms u', and u, with bond-length
change. Changes in these terms will involve
changes of the overlap S and the polarity a~ with
bond-length change. The covalent contributions
to S» and S,4 at the anion nuclear position can be
written

S;„.„=-~u,'e(r '), (1 —A, ). ,
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IV. ANALYSIS AND DISCUSSION

TABLE VI. Comparison of computed covalent contri-
butions to S&& where the metallic atom is considered to
be an anion and a cation. Predicted ionic contributions
to S&& are determined from the computed covalent con-
tributions and the measured S&& values. The units of S&&

are 10 statcoulomb cm

Nuclear
position Lg2 Q 2 c I o c e&. cc'

~ f jcov ~ if cov fii»ic 11 ionic

Al Sb
GaesP
Ga"As

a698b

In P
In~~~As

ln'"Sb

0.691
0.718
0.691
0.648
0.764
0.719
0.713

0.0294
0.0483
0.0569
0.0708
0.0363
0.0500
0.0483

-9.1
-26.1
-25.2
-23.6
-45.3
-42.7
-42.3

-0.388
-1.75
-2.07
-2.58
-2.15
-2.97
-2.87

-6.5
+ 16.6
+ 16.1
+ 17.5
+ 25.6
+ 26.0
+ 29.2

-2.2
-7.7
-7.0
-3.52

-17.6
-13.7
-10.2

We have described in Sec. III a theoretical model
which interprets the measured S» and S4, values
as sums of ionic and covalent contributions. To
approximate the ionic contribution to S» and S44 in
Eqs. (8)-(11}, we use the BOM value for effective
charge Z* and use the calculated atomic value of
1 —y„ for 1 —y, . Computed atomic antishielding
factors depend on the charge of the ion, "especial-
ly for the small atomic number Al ion. We choose
a value of 1-y„for Al corresponding to Z* extra-
polating between computed values'4 of 1-y„ for
Al' and Al". For the two other metal ions, the
1 -y„ is chosen to be the computed values"' ' for
Ga" and In". No computed values of 1-y„for As
and Sb have been found. The values of Z* and
1-y„chosen are listed in Table V.

For the covalent contributions to S» and S4~, Eqs.
(18) and (19), we use the Barnes and Smith" val-
ues of (r ') for free atoms and assume R, =O. The
electron probability terms u', and u', are deter-
mined using values of o.~ computed from the BOM
and values of overlap S from Table IV. Table V
lists the computed values of n~ and Table VI values
of ~a and "2o ~

The ionic and covalent contributions to S44, Eqs.
(9), (11), and (19) involve in addition to the pre-
viously discussed variables the changes in n~ and
overlap S with bond-length change and Kleinman's
inner displacement parameter $. Computed values
of 2o~(1 —o~2) and Martin's values'e for $ are given
in Table V and values of AS are given in Table IV.

As noted in Sec. III, the component of strain e„
which defines S» involves only angular changes in
the charge distributions and the bonding orbitals
to the four first-neighbor atoms. It is this inde-
pendence of bond-length change which makes the
expressions for S», Eqs. (8), (10), and (18}much
simpler than those for S«, Eqs. (9}, (11), and

(19).

TABLE VII. Comparison of ionic contributions to S&&

determined two different ways. S f$ loni is computed from
the covalent contribution to S&~ and the experimental S&&

and is taken from Table VI. The quantity A;o„,c = -T Z *18

(1—y )d is computed from the ionic model. The pro-
uctfAionic where f = ff ionic {InP)/Aionic 6nP) = 3.3 is com-
pared with S&&io»c for seven compounds. A ionic and S&iionic

are in units 10~5 statcoulombs cm ~.

