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Experimental gradient elastic tensors: Measurement in I-VII semiconductors and the ionic
contribution in HI-V and I-VII compounds*
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Nuclear-acoustic-resonance measurements have determined the magnitudes and relative signs of the two

nonzero tensor components, S» and S44, of the tensor S which relates elastic strain to electric field gradients at
a nuclear position of 'Cu "Cl, 'Cu "Br, and "Cu'"I. The measured magnitudes of S» in these I-VII
compounds and in seven III-V compounds are shown to agree with calculated values of an ion-charge model

based on free-atom values. Such agreement is found if ion charges characteristic of covalent bonding are used

for the III-V compounds and ion charges characteristic of ionic bonding are used for I-VII compounds.

I. INTRODUCTION

Semiconducting crystals of the I-VII compounds
of CuCl, CuBr, and CuI are expected to be among
the most ionic crystals with the zinc-blende crys-
tal structure according to the theories of Phillips'
and Harrison. It is therefore of great interest to
be able to interpret the sources of electric field
gradients at nuclear positions due to the chemical
bonding when these crystals are externally strained.
The tensor of the fourth rank S which relates the
electric-field-gradient tensor V, to the elastic
strain tensor & at a nuclear position is defined by

V&&= g Soa& ear ~

Rsvp

In terms of the Voigt notation and with respect to
engineering strains, the nonzero components of S
for a crystal with local T„ tetrahedral symmetry
are S», S», and S44. With the assumption that the
electric charge at the nuclear position does not
change with strain, ' S» = —2$,~. In this paper, we
report the nuclear-acoustic-resonance (NAR) de-
terminations of S» and $44 at the nuclear positions
in 3Cu3 Cl, 3Cu QBr, and Cu '~~I and of Spy at
6'CuI. In addition, we point out an extension of the
interpretation of S» as only due to ionic contribu-
tions which has been developed in two earlier pub-
lications which we call I and II.

II ~ EXPERIMENTAL

As in the NAB experiments described in I,
time-varying elastic strains due to acoustic
waves produce time-varying electric field gradi-
ents at nuclear positions. When the nucleus
possesses a nuclear electric quadrupole mo-
ment, acoustic energy may be coupled to the nu-
clear-spin system via the dynamic interaction of
the quadrupole moment with these time-varying

electric field gradients. This is the case for the
nuclear positions in the I-VII semiconductors. The
technique of NAH6 measures the acoustic attenua-
tion change associated with the absorption of reso-
nant acoustic energy by the nuclear-spin system.
In the S tensor measurements described in this
paper, the nuclear-spin transitions involving the
nuclear-spin quantum number m changing by 2 (hm
=+2) were studied. The S tensor component S»
was determined by using transverse acoustic waves
with a propagation vector k along [110]and polari-
zation vector f along [110]. Using the notation of
I, we write

&a&~ e&
——~ CBI(QSn cosX) (2)

where X is the angle in the (110)plane between k
and the external field H, and

w Nv eg(v}
16(2I) (21- 1) (2I+ 1) pv kT

B =QF (I),

E (I)~ = [(I+ m —1)(Iv m) (I+ m + 1) (I+ m + 2)]'~

In the above expressions, I is the nuclear spin, lV'

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, k is the Boltzman constant, v is the acous-
tic wave velocity, and T is the absolute tempera-
ture.

The S tensor component $44 was measured by
propagating acoustic waves with k along [110], and

t along [001]& g is the angle in the (001) plane be-
tween k and H:

4n(~~.,q. = 4CBg(QS44 sing)

The relative signs between S» and S44 were deter-
mined by propagating longitudinal waves with k
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along [110]and H in the (001) plane

&a«,» = CBzQ (4 S» —$44 cos2$)2 3 2 (4)

Large single crystals of CuCl, CuBr, and CuI
were grown by one of us (C.S.}using the traveling-
solvent technique. The crystals were cut from
rods to be approximate right cylinders. Two 1.3-
cm-diam parallel (110) faces were ground approx-
imately 1.3 cm apart. The end faces of the cylin-
drical samples were made flat and parallel to with-
in 1.4 p, m and were determined to be within 0. 1

deg of (110) planes using x-ray diffraction tech-
niques.

