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Nuclear-magnetic-resonance studies of strain in isovalently doped GaAs
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The deviations from tetrahedral symmetry induced by indium substituting for gallium in GaAs
are probed by using nuclear magnetic resonance (NMR) to study the first- and second-order nuclear
quadrupole interactions of the arsenic and indium atoms. The indium atoms are found to be ran-

domly distributed on the gallium sublattice. The strain field is sufficient to a8'ect the NMR of either
0

the In or the As nuclei at distances of about 30 A from an In atom. Second-order nuclear quadru-
pole interactions in the As NMR are used to determine specific bond-angle distortions for the first
shells of atoms around an In atom.

I. INTRODUCTION

Isovalent impurities in III-V semiconductors have at-
tracted considerable research interest in recent years be-
cause of lattice hardening effects which result from their
incorporation at relatively high concentrations. For ex-
ample, the introduction of indium impurities in GaAs at
concentrations up to 10 cm has produced dramatic
reductions in dislocation density without significant loss
of semi-insulating properties. ' In order to understand
the mechanism(s) for the reduction of the dislocation den-
sity and to assess possible effects on the transport proper-
ties of the material, it is important to achieve a detailed
understanding of the incorporation of the isovalent im-
purities in the zinc-blende crystal lattice. It is particular-
ly important to characterize the stress or distortion in-
duced in the lattice by the presence of isovalent impuri-
ties. Because of their isovalent character, these impuri-
ties are not electrically active as dopants, they are not
paramagnetic, and they are not usually optically active.
The traditional transport measurements such as the Hall
effect yield little or no information concerning the iso-
valent impurities, and various spectroscopic techniques
such as electron paramagnetic resonance (EPR) and pho-
toluminescence (PL) cannot directly probe these isoelect-
ronic centers.

We have used nuclear-magnetic-resonance (NMR)
spectroscopy to probe the local structural environment of
isovalent impurities in GaAs. The isovalent (neutral)
character of the impurities assures that the nuclear elec-
tric quadrupole interaction, which senses electric field
gradients at the nuclear sites, will be determined primari-
ly by atomic displacements or bond-angle distortions in-
duced in the tetrahedral lattice by the presence of the im-
purity atoms rather than by interactions with large con-
centrations of charged impurities. For example, " In,

As, and Ga NMR spectra have been used to charac-
terize bond-angle distortions in the first few coordination
spheres surrounding the In atoms in GaAs:In and to

determine the longer-range spatial extent of the strain in-
troduced by the isovalent impurity atoms.

The structural information derived from these NMR
studies of dilute alloys complements the results of the ex-
tended x-ray absorption fine structure (EXAFS) studies of
the more concentrated Ga, „In,As alloys carried out by
Mikkelsen and Boyce. Their seminal work showed that
the GaAs and the InAs bond lengths vary by less than
2% across the alloy system and provided measurements
of the next-nearest-neighbor separations (Ga-Ga, Ga-In,
In-In, and As-As). The cation-cation separations for
various compositions of the alloy were found to approxi-
mate the distances expected under the virtual crystal ap-
proximation (VCA) while the anion-anion (As-As) separa-
tions had a bimodal distribution around the values for the
GaAs and InAs lattices. The NMR measurements are
found to be consistent with several of the principal
EXAFS results including the measured values of next-
nearest-neighbor distances and the observation that most
of the distortion which occurs in this lattice mismatched
alloy is accommodated in the common or pure (anion) As
sublattice.

II. APPLICATION OF NMR TO SEMICONDUCTORS

Nuclear-magnetic-resonance spectroscopy can provide
valuable information concerning short-range (primarily
near neighbors) structural configurations in solids. The
dipole-dipole, electric quadrupole, and chemical shift in-
teractions can shift, split, or broaden the NMR spectrum,
and it is these interactions of the resonant nuclei with
neighboring nuclear magnetic moments, ions, or bonding
electrons which serve as local probes of the nuclear envi-
ronment. For example, the chemical shift arises because
of paramagnetic and diamagnetic interactions between
electrons around a nucleus and the applied magnetic field
which produce an additional local magnetic field at the
nuclear site. En its simplest manifestation the chemical
shift can be treated as a scalar whose magnitude provides
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a measure of the relative ionicity of the chemical bonds
which involve the resonant nuclei.

Recently, Akimoto, Mori, and Kojima have studied
Al chemical shifts in Al Ga, As and have inferred

that the Al—As bond strength decreases with increasing
aluminium content x. It is also possible to distinguish
different bonding configurations on the basis of their
chemical shifts. Beshah et al. have shown that various
structural units can be distinguished from each other in
Hg Cd& Te alloys and have suggested on the basis of
their NMR rneasurernents that the relative concentra-
tions of these structural units depart from the values ex-
pected for a random alloy.

