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Nuclear acoustic resonance (NAR) and nuclear magnetic resonance (NMR) are used to study the line-
widths, second moments, and line shapes of nuclear-spin systems of InAs, InSb, GaAs, GaSb, and AlSb.
These cw measurements are made at frequencies of 8-10 MHz and at 300°K in single crystals with intrinsic
or near intrinsic concentrations of impurities. Different NAR and NMR linewidths for the same nuclear-spin
system are explained by the different interaction Hamiltonians for spin-phonon and spin-photon couplings
to the nuclear-spin system. When the magnetic field is along (001) directions, the resonance line shapes are
broadened by dipole-dipole and isotropic nuclear-exchange interactions. When the magnetic field is rotated
from (001) directions, increased broadening of the resonance line shapes is explained by small anisotropic
dipole-dipole and much larger anisotropic quadrupole interactions. The measured like-spin and unlike-spin
exchange constants agree with an exchange-constant dependence on the inverse fourth power of the inter-
nuclear distance. Like-spin and unlike-spin exchange constants are determined at the nuclear positions in
each compound and used with a theory for indirect nuclear-spin exchange to predict the s-character elec-
tronic wave-function density. The strongly anisotropic quadrupole broadening is explained by electric field
gradients produced by the electric fields associated with ionized substitutional impurities. From the measured
field gradients, antishielding constants at the In, Sb, Ga, and As nuclear positions are determined relative
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to each other.

I. INTRODUCTION

NUCLEAR magnetic resonance (NMR) linewidth
and line-shape studies have given a wealth of
information about the interactions between a nucleus
and its environment. In particular, NMR techniques
have been applied to analyze the resonance line broaden-
ing mechanisms in the A™BY compounds. IFor low
concentrations of impurities in these compounds,
broadening of NMR linewidths beyond calculated
dipole-dipole widths has been explained!? as due to
nuclear exchange between unlike-spin systems. This
nuclear-exchange interaction involves an indirect
nuclear-spin coupling®* via the hyperfine interaction
between electronic and nuclear spins. The theory of
Anderson®? for indirect exchange in semiconductors
has been used with the experimental linewidths in
order to estimatel? the product of the s character part
of the electronic wave-function densities at the 4 and
B nuclear positions.

For large concentrations of substitutional impurities,
additional broadening of the NMR line shapes in the
AYBY compounds has been explained®® as due to
quadrupole broadening from electric field gradients
associated with the substitutional impurities. Neutral,
donor, and acceptor impurities have produced quad-
rupole broadening for an estimated 10° nuclei surround-

* Work sponsored by the National Science Foundation under
NSF Grant No. 9278.
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ing an impurity. In order to explain on the basis of a
continuum model the effects of the field gradients
associated with the ionized donor and acceptor impuri-
ties, it has been necessary to introduce antishielding
factors® of 103 for In'5Sh.

Nuclear-spin acoustic-phonon resonant coupling can
be used to study and to characterize in much more
detail exchange and quadrupole broadening processes
in the AMBY compounds. Because of the difference
of the spin-phonon and spin-photon perturbation of
the nuclear-spin system, the resonance line shapes and
linewidths may differ depending on whether a spin-
phonon or spin-photon experiment is used. Loudon®
has computed the spin-phonon second and fourth
moments in the case of like spins for dipole-dipole
and exchangeinteractions. Koloskova and Kopvillem!!:12
have used the method of Kubo and Tomita'® to compute
the second and fourth moments also in the case of
like spins for dipole-dipole, exchange, and a specific
quadrupole interaction. The work of Van Vleck™
gives the spin-photon second and fourth moments in
the case of like- and unlike-spin systems for dipole-
dipole and exchange interactions. Finally, Bersohn!®
gives second-moment expressions for spin-photon
quadrupole broadening.

In the A™BY compounds, nuclear-spin acoustic-
phonon coupling occurs via the dynamic electric
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quadrupole interaction.!* We call the cw resonance
experiment, which measures the ultrasonic attenuation
due to absorption of elastic strain energy by the nuclear-
spin system, nuclear acoustic resonance!’” (NAR).

In this paper we report the experimental measure-
ments of the NAR and NMR line shapes and linewidths
of the nuclear-spin systems in single crystals of InAs,
InSb, GaAs, GaSb, and AlSh. We also discuss in detail
the determination of the broadening mechanisms, the
like-spin and unlike-spin exchange broadening, and the
source of the quadrupole broadening.

In Sec. II, we consider the theory for the broadening
of NAR line shapes. In Sec. III, the experimental
linewidth and line-shape data are presented. In
Sec. IV, we analyze the experimental data. In Sec. V,
there is a brief summary of the important points
developed in Secs. IT and IV.

II. THEORY

We demonstrate in Sec. IV that NAR and NMR line-
widths for nuclear-spin systems in 4BV compounds
can be explained as due to contributions from several
different interactions. These are the anisotropic dipole-
dipole interaction between like and unlike spins, the
isotropic exchange interaction between like and unlike
spins, and an anisotropic quadrupole interaction. We
extend the second-moment calculations of other
authors!®12.15 to cover spin-phonon coupling for dipole-
dipole and exchange interactions between unlike spins
and for quadrupole interactions. The quadrupole
interaction second moment is computed without
reference to a specific model for field gradient generation.