Acoustic waves were generated by means of AT-
cut and X-cut quartz piezoelectric transducers
bonded to the samples with solid phenyl. -salicylate,
"Salol. " The coaxial cylindrical 10 MHz trans-
ducers are 1.27 cm in diameter with a center radi-
ating diameter of 1.04 cm. Acoustic properties
(mechanical resonance center resistance, shape,
and frequency width) were measured using a
Hewlett-Packard 250A RX meter. NAR absorption
measurements were made at 10 MHz and 300 K

utilizing a standard marginal oscillator ultrasonic
spectrometer. Absolute change in acoustic atten-
uation was determined by comparing the NAR ab-
sorption signal with a known calibrator signal.
The area under the absorption line shape was ob-
tained by numerically integrating the experimental-
ly observed NAR first derivative signal. Magnetic
field modulation was used with modulation ampli-
tudes chosen to be no larger than 8 the peak to peak
experimental line shapes. The dynamic strain
amplitudes were chosen to produce less than l%%d

saturation of the NAR signal.
Because of the relative small values of the elas-

tic constants c», c&2, and t."44 in the three I-VII
compounds, acoustic coupling even to the small
quadrupole moment Cu C l nuclear-spin system
could be observed with an NAR signal-to-noise ratio
of $ for a single pass utilizing a noise bandwidth
equivalent to an RC time constant of 30 sec. Sig-
nal averaging was used to improve all signal-to-
noise ratios.

ing. The changes in width due to crystal handling

indicate quadrupole broadening possibly due to
increase in the number of internal strains. Be-
cause of relative poorer acoustic properties of
CuI, it was impossible to measure the value of $44
for CuI. The measured g values and rela-
tive signs of the values of S]f and S« for the I-VII
semiconductors are given in Table I.

IV. COMPARISON OF MEASURED Sll WITH THAT

COMPUTED FROM AN ION CHARGE MODEL

As noted in I the electric-field-gradient tensor
components can be written as the sum of ionic and
electronic parts. If we choose x, y, and z to be
the principal axes of the electric-field-gradient
tensor then only diagonal components are different
from zero. We also choose x, y, and z to lie along
the cubic directions of the zinc-blende structure
crystal. The ionic and electronic contributions to
V„are given in the following equation:

(Sy~~ —1) Z*(1—ys) ~ (- 1) (Sy, —1)

3 8 1x2e(1-R )(b,i, ' ib, ),
Vf

where y, is the direction cosine from the z princi-
pal axis to the ith bond direction, Z~ is the effec-
tive charge of the nearest-neighbor atom (including
the sign of the charge), yz and Rs are the Stern-
heimer antishielding and shielding factors for the
solid, d is the nearest-neighbor distance, b, is the
total bond orbital wave function, and 8, and r, are
the coordinates of the ith electron expressed with
respect to an orthogonal coordinate system with
its z axis along the ith bond direction. The factor

TABLE I. Measured values of Sff and S44 for
I-VII semiconductors. Sf f and $44 are in units of 10'
statcoulombs cm and Q values are in units of 10 4 cm .
Quadrupole moments are expressed with shielding cor-
rections made. Experimental uncertainty of QSf f and

QS44 is +6 for 63Cu and SC1 and +4% for 7~Br and I.

III. EXPERIMENTAL RESULTS
Nuclear position S44

The basic coupling between elastic waves and the
nuclear-spin systems in the I-VII compounds was
verified to be via the nuclear electric quadrupole
moment from (i) ability to observe both &m =+ 1

and 4m = a 2 NAR absorption lines and (ii) the mea-
surement of the predicted angular dependences of
the NAR absorption as given in Eqs. (2)-(4}. The
experimental line shapes in each of the three I-VII
compounds were large compared to the predicted
dipole-dipole widths and increased with regrinding
of crystal faces and successive transducer bond-

Cu 3~Cl

Cu "Br
Cu f27I

CUC1
63CuBr
3CuI

0.09 + 0.02& b

0.29~ 0.02&c
0.80+ 0. 05

0.21+ 0.01+
0.21+0.01~~ ~

O. 21~ O. 01'4 '

+7.6
~22. 8
+29.2

+7.9
+ 14.7
+ 22. 6

+6.6
y4. 5
+4.7

~R. M. Sternheimer, Phys. Rev. 105, 158 (1957).
C. H. Townes, Handbuck der Physik (Springer-Ver-

lag, Berlin, 1958), Vol. 38, Pt. 1, p. 377.
R. M. Sternheimer, Phys. Rev. 86, 376 (1952).
D. Bleaney, K. D. Bowers, M. H. L. Pryce, Proc.