In contrast, the quadrupolar interaction, which in-
volves the interaction of the nuclear electric quadrupole
moment with electric field gradients (EFG's) at the nu-
clear site, can distinguish different bonding configurations
only on the basis of different symmetries. For example,
in an alloy with tetrahedral bonding, A B& „C, the qua-
drupolar interaction readily distinguishes between A4C
and A3BC configurations, but not between A&C and 84C
configurations. However, of overriding importance to
the present work is the fact that quadrupolar interaction
is extremely sensitive to small deviations from symmetry
(bond-angle distortions on the order of 0.01') and there-
fore can be used for quantitative measurements of bond-
angle distortions.

Early studies of binary III-V semiconductors by cw
NMR spectroscopy and nuclear acoustic resonance
(NAR) techniques established the roles of the dipolar in-
teraction, the indirect exchange interaction between un-
like spins, the pseudodipolar interaction, and the quadru-
pole interaction in determining the second moments of
the NMR lines in these zinc-blende structure crystals.
More recently, Cueman et al. have used pulsed NMR to
detect the effects of very small concentrations of charged
defects on the second moment of the NMR lines in
GaAs. All of these studies utilized crystals in which the
perturbations of the NMR were relatively small, and
manifested themselves as changes in the second moment
of a single resonance line. The second moments of the
resonance lines reported in (7) and (9) for the As reso-
nance were of the order of 1 —10 G. This range of
second moments is consistent with those reported using
NAR '

A more direct antecedent of the present investigation is
the work of Rhoderick, who observed the effects of large
concentrations of substitutional impurities on cw NMR
line intensities in III-V compounds. ' Rhoderick's stud-
ies involved the doping of InSb and GaAs with either
charged or isovalent (neutral) impurities at concentra-
tions ranging up to 10 crn . He found that the EFG's
induced at the nuclear sites surrounding both charged
and isovalent impurities produced quadrupole interac-
tions which removed intensity from the NMR lines. This
intensity loss increased with increasing impurity concen-
tration and it was determined that the concentrations of
charged impurities on the order of 10' cm were
sufhcient to affect the In resonance for every In atom in a
sample of InsB. Correspondingly, the concentration of
isovalent impurities required to cause a comparable in-

tensity decrease in InSb was of the order of 30 times
higher.

Rhoderick also performed experiments using the Ga
NMR in In-doped GaAs which closely parallel the work
discussed here. In this system he found that the distor-
tions introduced in the crystal lattice by isovalent In im-
purity concentrations of the order of 10 cm were
sufhcient to affect the NMR of every Ga atom in a sam-
ple of GaAs. Specifically, the impurity-induced distor-
tions produce first-order quadrupole interactions which
are of sufhcient magnitude to split out the m =+—,

' to +—,
'

satellite transitions at every site. From these results he
inferred a sphere of inhuence or strain radius surround-
ing an isolated In impurity in the GaAs lattice.
Rhoderick's and other previous studies were subject to
several limitations which are much less severe in the
present work. In this work very high-quality semi-
insulating single crystals were used, while in previous
work less pure, and in some cases powdered samples,
were studied. In the current work much higher magnetic
fields which increase signal-to-noise ratio and permit ob-
servation of second-order effects are used. The pulse
techniques used in these experiments also increase sensi-
tivity and allow emphasis of particular transitions. Thus
it has been possible to investigate the orientation depen-
dence of features in the NMR line shape and to detect the
satellite transitions which have been shifted out from the
central resonance by the quadrupole interaction. " The
increased sensitivity also allows us to observe the NMR
of impurity atoms and to resolve features attributable to
a single shell of atoms around that impurity atom.

III. THE NUCLEAR ELECTRIC
QUADRUPOLE INTERACTION

The Zeeman interaction between the magnetic dipole
moment of a nucleus with spin I and an applied static
magnetic field H produces a series of 2I+1 equally
spaced quantized energy levels with multiplicity deter-
mined by m =I,I—1, . . . ,

—I. Resonant transitions be-
tween these levels governed by the selection rule 5m =+1
result in an absorption line at the Larrnor frequency
given by

2mvo=yH .

Nuclei having spin greater than —, (this includes all
group-III and group-V elements except P) have an elec-
tric quadrupole moment which will couple to an EFG at
the nuclear site. This quadrupole interaction causes
shifts in the NMR spectrum which can provide valuable
information concerning the local bonding configuration.
At an unperturbed lattice site the EFG will be zero and
there will be no quadrupole interaction. In the experi-
ments described here the interaction of the nuclear elec-
tric quadrupole moment Q with the EFG is used to probe
lattice distortions lntloduced by lsovalent lrnpur'ltles. Be-
cause of the difference between the In—As or Ga—Sb
bond lengths and the Ga—As bond lengths of the host
lattice, the lattice sites in the vicinity of the impurity
atoms in In- or Sb-doped GaAs will deviate from perfect
symmetry and have a nonzero EFG.
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v& =3eV„Q /2I(2I —1)h

il=( V,y
—V„.)/V„,

(2a)

(2b)

where the V;; are the components of the EFG tensor. For

The matrix describing the interaction between the
EFG and the nuclear electric quadrupole moment may be
diagonalized and has a trace of zero. The z axis is taken
to be the direction of maximum field gradient and the x
axis the direction of minimum field gradient. The two
parameters characterizing the quadrupole interaction are
the quadrupole coupling constant, v& and the asymmetry
parameter' g, which are given by

a site having an n-fold rotation axis or a rotation-
reAection axis with n )2, g=O and, as noted above, at
high-symmetry sites such as those having tetrahedral
symmetry, V„=O.