We consider a system of N nuclear spins per unit
volume in an external magnetic field H, which is
directed along the z axis. We assume two different
nuclear-spin systems, whose nuclei have spin angular
momenta %I and %#S. The two nuclear-spin systems
have resonances which do not overlap. The resonance
experiment is performed with the nuclear spins 7. It is
further assumed that the separation between Zeeman
levels is very large compared to the energy splittings
produced by dipole-dipole, exchange, or quadrupole
interactions. The energy splittings of these interactions
have similar magnitudes.

Following the work of Van Vleck™ and of Loudon,
we calculate the second moment from the expression

(H2e?)ay=—Tr[3C,9 12/ Tr[ 9%]. (1)
The system Hamiltonian 3C is defined by

H=3or+3os+IHpr+IHps+IHprs
+3Cer+3Ces+ICurs+3Cq, (2)

where 3Cor is the Zeeman term for resonant spins 7,

16 R. K. Sundfors, Phys. Rev. 177, 1221 (1969). In this reference,
the theoretical ratio of the ionic part of (Si1—S12) /S should be

—3.0.
7 D. I. Bolef, Physical Acoustics (Academic Press Inc., New

York, 1966), Vol. 4A, Chap. 3.
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3Cos is the Zeeman term for spins S, 3Cp; is the dipole-
dipole term for like spins I, 3Cpg is the dipole-dipole
term for like spins .S, 3Cprs is the dipole-dipole term for
unlike spins 7 and .S,

Her= 2 Aul;- 1y, (3a)
i<k
ps= 2 Ai/S;-Sk, (3b)
i<k
Serrs=> Aul;-Sy, (3¢)
ik
I;(I;+1)], (3d)

Jo=2_ E[3I.;2—
7

Aji is the exchange term for like spins 7, Ay’ is the
exchange term for like spin S, 4;; is the exchange term
for unlike spins 7 and .S, and

eQ %
Ej=m<—~> =AV..;. 4)
41(2I—-1)\9z2 /;

The interaction Hamiltonian for nuclear-spin-phonon
coupling ¢ can be written!®

g=A4 ;[ Liil i1 il 1)V rj (Tl o T 515 V g4
FL AV a1V s, (5)
Vir=Vay£iV,,, (6a)
Vie=3(Vea— V)iV sy, (6b)

It is evident that the spin-phonon interaction Hamil-
tonian is bilinear in the spin operators and differs from
the interaction Hamiltonian for NMR,

9/@2 1.
J

where

NAR transitions of interest are centered at the fre-
quencies wi=vrH and we=2v;H. If m is defined as the
magnetic quantum number labeling the orientation of
nuclear spin 7, then w; corresponds to Am= -1 transi-
tions and wp to Am=z2 transitions. To simplify
future expressions, we define NAR 1 and NAR 2 to be
spin-phonon resonances for Am==+1 and Am=42
transitions, respectively.

The second moments for the computed resonance
lines of NAR 1 and NAR 2 are given in Eqs. (7) and (8):

<h2Aw2>av NAR 1
=2(I+D)2 Ap*+2I(I+1DL AuBi
J J

HI(I+DX Bi*+3S(S+H1)X Ap?
J J
—4S(SHVT AuBat4S(S+DE By
7 J
+ /D21 (I+1)—17]N~! Z Ez, (7)

8 M. H. Cohen and F. Reif, Solid State Physics (Academlc
Press Inc., New York, 1957), Vol. 5p.3
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<h2Aw2>av NAR 2
=2 ([+1)Y A2~ (I+1)Y 4,;1Bi
j i

+6I(I+1)X B +5S(S+DE A
—(16/3)S(S+1DX A;uBiu+(16/3)S(S+DL By?
+44/ LI+ -2IN 2 B2, (8)

where

Bix=v1" (3 cos’0—3) , (9a)

Biv="yrvstri3(% costn—13), (9b)

6;x is the angle between the z axis, and r;; is the vector
from the 7 to Z nucleus. In Egs. (7) and (8), the like-spin
dipole-dipole and exchange second moments agree with
the results of Loudon.”® The quadrupole second moments
differ in form from the results of Koloskova and
Kopvillem, who use a particular model for the source
of the electric field gradients. For a comparison between
NAR and NMR second moments, we write in Eq. (10)
the second moment for the spin-photon resonance
centered at w; and calculated by Bersohn'® and Van
Vleck™:

(2o xarr =31 ([+1) B2 +1S(S+1)X A2
7 3
+H4S(SHDX ApBp+4S(S+1)T Byt
i J
+(9/S[4I(I+1)=3IN" E2. (10)
7

We now list a series of comparisons of properties of
the second moments given in Egs. (7), (8), and (10)
for resonance lines observed at the same frequency. In
these comparisons, we neglect the cross terms contain-
ing 4;:Bjr and 4 ;1 Bj. Such cross terms will be shown
in Sec. IV to be small in the 4™'BV compounds.