R. Soc. A 228, 166 (1955).
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—,
' (3yf- 1}is due to the transformation of the elec-
tronic part from a coordinate system with its z axis
along the ith bond direction to the z direction of the
principal axes. The factor 2 in the electronic part
come from assuming two electrons per bond, and
the minus sign is from the field-gradient defini-
tion. 'o

The Sternheimer term 1 —y, is introduced to cor-
rect V„at a nuclear position of an ion due to the
interaction of the ion with its nuclear quadrupole
moment and with the external point-charge electric
field gradient. The term 1-R, is a shielding cor-
rection to account for the shielding effect of the
core electrons in the atom whose nucleus is the
coordinate origin.

The first term in Eq. (5) is the ionic term writ-
ten only for the first-neighbor shell. The second
term is the electronic contribution. In I, we indi-
cated, for atomic orbitals, that in the term
(b, ((3cos 9, —I)/r, I 5&), b, could be replaced by the
orbitals on the atom at whose nucleus V„ is being
computed. Other contributions to
(&q l(3 cos eg —I)/r~ I b,) were shown tobe two orders
of magnitude smaller.

For zero strain, we expect V„=O. With the ex-
pansion of Eq. (5) in a Taylor series in a particular
component of strain, S» and S44 can be identified
as the components linear in strain. In order to re-
late the field gradient expression of Eq. (5) to the
experimental strain, we choose V„ to be along a
[100] crystal direction and transform V&& to a non-
principal axis coordinate system with x' along [110],
y' along [110], and z' along [001]. We find S» by
expanding the x' y' component of the transformed
V,&

in a Taylor series in the shear strain e„,„..
The e+; strain produces displacements which can
be written in terms of their radial and angular con-
tributions relative to the bond directions and the
first-neighbor positions. From Fig. 1, we see
that only angular displacements of the four first-
neighbor bonds and four first-neighbor positions
contribute to S». We note that in measuring S» we
have propagated the e„.& strain wave with a sound
wave velocity v=[(c„-c,a)/2p]' '.

Harrison and Phillips" have shown that good
agreement is found between predicted bond-orbital-
model values of the elastic constant c» —c» and
measured c» —c&z values when a particular bond
displacement model is assumed. The assumed
model is that the shear strain e&„.does not alter
the tetrahedral angles at either anion or cation in
zinc-blende structure compounds, but that the bond
to first-neighbor atoms is broken by the shear
strain. The use of the Harrison and Phillips model
with the strains which measure S» leads to the con-
clusion as observed in II that the electronic contri-
bution to S» is zero: (i) the electronic part of S»
depends on angular changes in the orbitals of the

eXI pl

io)

FIG. 1. First-neighbor shear-strain directions rel-
ative to a center atom at whose nucleus the electric
field gradients are measured.

atom at whose nucleus S« is measured. (ii) the
model of Harrison and Phillips predicts there are
no angular changes in these orbitals.

From the above argument, S» has only ionic con-
tributions and can be written

(6)

In computing the g term in Eq. (6), we do not know
how the low-frequency dielectric function varies as
a function of distance from the observing nuclear
position. We therefore assume a dielectric step
function which is one at the first-neighbor shell and
the low-frequency dielectric constant for more dis-
tant shells. Such an assumption means that neigh-
boring shells contribute only several percent of the
first-neighbor shell and we approximate the total
contribution by the first-neighbor shell contribution
of ~z. In comparing Eq. (6) with experimental val-
ues of S», we, in addition, assume that 1-y, can
be approximated by its free-atom value 1-y„and
require a value of Z* to bring agreement between
Spy g g and the measured S». We call the above
assumptions used in estimating the magnitude of
S~, „„,in Eq. (6) the "ion-charge model. "

A. III-V compounds

The two basic types of chemical bonding in the
III-V compounds+ such as AISb are (i} covalent or
homopolar with three electrons from Al and five
from Sb creating the electronic bond and leaving
ion cores of Al" and Sb" and (ii) ionic or heterpo-
lar with Al losing all its valence electrons to Sb so
that both atoms have closed electron shells and are
ions Al and Sb . The actual chemical bonding'
is believed to lie between these two extremes. The
ions in homopolar bonding are expected to be par-
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TABLE II. Comparison of the required first-neighbor
charge Z*/e at Sb in AlSb to produce agreement with the
experimental S,i at the Al nuclear position for different
Al ionic states. Sif and 16e/3d are in units of 10 stat-
coulomb cm 3.