In the work reported here the quadrupolar interactions
are much weaker than the Zeeman interaction and there-
fore a simple perturbation expansion may be used to de-
scribe them. Slight deviations from tetrahedral symme-
try are well described by first-order terms which split the
satellite transitions (e.g., m =+—,'to + —,') out of the cen-
tral resonance, while larger deviations produce noticeable
second-order e6'ects which shift the central resonance.
The first- and second-order frequency shifts are

5v'"= —
—,'(m —

—,')v&(3 cos 8 —1 —
rI sin 8cos2$),

5v' '=(v&/12vo)[ —', sin 8[(a+P)cos 8—P]+il cos2$ sin 8[(a+P)cos 8+P]

+il /6[a —(a+4P)cos 8—(a+P)cos 2/sin 8]]

(3)

(4)

where

a =24m (m —1 ) 4I(I + 1)+9—

and

P= —,'[6m(m —1) 2I(I+1)+3]—.
Note that by varying the resonant frequency vo, we can
readily distinguish between chemical shifts (proportional
to vo), first-order quadrupolar effects (independent of vo),
and second-order quadrupolar effects (inversely propor-
tional to vo).

IV. EXPERIMENTAL PROCEDURES

A. Samples

The experiments described here were performed on
semi-insulating crystals of GaAs which were grown by
the liquid encapsulated Czochralski (LEC) technique.
The samples and some of their properties are listed in
Table I. Sample Nos. 1 —4, 6, and 7 were provided by the
Air Force Wright-Patterson Materials Research Labora-
tory (AFWMRL) and sample No. 5 is a sample from
Westinghouse Research Center. The growth techniques
employed routinely produce crystals with extremely low

I

residual concentrations of electrically active impurities.
The concentration of isovalent impurities in all samples
was determined by secondary ion mass spectroscopy
(SIMS) and in those samples having concentrations of iso-
valent impurities high enough to produce a significant
shift of the band edge, the SIMS results were confirmed
by photoluminescence measurements.

The resistivities, listed in Table I, are all high, indicat-
ing that added impurities have been incorporated as iso-
valent centers and that the samples have low concentra-
tions of charged centers. In the unlikely circumstance
that the high resistivities of our samples are actually due
to compensation, and that the spread of resistivities in
the samples is indicative of variations in the degree of
compensation (and in the concentration of charged
centers) one would expect variations in the NMR line
shape which correlate with the variations in resistivity.
However, no observable eA'ects on the line shape correlat-
ed with resistivity; all of the trends in the quadrupolar
broadening observed in these NMR experiments correlat-
ed with the level of isovalent doping. In addition, the ex-
periments performed by Rhoderick showed that the
grinding procedure alone produced a loss of intensity in
the NMR signal which was attributed to strain induced
by dislocations. Finally, in a previous study, ' we found
no observable di6'erence between first-order broadening

TABLE I. Properties and growth conditions for GaAs samples used in the NMR studies reported in
this paper.

Sample

No. 1

No. 2
No. 3
No. 4
No. 5
No. 6
No. 7

Dopant

In
In
In
In
In
Sb
Sb

Concentration
(cm ')

1X 10'
1x10"
1 x10"
7 x10"
2X 10
1x10"
1x10"

Resistivity
(Q cm)

1.1 X 10
4.4X 10
6.4X 10
4.0X 10
2.0X 10
5.4X 10
2.2X 10

Growth
conditions

As rich
As rich
Ga rich
As rich
As rich
Ga rich
As rich
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due to Sb on the As site and In on the Ga site (which we
focus on in this work). For these reasons we conclude
that the quadrupolar broadening observed in our NMR
experiments is attributable to the strain induced by the
isovalent impurities and that the effect of charged centers
is insignificant.

B. NMR technique

The NMR measurements were carried out at room
temperature using pulse spin echo techniques. The
pulsed rf system included a Wavetek frequency synthesiz-
er, a Matec model 515 gated amplifier, a Matec model
615 broadband receiver with a tuned preamplifier, and
auxiliary equipment operating in a single coil, phase
detection mode. Free induction decay curves and spin
echo data were signal averaged and then transferred to a
computer for fast Fourier transform (FFT) processing to
obtain the resonant absorption spectra in the frequency
domain.

High intensity static magnetic fields were generated by
several superconducting magnets operating between 6
and 13 T. The field was varied to distinguish frequency-
dependent (proportional to 1/vo) second-order quadru-
pole broadening from the frequency-independent first-
order effects and to sharpen the second-order broadened
spectral features.