Nuclear
position Aionic 1i ionic fA ionic

Al~ Sb
Ga"P
Ga"As
Ga69%
rn"'P
In j5As

In '58b

-0.39
-2.23
-1.76
-1.08
-5.37
-4.11
-3 ~ 13

2 ~ 2
7 4 7

-7.0
-3.52

-17.6
-13.7
-10.2

-1.28
-7.31
-5.77
-3.53

-17.6
—13.5
-10.3

A. Sj& for group-III atoms; sign of Z*,.
We first will use the experimental S» values at

group-III atom nuclear positions with the BOM to
determine the sign for the group-V atom effective
charge Z~. The sign of the covalent contribution
to S» in Eq. (18) is negative. The sign of the ex-
perimental S» is not determined; only the relative
sign between S» and S4, is measured. We compute
the covalent contributions to S» and assume first
that the group-III atom is an anion and then a
cation. Because of the much smaller computed
values of u', than u,', the computed values of

Spy „are much smaller than S»„„asshown in
columns 4 and 5 of Table VI. If the group-III atom
were an anion, then Z~ would be positive. There-
fore, we chose the sign of the experimental S» to

shown in column 6 of Table VI. If the group-III
atom were a cation, then Z~ would be negative.
Now the sign of the experimental S» is chosen to

given in column 'l of Table VI. If the subtracted
value S»jonjc or Spy „ is the proper ionic contribu-
tion, it should vary at the same nuclear position
in different compounds as Z$/O'. Comparing
columns 6 and 7 of Table VI with column 2 of
Table VII, we find agreement between S»i,ni, and

A,,„,, and disagreement between S,'„-,ni, and A,,„,,
Furthermore, the incorrect sign is predicted for
S» ' of Al in column 6 of Table VI. We conclude
that the correct identification of signs of effective
charges is Z~ =Zg&0 and Z,*=Zf» &0.

In column 2 of Table VII, we have computed
A,,„,, from Eq. (8) as the ionic contribution. In
column 3 of Table VII, we rewrite the value
Sy j ' „determined from the measured Spy and com-
puted S» „. By picking one compound, such as
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Inp, and multiplying the ratio (Sf„.„.„/A,,„,,),„,=f
times the other values of A,,„;„closeagreement
results between fA.. . in column 3 and S'„;,„,, in
column 4 of Table VII. This good agreement over
seven compounds is related to the BQM prediction
of small Spy Changing the value of overlap S
to 0.5 for each compound increases ma~ by a factor
of approximately 2. Such a change in u', does not
alter the presence of a common ratio f between

Spy ' and A.;, ', If the sh ieMing cons tant 8, is
assumed not to be zero, but to have a value be-
tween 0 to 1, then an even smaller value of S,',
would result.

The common ratio of S» .. .to &;,„;,over seven
compounds supports the BOM predictions of Z*
for these seven compounds. The larger value of
S«,,„,, than A,,„,„f= 3.3 in Table VII, cannot be
explained by including more neighboring atomic
shells in the computation of A.;,„;,. If, for ex-
ample, there was no electronic screening of point
ions in first-, second-, and third-neighbor shells
of atoms, the numerical constant in A,-, , would be
smaller. If the description of the ionic model
leading to Eq. (8) and A,,„,, were correct, then it
would follow that (1 —y, )/(1 —y„)=f = 3.3 for all
seven compounds.

group V nuclear pos)t)ons

%'e do not know the atomic antishielding factors
for the group-V atoms, but we can compute the
covalent contributions to S» assuming 8,= 0. The
values of u'. in Table VI have been used to compute
S» „which is listed for five compounds in column
2 of Table VIII. Because of the larger (r ') for
As and Sb and the larger u', than u2„values of
S„„„atthe anion nuclear positions are much
larger than such values at the cation nuclear posi-
tions.

The Spy ., values at group-V nuclear positions
must be positive if Z~), =Z,*&0. We choose the
sign of the measured S» to be negative; this choice
results in the smaller of two positive values for
S». „,, The values of Spy. „,, are listed in column
3 of Table VIII. In column 4 of Table VIII we list
computed values of A;,„;,/(1 —y„)= iSZ~/d'.

The experimental S» values of Table IV at
group-GI nuclear positions are in agreement with
the model described in Sec. III and the BOM. The
experimental S», S»„„, S»,, „and A,,„;,/(1-y, )
all have, within 6k, the same values at GaAs"
and InAs~'. The constant value of A,, , /(1 -y „)
is due to the BOM prediction of the ratio ZP,„,/
Z f„'„, which has approximately the same value as
dGaAs/dlnAs ~ The values of the experimental S»,
S»„„, S», „and A.;,„;,all have magnitudes at the
Sb nuclear position which follow the inequality

AlSb & InSb & GaSb. This ordering disagrees with
that predicted on the basis of Mossbauer isomer
shift measurements" on A18b, GaSb, and InSb.