Ion (1-y.) —', e/d3
Z*/e

Cu bSi 1 ionic

TABLE IV. Comparison of the computed Sff f~fc with
the measured S«value at Cu Cl. S»»«, S«, and
16
3 e/d are in units of 10' statcoulomb cm

Ion (1 ~ )R —", e/d' S„"
Z*/e=s»/(1 —q )

(16e/3d )
Cl'
C] 1-

0.64
55

0. 1985
0.1985

0.13 7.9
10.9 7.9

Al '
Al"
Al~

2. 27
2.79
3.30

0.1366 2. 6
0.1366 2.6
0.1366 2.6

8.4
6.8
5.8

See Ref. 13. bFrom Table I.

See Ref. 13. See Ref. 4.

tially shielded by the two electrons in each of four
bonds between a center atom and its four first
neighbors resulting in an effective lattice charge
Z* associated with each of the four first-neighbor
atoms. We note that the ion charge of Sb would

vary from + 5 for covalent bonding to —3 for ionic
bonding in the absence of electronic shielding.

We first apply the ion charge model to AISb.
The atomic antishielding factors have been com-
puted for different ionic states of Al by Langhoff
and Hurst" and are given in Table II. We see in
column 4 that larger effective charges than 5 are
required to produce agreement between Sff i i and
the experimental value of S» for Al" and Al
Al" gives approximate agreement between S» i
and the measured S» if a Sb first-neighbor charge
of 5 or 6 is used. In Table III, we choose the first-
neighbor charge to be 5 with the atomic antishield-
ing factors computed for the 3+ states. We note

close agreement between S» «,«and the measured
Sff at the Al, Ga, and In nuclear positions in the
seven compounds as shown in columns 6 and 7.
The antishielding factors for As ' and Sb ' have not
been computed and a comparison between S» i i,
and the measured S» is not possible. However,
using the ion charge model with the measured S»
we can estimate the 5+ antishielding factors as
given in Table III, column 8.

The close agreement between S» „„,and the
measured S» at the Al, Ga, and In nuclear posi-
tions in the seven compounds supports the assump-
tion that the ionic contribution to Sff is large com-
pared to the electronic contribution and therefore
also supports the Harrison-Phillips deformation
model. The close agreement was achieved by us-
ing charges of + 3 at the center Al, Ga, or In atom
and+ 5 at the first-neighbor atoms which are the
ion charges of covalent bonding. Therefore this
ion charge model is successful in predicting the
observed III-V compound S» values when ion

TABLE III. Comparison of the computed Sff itic with the measured S«
values in III-V compounds. Sff itic Sff and &3 e/d are in units of 10 stat-
coulombs cm

Nuclear
position

A1Sb

Ion
state 1-y„
A13' 3.3~

—", e/d'

0.1366

2*/e S« i onic Si 1

+5 23 26
(1 fg)

6~GaP

"CaAl
"Casb

Ga"
Ga
Ga

10.5b

10.5"
10.5"

0. 1948
0. 1746
0.1393

+5
+5
+5

10.2 9.5
9.2 9.1
7.3 6.1

«5I P
'"InAs
' "Insb

Ga "As
rn "As

Al' 'Sb
Ga 121Sb

In»1Sb

In+
In+

As"
As"

Sb+
Sb+
Sb5'

25 9
25 9c

25 9

0.1560
0.1419
0. 1161

0.1746
0. 1419

0.1366
0. 1393
0.1161

+5
+5
+5

+3
+3
+3

20. 2
18.4
15.0

19.7
16.7
13.1

13.2
13.0

13.5
10.7
12.3

25
31

33
26
35

See Ref. 13.
R. M. Sternheimer, Phys. Rev. 146, 140 (1966).