Sample volumes were kept small to limit the effects of
field inhomogeneity on the observed line shapes. The
0.7-mm-thick semi-insulating GaAs wafers were cleaved
into rectangles and stacked so the single crystal orienta-
tion was maintained. A typical sample consisted of a
stack of three rectangles with a length of 3 mrn and a
width of slightly less than 3 mm. The rf transmitter-
receiver coil which accommodated these samples was cy-
lindrical, about 5 mm in length with a diameter of 4 mm.
The sharp contrast between the widths, spin-lattice, and
spin-spin relaxation times of the narrow central portion
of the NMR spectra and the very broad first-order quad-
rupole satellite transitions made it necessary to acquire
data using several different pulse sequences in order to
obtain accurate representations of all portions of the
NMR spectra. A pulse echo technique was used to study
the broad central resonance signal. This broad resonance
was found to decay in 10—40 ps, a time comparable to
the width of the pulse plus the dead time of the receiver
( ( 15 ps). The 90' pulse widths were of the order of 3 ps.
This implies that the fields generated (assuming a square
pulse) were of the order of 10 T. Several pulse se-
quences were used. The results of the various pulse se-
quences were in substantial agreement with the predic-
tions of Kanert and Mehring for a 90'-P' pulse se-
quence. ' An additional pulse sequence of 45 -90' was
sued to emphasize the second-order broadened features of
the lineshape. ' The most common pulse sequences used
in this study were the 90-60 sequence and 90-24 se-
quence which maximized the total echo for spin- —, nuclei
( Ga and As) and spin- —,'nuclei ('' In), respectively.
Other useful pulse sequences were the 90'-105 sequence
which gives only the satellite transitions and the 90 -180'
sequence which gives only the central transition in the

echo.
A 90' pulse was judged as the minimum (first) pulse at

which a null in the free induction decay (FID) following
the second pulse was observed. This condition was not
always rigorously obtained but in every case a sharp
minimum was obtained. The fact that a null was not ob-
tained is due to some lack of homogeneity in the rf mag-
netic field but this effect is small. For all of the samples
except the most heavily doped one (sample No. 5) the
broad portion of the line shape was less than 100 kHz,
which is nominally the coverage of a 10 -T rf field for
the As nucleus. The Fourier transform was initiated
from the nominal maximum of the echo and, with small
linear phase corrections, the result was a reasonably sym-
metric line shape with a Oat base line.

Most NMR studies of semiconductors have been car-
ried out on the major constituent nuclear species and rel-
atively few studies of the impurity or dopant atoms have
been reported. However, the high sensitivity afforded by
the pulse and signal averaging techniques and the Larmor
frequencies made accessible by the available magnetic
fields make it possible to observe the " In NMR line in
our most heavily doped GaAs samples. One important
question to be addressed by the impurity NMR was the
possibility of clustering of the In atoms. If the In atoms
are clustered or paired, one would expect them to be on
sites of reduced symmetry and therefore to experience
substantial quadrupolar broadening. On the other hand,
if the In atoms are isolated the symmetry of the site
should remain tetrahedral although, as we see below, the
In atom will induce significant strain fields which distort
the symmetry of neighboring lattice sites.

In Fig. 1 the " In spectra for our most heavily In-
doped sample is shown. The spectrum is comprised of
two components: a sharp central line with a full width at
half maximum (FWHM) of 4. 1 kHz and containing about
20% of the intensity, and a broad component,
FWHM=53. 6 kHz, containing about 80%%uo of the intensi-
ty. The observed intensity ratio corresponds reasonably
well to the ratio of satellite to central line intensity
(85%%uo:15%) expected for an I=—,'system such as indium.
Previous investigations on undoped InAs gave a sharp
line (FWHM=3. 1 kHz) with the width primarily due to
heterogeneous dipolar interactions with the four nearest-
neighbor As nuclei as well as exchange interactions in
reasonable agreement with our result. '

We attribute the broad component to the first-order
quadrupolar effects from overlapping strain fields of In
atoms, randomly distributed on the gallium sublattice
and assume that the strain at a given In atom is due pri-
marily to the nearest-neighbor In. Using an elastic con-
tinuum model the strain at a lattice site due to a point de-
fect gives an electric field gradient

V„=3SS11/(2r )J' (5)

where

S= ,'ro(rp —ro)(1+ v~ )/—(1—v„),
with ro the GaAs bond length, r the InAs bond length,
and v, Poisson's ratio of elastic constants. 5» is one ele-
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ment of the tensor which couples the electric field gra-
dient to the elastic strain (for this work we use the value
of S» measured for Ga in GaAs and scale it by the ra-
tio of Sternheimer antishielding factors for In and Ga)
and f is a function of the direction of the magnetic field
and the direction vector between In atoms; for simplicity
we take the magnetic field to be along the [100] crystallo-
graphic direction and f reduces to

f = —[1—(x;/r, ) ],
where x, represents the component of the distance r,.