The assumption R, = 0 has been made in the
determination of S» „„.If the shielding factor at
group-V atom nuclear positions is not zero, then
the computed S», „and S»,,„,, would be sma, lier.
With the assumption R, =0, (1 —y, ) is required to
be approximately 240 for As and 700 for Sb.

C. S44 components

The experimental S4, values in Table II show
little variation at the same nuclear position in
different compounds. At the Ga nuclear position,
the change in S« in three compounds is 12/0, at
In 17%, at As 5%, and at Sb 5%. Table II also
shows the experimental S« to have opposite signs
from the experimental S„at group-III nuclear
positions and identical signs at group-V nuclea, r
positions. Qn the basis of the identifications of
signs of S» above, we expect that S,4&0 at group-
III nuclear positions and that S«could be either
positive or negative at group-V nuclear positions
depending on the magnitude of S»,.„...

%hen we apply the BOM to explain the experi-
mental S~ values, we find the predicted S« to have
a negative sign and to be only 50% of the experi-
mental S4, for group-V nuclear positions. The
predicted S4, at group-III nuclear positions has
the incorrect sign. The method applied in com-
puting the predicted S~ values was to use S»„„
and S»,, , from Tables VI-VIII and Eqs. (9), (11),
and (19). Kleinman's inner displacement term g

is estimated' to have a. 20k error. However, by
allowing $ to take any value between 0 and 1 does
not produce agreement with the experimental S,4.
We conclude that Eq. (19}is probably missing one
or more terms which describe the covalent con-
tribution to the field gradient due to bond-length
change.

V. SUMMARY

(i) Experimental determinations of S„and S«
have been made at three different group-III-atom
nuclear positions and at two different group-V-
atom nuclear positions in a series of seven III-V
compounds.

(ii} A theoretical model is proposed to explain
S» and S~ values which uses BOM predictions of
effective charge Z* and description of the molec-
ular bond, atomic values for (r ) and 1 —y„,
LCAQ computed values for overlap S and bS„and
computed values" of Kleinman's inner displace-
ment parameter.

(iii) Use of the BOM allows computation of the
covalent contribution to S» at group-III nuclear
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TABLE VIII. Computations of covalent contributions
to S ff at the nonmetal nuclear positions and estimates of
the ionic contributions. S&&~„and Sf fop~, are in units 10 ~

statcoulomb cm ~.

Nuclear
position

GaAs"
InAs75
AlSb'2'

Ga.Sb"'
InSb

-53.5
-55.7

-101.9
-87.6
-96.5

1k ionic

+ 40.3
+42.7
+ 88.4
+ 76.9
+ 84.2

A ionic/(&-pQ

0 ~ 167
0.159
0.159
0.103
0.121

positions. The ionic contributions determined by
subtracting the covalent contributions to S» from
the experimental S» are in agreement with the
ionic contribution computed from the BOM effective
charges and the point-charge model only if Zg
=Z,*&0. The ratio of the two ionic contributions,
with the inclusion of atomic antishielding factors
in the point-charge terms, is approximately con-
stant for the seven compounds. This common
ratio shows agreement of the interpreted data with
the BOM values of Z*. The lack of agreement of
the two ionic magnitudes can be interpreted as
indicating 1 -y, & 1 -y„. The experimental S» are
found to have negative signs and to have large
negative ionic contributions and small negative
covalent contributions.

(iv) At group-V nuclear positions, the covalent
contribution to S» is computed, subtracted from
the experimental S» to determine the ionic contri-
bution to S». With the assumption of the shieMing
constant R, =O, one finds a large negative covalent
contribution and a large positive ionic contribution.
The sign of the experimental S» depends on which
of the two contributions is larger. Antishielding
factors necessary to explain the magnitude of the
ionic contributions are approximately 240 at the

As nuclear position and '700 at Sb. If the shieMing
constant were between 0 and 1, smaller covalent
and therefore smaller ionic contributions would
result.

(v) With values of overlap of S= 0.5-0.'l, the
BOM values of u', are small and those of u', are
large. This difference is responsible for the
small covalent contributions to S» at group-III
nuclear positions and the large values at group-V
nuclear positions. Such differences in ionic and
covalent contributions at group-III and group-V
nuclear positions may prove useful in explaining
the differences in nuclear magnetic resonance
spin-lattice relaxation time measurements"' ' at
group-III and group-V nuclear positions.