'R. M. Sternheimer, Phys. Rev. 159, 266 (1967).
See Ref. 4.
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TABLE V. Comparison of the computed S&«~«with
the measured S&, values for I-VII compounds. S«««,
Sf $, and +3 e/d are in units of 10 ' statcoulomb cm

Nuclear
position

Cu"Cl
Cu ~IBr
Cu ital

g3cucl
63cusr
"Cur

Ion
state

Cl'
Br i

ii

Cu'
Cu
Cu'

1-y
ssb

10lc
176'

18
18a
18'

+e/ds
S

0.1985
0.1711
0.1423

0.1985
0.1711
0.1423

Z~/e Sii loQe

+1
+1
+1

10.9
17.3
25.0

3.6
3.7
2.6

s ~

7.9
14.7
22. 6

6.0
4.5
4.7

«From Table I.
See Ref. 13.
R. E. Watson and A. J. Freeman, Phys. Rev. 135,

A1209 (1964).
R. M. Sternheimer, Phys. Rev. 146, 140 (1966).

charges, as if there were no electronic screening,
are used.

B. I-VII compounds

For I-VII compounds as CuCl, the same basic
types of chemical bonding are possible: (i) cova-
lent or homopolar with one electron from Cu and
seven electrons from Cl creating the electronic
bond and leaving ion cores of Cu" and Cl" and (ii)
ionic or heteropolar with Cu losing its electron to
Cl so that both atoms have closed electronic shells
and are ions with Cu" and Cl . The Cl ion charge
would vary from + 7 for pure covalent bonding to
-1 for pure ionic bonding in the absence of elec-
tronic shielding.

We first apply the ion charge model to Cu Cl.

The atomic antishielding factors for Cl~ and Cl'
have been computed by I.anghoff and Hurst' and
are given in Table IV. We note in column 5 that
the antishielding factor for Cl" produces a value
of S» „„,that is very much smaller than the mea-
sured S11 On the other hand, the Cl' antishield-
ing factor with a first-neighbor charge of + 1 gives
approximate agreement between S„„„,and the
measured S». Table V in columns 6 and 7 shows
approximate agreement between S» „„,and the
measured S» at Cl, Br, and I nuclear positions
when the charge of —1 antishielding factors are
used. At the Cu nuclear positions, the measured
S» are in better agreement with S» i i computed
with a first-neighbor charge of 1 than for large
integer charges. This behavior is in agreement
with the charge states used at the Cl, Br, and I
nuclear positions.

The approximate agreement between the mag-
nitudes of S» „„,and the measured S« in Table
V suggests that the computed atomic antishielding
factors are good approximations of the antishield-
ing factors in the solid. For the I-VII compounds,
this simple ion charge model predicts within 30%
or less the measured S,1 values at Cl, Br, and I
nuclear positions when ion charges as if there were
heteropolar bonding are used.

In conclusion, the ion charge model does predict
the magnitudes and variation of magnitudes of the
experimental S„from compound to compound in
III-V and I-VII semiconductors. The resulting ion
charge description of III-V compounds as approxi-
mately homopolar and I-VII compounds as approxi-
imately heteropolar supports the ionicity theories
of Phillips and Harrison.

~Work supported in part by the NSF.
~Present address: Electrical Engineering Dept. , Uni-

versity of Southern California, Los Angeles, Calif. 90007.
'J. C. Phillips, Rev. Mod. Phys. 42, 317 (1970).
2W. A. Harrison and S. Ciraci, Phys. Rev. B 10, 1516

(1974).
3R. J. Harrison and P. J. Sagalyn, Phys. Rev. 128,

1630 (1962).
R. K. Sundfors, Phys. Rev. B 10, 4244 (1974).

5R. K. Sundfors and R. K. Tsui, Phys. Rev. B 12, 790
(1975).

D. I. Bolef, Physical Acoustic (Academif, New York,
1966), Vol. 4A, Chap. 3.

~D. I. Bolef and J. G. Miller, Physical Acoustics (A,ca-

demic, New York, 1971), Vol. 8, Chap. 3.
W. D. Smith snd R. K. Soed&ors, Rev. Sei. Instrnm.
41, 288 (1970).

OE. A. C. Lucken, Nuclear Quadrupole Coupling Con-
stants (Academic, New York, 1969).

' M. H. Cohen and F. Reif, Solid State Physics (Aca-
demic, New York, 1957), Vol. 5, p. 321.

' Walter A. Harrison and J. Christopher Phillips, Phys.
Rev. Lett. 33, 410 (1974).

' O. Madelung, Physics of III-V Compounds (Wiley,
New York, 1964).

' F. W. Langhoff and R. R. Hurst, Phys. Rev. 139,
A1415 (1965).