along the [100] direction. To calculate a line shape we
take a random distribution of indium atoms and for each
find its nearest neighbor and calculate the strain (and
electric field gradient) due to it. This gives us a broad
line shape with some sharp, angularly dependent, struc-
ture superimposed on it. We convolute this line shape
with a Lorentzian function which removes the sharp
structure and its angular dependence without widening

the line appreciably. The Lorentzian function is a simple
model of a number of factors, including strain from
atoms further away than the nearest neighbor, dipolar
effects, and exchange interactions. To remove the sharp
structure requires a width of about (m ——,') 10 kHz —that
is, 10 kHz for —,

' to —,', 20 kHz for —', to —,', and so forth.
Assuming that the dipolar and exchange terms give about
4 kHz, most of the broadening is due to strain from other
indium atoms. From our simple calculation we expect
the strain from the second-nearest neighbor to be about
half of that from the nearest-neighbor indium, in reason-
able qualitative agreement with our results. As can be
seen in Fig. 1, the broad portion of the line is reasonably
well modeled by this simple calculation which, other than
the convolution function, has no adjustable parameters.
This clearly indicates that the In atoms are not clustered
but rather randomly distributed.

VI. BOND-ANGLE DISTORTIONS
IN THE VICINITY OF In IMPURITY ATOMS:

SECOND-ORDER QUADRUPLE INTERACTIONS

The As nucleus has a substantial quadrupole moment
and also exhibits strong quadrupolar effects if located on
a distorted lattice site. ' Furthermore, As chemical
shifts vary little for As-containing III-V binaries and
therefore should not differ appreciably for As atoms at
various positions in GaAs:In. In Fig. 2 we show the

As spectra for two samples with different In concentra-
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FIG. 1. Top, the '"In NMR spectra of GaAs:In at 41.9 MHz
and bottom, the calculated fit (narrow line) to the satellite com-
ponent of the In NMR data (broad line) shown above.

FIG. 2. The As NMR spectra of the two samples with the
highest indium concentrations (a) 7 X 10' In/cm' and {b)
2X 10 In/cm . (c) is the spectra in (b) reduced to show the rel-
ative intensities of the second-order features, indicated by ar-
rows, and the central line.
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tions. The pulse sequence (a 45 pulse followed by a 90'
pulse) accentuates the central transition. ' Of particular
interest are the relatively weak features on either side of
the strong central resonance. " These features are shown
to be due to second-order quadrupolar shifts of the cen-
tral transition by varying the Larmor frequency and ob-
serving that the shifts increase with decreasing frequency.

A first consideration is that these features might be due
to the four As atoms around the substitutional In atom
and it is important to firmly establish that those atoms
are not the origins of these features before proceeding.
For these four nearest-neighbor arsenic atoms the only
distortion which is consistent with the high symmetry of
the In atom is a simple trigonal (111)distortion. How-
ever, a trigonal distortion is not consistent with the ob-
served dependence of these features on the orientation of
the magnetic field. For the particular orientation [100]
shown in Fig. 2 only one peak would be observed for a
trigonal distortion rather than the two observed. Furth-
ermore, we can readily see [by substituting 8=0 or 109.5
and r) =0 into Eq. (4)] that for Ho parallel to the (111)
direction no second-order shift would be observed for the
trigonal distortion, while we detect two peaks.

On the other hand, the next-nearest-neighbor arsenic
atoms to the In atom will have reduced symmetry while
still retaining one I 110I mirror plane. For high-
symmetry directions the observed angular dependence is
consistent with an EFG having a (110) direction as the
principal axis. (In this symmetry argument we neglect
the azimuthal dependence. ) For Ho parallel to the [100]
direction, an EFG with a (110) principal axis has 8=45
or 90' and two shifts having a ratio of —7:4 and an inten-
sity ratio of 2:1, respectively, which is approximately our
observation. With Ho parallel to a (111) axis we then
expect two peaks of equal intensity on either side of vo,
with the shift to higher frequency 60 of that to lower fre-
quency, again in agreement with our data.

Having established the principal axis as the (110) by
symmetry arguments, the angular dependence is then fit
by a quadrupole coupling constant v& of 2.5 MHz and an
asymmetry parameter, g=0.2 (the y axis is another
(110)). Note that the inclusion of the azimuthal depen-
dence (nonzero g) does not affect the intensity ratios for
high-symmetry directions discussed above but does affect
the relative shifts. The results of this fit to Eq. (4) are
shown in Fig. 3. While we emphasize that the assign-
ment of these features to next-nearest neighbors is based
on their orientation dependence, we further note that the
intensity of these features is also consistent with this as-
signment. We compare the intensity of the second-order
features with that of the sharp central line which contains
almost all of the (—,

' to —
—,') transitions and very little

response due to satellite transitions. Because our intensi-
ty arguments are based solely on comparison of the rela-
tive intensity in the weak second-order shifted features ( —,

to —
—,') and the central line (—,

' to —
—,'), the fact that the

pulse sequence accentuates the —,
' to —

—,
' transitions rela-

tive to the —,
' to —,

' transitions does not invalidate the inten-

sity comparison. In the case of our most In-rich sample
4% of the As atoms are nearest neighbors to an In atom,
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FIG. 3. The angular dependence of the second-order struc-
ture shown in Fig. 2. The lines indicate a fit of the second-order
shifts to Eq. (4) with g=0.2 and v& =2.5 MHz.

while 12%%uo are next-nearest neighbors. While it is
difBcult to make extact intensity measurements due to
uncertainties in the base line, we estimate that the inten-
sity in these features is 10% of that in the central line,
a result clearly consistent with an assignment to the
next-nearest-neighbor As atoms rather than the nearest
neighbors.