(vi) Predicted S» values are much easier to
estimate than S4, values. With the assumption of
only first-neighbor contributions, the predicted
S» involve only angular changes in first-neighbor
positions while the predicted S~ involves both
angular and radial changes in first-neighbor posi-
tions. Changes in bond length were assumed due
to changes in overlap S and change in polarity n~.
The introduction of Kleinman's inner displacement
parameter in the description of S44 further compli-
cates its determination. The result that the pre-
dicted and experimental $,4 values do not agree
is therefore not surprising. This lack of agree-
ment may also be due to a missing term in the
covalent contribution due to changes in the bonding
orbital with bond extension.

ACKNOWLEDGMENTS

We would like to thank Raymond Tsui for aid in
the taking of the experimental data and Professor
J. H. Burgess and Professor P. A. Fedders for
many invaluable discussions. We also thank Dr.
Enrico Clementi and Professor W. A. Harrison
for sending preprints of their papers.

this work has been supported by the National Science
Foundation under Grant No. GH 38856.

~E. F. Taylor and ¹ Bloembergen, Phys. Rev. 113, 431
(1959).

2R. J. Harrison and P. L. Sagalyn, Phys. Rev. 128, 1630
(1962).

3W. A. Harrison and S. Ciraci, Phys. Rev. 8 10, 1516
(1974).

4N. Nenes and D. I. Bolef, Phys. Rev. 109, 218 (1958).
5R. K. Sundfors, Phys. Rev. 1VV, 1221 (1969).
R. G. Shulman, B. J. Wyluda, and P. W. Anderson, Phys.
Rev. 107, 953 (1957).

TV. L. Bogdanov and V. V. Lemanov, Fiz. Tverd. Tela
10, 212 (196V) [Sov. Phys. -Solid State 10, 159 (1968)).

Y. V. Vladimirtsev, V. A. Golenishchev-Kutuzov, N. A.
Shamukov, and I. S. Aver'yanov, Fiz. Tverd. Tela 9,

2426 (1967) tSov. Phys. -Solid State 9, 1899 (1968)].
D. I. Bolef, Physical Acoustic (Academic, New York,
1966), Vol. 4A, Chap. 3.
R. K. Sundfors, Phys. Rev. 185, 458 (1969).
%. D. Smith and R. K. Sundfors, Rev. Sci. Instrum. 41,
288 (19VO).
E. A. C. Lucken, Nuclear Quadrupole Coupling Con-
stants (Academic, New York, 1969).

~3M. H. Cohen and F. Reif, Solid State Physics (Academic,
New York, 1957},Vol. 5, p. 321.
J. Bierman, Phys. Rev. 111, 1510 (1958).

~SL. Kleinman, Phys. Rev. 128, 2614 (1962).
R. M. Martin, Phys. Rev. B 5, 1607 (1972).

~0. Madelung, Physics of III-V Compounds (Wiley,
New York, 1964).

isC. Roetti and E. Clementi, J. Chem. Phys. (to be pub-



4252 R. K. SUND FORS 10

lished).
M. P. Barnett and C. A. Coulson, Philos. Trans. R.
Soc. Lond A 243, 221 (1951);M. P. Barnett, Methods
in ComPutational Physics (Academic, New York, 1963),
Vol. 2, ,p. 95.
C. Froese, J. Chem. Phys. 45, 1417 {1966).

~~R. G. Barnes and W. V. Smith, Phys. Rev. 93, 95 (1954).
~ K. Huber, Ann. Phys. 25, 97 (1970).
~BR. A. Pruitt, S. W. Marshall, and C. M. O'Donnell, phys.

Rev. B 2, 2383 (1970).
~4F. W. Langsdorff and R. R. Hurst, Phys. Rev. 139,

A1415 (1965).
R. M. Sternheimer, Phys. Rev. 146, 140 (1966).

~SR. M. Sternheimer, Phys. Rev. 159, 266 (1967).
~VR. L. Mieher, Phys. Rev. 125, 1537 (1962).
J. A. McNeQ, Ph. D. thesis {University of California at
Los Angeles, 1973) (unpublished).