Knowing the v& and the asymmetry parameter for the
next-nearest-neighbor As atoms, we can estimate the
magnitudes of the distortions around those atoms and the
distortions around atoms on other shells. The recent
EXAFS studies of Ga, In As alloys by Mikkelsen and
Boyce have shown that the Ga—As and In—As bond
lengths vary by less than 2% across the alloy system.
They also estimate bond-angle deviations on the order of
a few degrees for a 50-50 alloy. Sundfors, Tsui, and
Schwab have used nuclear acoustic resonance (NAR) to
determine the elements of the tensor which couple EFG
to the elastic strain. In this work we use their experi-
mentally determined parameters, S;, to convert the
EFG's into macroscopic strains, e,", and in turn convert
the strains into microscopic bond-angle distortions. In
our calculation we consider a cube with the As atom at
the center and Ga atoms on four corners as shown in Fig.
4. Two of the Ga atoms are nearest neighbors to the In
atom, one is a second-nearest neighbor, and one is a
third-nearest neighbor. We assume that the largest
bond-angle distortion is at the angle between the two
nearest-neighbor Ga atoms and the As atom and for sim-
plicity we treat the other two Ga atoms as equivalents.
The principal axes of the EFG tensor are [110], [110],
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and [001];for this calculation we transform that tensor to
standard Cartesian coordinates to give

V» =
—,'( I+rI) V„=S11[ell——,'(@22+@33 ],

V22 4( I + 9 ) Vzz Sll [~22 T(~11+~33)]

V33 ( I + 9)Vzz Sl1 [~33 2 (~11 ~22)]

V,2= V2, =
—,'(3 fI)—V„=S44e12=S44e2, ,

0 0 0 e)q 0

0 e)) 0 + e,~ 0 0

0 0 e» 0 0 @33
—e»

The first term is a uniform dilation which has no effect on
the electric field gradient; the elements of the second
strain tensor are then

@12 —(3—
2l ) V„/S44 (9a)

and

and all other terms equal to zero. We can easily show
that 6'&

&

= cpp and that the strain may be written as the
sum of two tensors;

sen and Boyce obtain for the InAs bond length in GaAs-
rich GaAs:InAs alloys. The EFG should be roughly
proportional to the difference between the bond angle and
109.5 and, since the structures observed are second or-
der, the shifts from the center of the spectra should scale
as the deviations in bond angle squared. From this sim-
ple argument, we would expect the second-order quadru-
polar shifts of the four nearest-neighbor As atoms to be
about 40% of those of the 12 next-nearest neighbors. In
our current measurements the combination of weaker in-
tensity due to a third as many As atoms and the smaller
shift away from the strong central line could render the
signature of the nearest neighbors unobservable. Furth-
ermore, if the S, are actually somewhat smaller and
those determined from NAR measurements, the bond-
angle distortions around the next-nearest-neighbor As
atoms would in turn be larger and those around the
nearest neighbor would be smaller which would certainly
leave the structure due to the nearest neighbors under the
central line. Finally we calculate the angle between the
nearest-neighbor As, the nearest-neighbor Ga, and the
next-nearest-neighbor As (03 in Fig. 4) to be 109.6',
which explains why no second-order structure is observed
in the Ga spectra. This is very consistent with the EX-
AFS data which indicate that As-As distance depends

E33 E 1 1 ( 1 + 21 ) V„ /S» (9b)

From his NAR measurements, Sundfors has determined
S]]:0.93 X 10 dyn cm and S44:1.88 X 10
dyn' cm for As in GaAs. We note that these pa-
rameters have also been derived from external stress ex-
periments however, while the NAR and external stress
give similar results for rocksalt crystals, the results of the
two methods differ significantly for zinc-blende com-
pounds. ' Furthermore, the external stress experiments
on zinc-blende crystals give results which differ
significantly from compound to compound. For instance,
while we would expect similar S, of As in GaAs and
InAs, in GaAs (InAs) S 1 1

= 2. 0 X 10' (0.8 X 10' )

dyn' cm and S44=5.8X10' (0.2X10' ) dyn'~ cm
for As when measured by applying an external stress.
The NAR results for As in InAs are only a few percent
different than those for GaAs. Note that even the ratio
S»/S44 differs by over an order of magnitude when
determined by external stress measurements. For these
reasons, we choose to use the strain-EFG coupling pa-
rameters determined by the NAR experiments of Sund-
fors. Using Eq. (9) and our measured EFG we then deter-
mine e,&=0.0147 and @33

—e»= —0.0242. To convert
these strains to bond-angle distortions, we add in a uni-
form dilation, e», which allows us to keep the Ga—As
bond lengths equal to those in pure GaAs, as indicated by
the EXAFS data of Mikkelsen and Boyce. This yields
e', ,

= —e33=0.0121 and O, =cos '[1——', (1+@',2 +2e, l)]= 112.7' or 501=3.2 and 02 =cos '[1—4 (1 —e,2

+2e» ) ] = 110.2' or 592 =0.7'. From our measured
value of 0& we then calculate a value of 107.5 for the an-
gle between the In atom, the nearest-neighbor As atom,
and the nearest-neighbor Ga atom if we assume that the
In—As bond length is 2.585 A—the value which Mikkel-

Q
In As Ga

FIG. 4. The relative positions of the first shells of As and Ga
atoms to each other in a basic tetrahedron and a six member
ring which includes the three atomic species in GaAs:In. The
specific bond angles discussed in the text are also shown.



NUCLEAR-MAGNETIC-RESONANCE STUDIES OF STRAIN IN. . . 12 519

only on the intervening cation. Therefore, since the Ga-
As distances and the As-As distancs are the same as
those in GaAs, the angle should also be tetrahedral.

VII. SPATIAL EXTENT OF THE STRAIN FIELD:
FIRST-ORDER QUADRUPOI. AR INTERACTIONS
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FICx. 5. The 'As NMR spectra of GaAs:In having various
indium concentrations as indicated in the figure.

The As NMR spectra for four GaAs samples with In
concentrations ranging from 2 X 10' to 2 X 10 cm are
shown in Fig. 5. These spectra were obtained using a
90'-60' pulse sequence which gives equal weight to the
central and satellite transitions and should therefore
closely approximate a cw %MR spectrum. In these spec-
tra the second-order features due to the next-nearest-
neighbor As atoms are not so obvious, but the first-order
satellite transitions are observed as wings or shoulders in
the case of dilute or concentrated samples, respectively.
The shapes or widths of these broad wings or shoulders
are independent of the Larmor frequency and crystal
orientation relative to the magnetic field, indicating that
they are produced by first-order interactions and that
they are qualitatively similar to powder patterns and the
In spectra discussed in Sec. V. The line shape can be un-
derstood on the following basis. Each As atom on a rela-
tively distant coordination sphere surrounding an isolat-
ed impurity atom will experience a strain of identical
magnitude which is a decreasing function of the radius r
of the coordination sphere. The quadrupole interaction is
also a function of the angle between the principal axis of
the EFG tensor and the applied magnetic field. The line
shape here is qualitatively similar to that observed for the

indium nuclei; however, the details of the analysis are
somewhat difFerent. In the case of the indium nuclei both
the source of the strain field and the resonating nucleus
are on the same sublattice and the question of how the
strain was distributed between the two sublattices never
entered the analysis; i.e., the scale of distances in Eq. (5)
was simply the bond length. In the case of the arsenic
resonance, where the center of the strain field and the
resonating nucleus are on opposite sublattices, the distri-
bution of strains between the cation and anion sublattices
is an additional parameter. The length scale (and, hence,
the frequency scale) is not established a priori, as it was
in the case of the indium NMR.

The smallest coupling constant observable is that for
which the first-order splitting of the satellite transitions
just exceeds the width of the central resonance (1.5 kHz).
Thus that portion of the wings or shoulders just outside
the central resonance is contributed by the most distant
atoms for which the distortion is sufticient to produce an
observable quadrupole interaction. (For the present pur-
poses we define the separation of these atoms from the
impurity as the spatial extent of the strain field. ) Con-
versely, the largest observable coupling constant is deter-
mined by the splitting or shift for which the diminishing
tails of the first-order wings are just distinguishable from
the noise. As reported in Sec. VI, the quadrupole cou-
pling constant for the next-nearest-neighbor As atoms,
measured from the NMR spectra of Fig. 2 is 2.5 MHz.
Knowing the quadrupole coupling constant for the next-
nearest-neighbor As atoms, which constitute the second
coordination sphere of the As atoms surrounding an In
impurity, one can use the isotropic continuum approxi-
mation' (which assumes that the strain and the quadru-
pole coupling constant drop off as r ) to calculate the
coupling constants for all of the As coordination spheres.
This r distribution of coupling constants can then be
used to simulate the first-order satellite line shape for the

As NMR spectra. The line shape of the first-order
wings has been simulated by calculating the expected
coupling constant for each As coordination sphere on the
r model (assigning a value of 2.5 MHz for the second
coordination sphere) and weighting the powder pattern
intensity for each of these coupling constants according
to the number of As atoms on each coordination sphere
as calculated for the zinc-blende lattice. [It can be shown
analytically that the line shape generated by such a nu-
merical simulation corresponds to satellite intensity dis-
tributions which are proportional to Avo where hvo is
the frequency shift from the Larmor frequency
(b vo= vo —v).]

The Avo line shape is compared to the experimentally
observed As NMR line shape for samples with three
different In dopant concentrations in Fig. 6. It is evident
that the line shape for In concentrations of 1 X 10' cm
or lower are well fitted by this approximation. It is possi-
ble to determine from the simulation that the smallest ob-
servable first-order interaction, i.e., where the first-order
satellite wing just merges with the central line, corre-
sponds (in the r model) to the 50th coordination sphere
of the As sublattice (radius of 28 A). Thus simulation of
the first-order line shape indicates that the effects of the



%'. E. CARLOS, S. Cx. BISHOP, AND D. J. TREACY 43

~~
fh

4)
c
K
K

18
x10 In

19
x10 In

10 20 30
v - v (kHz)

40

FICx. 6. A fit (narrow line) of the first-order wings to a hvo
dependence. Note that for high concentrations the wings devi-
ate near Avo=0 due to atoms relatively far from an In atom and
therefore more aA'ected by overlapping strain fields.

strain introduced by an isolated In impurity atom are ob-
servable as a quadrupolar perturbation of the As NMR
spectrum at distances up to 28 A from the In atom.

An independent estimate or confirmation of the extent
of the strain field can be inferred from the expectation
that these 56-A-diam spheres should just begin to have
significant overlap at a concentration of 1X10' cm
(In-In separation of 46 A). As expected under this work-
ing hypothesis, the r or hvo line shape fits spectra for
all samples with In concentrations below this level. How-
ever, at higher concentrations substantial overlap of
spheres of induced strain occurs (In-In separation of 24 A
for 7 X 10' cm ) and the first-order line shape develops
distinct shoulders indicating that the strain at distant As
atoms does not drop below some minimum value because
of the e8'ects of overlapping strain fields (see Figs. 5 and
6).

It should be emphasized that the fact that we have
fitted the assumed r curve for the spatial dependence
of the quadrupole coupling constant to the 2.5-MHz
value measured for the next-nearest-neighbor As atoms
does not mean that we believe that the strain follows an
r power law exactly to such short range. Our
justification for making this assumption in our working
hypothesis is that for distant atoms which contribute to
the observed satellite wings the procedure works well for
In concentrations less than 1 X 10' cm (i.e., concentra-
tions for which the In atoms can be treated as isolated
impurities with little overlap in their strain fields).
Another independent confirmation of the estimated spa-
tial extent of the strain field is provided by the depen-
dence of the relative intensities of the central resonance

and the first-order wings upon In concentration. If the
radius of the sphere of inhuence estimated from the line
shape is correct, then at a concentration of 1 X 10' cm
the overlapping strain fields are just su%cient to remove
all first-order satellite intensity from the narrow central
resonance. That is, every As site in the crystal will ex-
perience a distortion at least large enough to split out its
first-order satellite transitions. (Note that 40% of the in-
tensity is contained in the m =

—,
' to —

—,
' transitions and

60% in the satellite transitions for a spin- —, nucleus. )

Therefore the intensity of the central resonance divided
by 0.4 should approximately equal the total intensity.
Our total observed intensity for the sample having an In
concentration of 1 X 10' is only about 90% of that which
is expected on this basis. The missing 10 Jo of the intensi-
ty is explained as follows. The largest observable first-
order quadrupole interaction (maximum width of the sa-
tellite wings) corresponds to atoms on the 12th coordina-
tion sphere of the As sublattice. All As atoms with in
this sphere (i.e., closer to the In atom) have too broad a
first-order satellite line to be observable. The 12th coor-
dination sphere encloses a total of 240 As atoms (for each
In impurity atom) which for an In concentration of
1X10' cm corresponds to about 10%%uo of the As atoms,
consistent with the magnitude of the missing NMR inten-
sity. The arguments based upon the intensities of the sa-
tellite transitions are consistent with the results of Rho-
derick, who has reported cw NMR derivative spectrosco-
py of samples of crystalline GaAs:In. He measured the
intensity of the observed central Ga resonance as a
function of In concentration and found that it was re-
duced to 40% of its value in undoped GaAs at concentra-
tions between 1 X 10' and 1 X 10 cm

VIII. CONCLUSIONS

In summary, we have demonstrated that the In atoms
in GaAs:In are randomly distributed at substitutional
sites and suggested that the same may be true for other
isovalent impurities. By observing the strain-induced
quadrupolar interactions between neighboring In atoms
we are able to determine an average separation and there-
fore conclude that the In atoms are randomly distributed.
By measuring the As NMR we are able to examine the
distribution of strain in the lattice and find that the strain
induced by these substitutional impurities is observable
over distances of about 30 A. Using a result from NAR
experiments which give the relationships between strain
and electric field gradients at the nuclear sites we can use
our observed second-order quadrupolar shifts in the As
NMR spectra to deduce the bond-angle distortions for
the next-nearest-neighbor shell of As atoms around the
substitutional In atom. From this we derive bond-angle
distortions around the first shells of Ga and As atoms.
The results give significantly smaller bond-angle distor-
tions for both near-neighbor shells which is consistent
with our own null results and with previous EXAFS re-
sults for more concentrated alloys which indicated that
the As-As distances should be unperturbed.
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