(a) Dipole-dipole second moments for NMR and
NAR 1 are identical.

(b) The ratio of NAR 1 and NAR 2 second moments
for dipole-dipole interactions is two for like spins and
one for unlike spins.

(c) Exchange second moments for NMR are nonzero
only for the case of unlike-spin coupling.

(d) Exchange second moments for NAR are nonzero
for both like- and unlike-spin coupling.

(e) The ratio of NAR 1 and NAR 2 second moments
for exchange interactions is four for like spins and one
for unlike spins.

(f) The quadrupole second moments for NAR and
NMR obey the following inequality: NAR 1>NAR 2
>NMR.

A. Dipole-Dipole Contributions

The dipole-dipole second moments involving Bj?
and B;? in Egs. (7), (8), and (10) can be calculated for
the zinc-blende lattice characteristic of the AIBV
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compounds. We make use of the definitions introduced
by Van Vleck* for a crystal with cubic symmetry and

write
2 Bpr=g[a+b (NN ]. (11)
2

In Eq. (11), i, A2, and \; are the direction cosines of
the applied magnetic field relative to the principal
cubic axes. The constants a and 4 have the values

a= Z 7 LT =9 (i it ], (12a)
J

b=20 1 T —9+15 (uu'+vu*+£:9],  (12b)
F

where w;x, v, and & are the direction cosines of rj
relative to the principal cubic axes. We compute for
the resonant nuclear-spin system on the fcc lattice of
the zinc-blende structure that a= 256 a¢% and b= —118
aq% where a, is the lattice constant. For the other
lattice points, we compute @’ = 2491 g% and b’ = — 2390
aq% These values are found by determining the lattice
sums out to the 25th shell and integrating from the
25th shell to infinity. An independent calculation®® of
a and b for the fcc lattice gives a= 256 a8 and b= —120
ao—s.

B. Exchange Broadening

Exchange broadening due to indirect exchange
coupling between unlike nuclear spins has been used to
explain NMR linewidths in InAs, InSb, GaAs, and
GaSb."?  Anderson® has proposed that isotropic
indirect nuclear-spin exchange in semiconductors takes
place via nondegenerate electrons of s character with
high-momentum states. The dominant term for this
exchange can be written for either like or unlike
exchange as

A= (8/9m)y 2y vl Q0% ¥ 2 (0) T2 (0)m*r ;4
where Q is the atomic volume,

$ i= [\Pj (O> hole*‘l’j (O) electron:]solid/ [‘I/jz (0) ]atom )

¥,;2(0) is probability of finding outer s electrons of atom
J at the nucleus,

m* — 45(me*)3/2 (mh*)3/2 (me*_i_mh*)-—z ,

and m.* and m,* are the electron and hole effective
masses, respectively. Anderson’s expression for the
exchange constant differs principally from another
calculation* for semiconductors, where low-momentum
states of the electron predominate by not having a
negative exponential dependence on 7;;.

(13)

C. Quadrupole Broadening

The NAR 1 line shapes in several of the ATIBY
compounds show first-order quadrupole splittings. In
order to analyze these line shapes, it is useful to have

1 E. Andrew, K. Swanson, and B. Williams, Proc. Phys. Soc.
(London) 77, 36 (1961).
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the theoretical first-order quadrupole energy splittings
due to a uniform field gradient V.. and the relative
transition probabilities between the quadrupole split
energy levels for NAR 1, NAR 2, and NMR. We
consider only the high-field case, where the quadrupole
energy splittings are small compared to the Zeeman
levels. In this high-field limit, the nuclear energy
levels can be written!®

Em=—myhiH+AB3m—T(I+1) V... (14)

The transition probability dependence on spin can be

Tasie L. High-field transition frequencies and transition
probabilities in NMR and NAR for I=3$.

NMR NAR 1 NAR 2

Trans. Freq.2 Prob. Freq.2 Prob. Trans. Freq.2 Prob.
+ieo +3 wtb6A 3 wet6A 3 —Feo 435 2w+6A 3
—3eo 43 wo 4
—3 e —% w—6A 3 w—6A 3 —3e +F 2w—6A 3

a These frequencies are incorrectly given in Ref. 17.

written!” as (2m==1)2(I+m+1)(IFm) for NAR 1,
IFm)TFm—1)Ixm~+1) TEm—+2) for NAR 2, and
(Ixm~+1)(IFm) for NMR. In Tables I-IV, we show
the quadrupole splitting of the energy levels in units of
frequency, A=AV ,./h, for I=%, §, %, and §. In these
tables, the resonance frequency for no quadrupole
broadening is wo. We observe in Tables II-IV that the
relative transition probabilities for NAR 1 are larger
for quadrupole transitions between energy levels with
larger |m| values. On the other hand, NMR and NAR 2
transition probabilities are larger for transitions between
energy levels with smaller || values.

For a uniform field gradient at each nuclear position
in the crystal, a particular transition between first-
order quadrupole split energy levels will have a second
moment determined by the linewidth broadening
mechanisms present in the absence of the field gradients.
Using the method of Kambe and Ollom,” we have
computed the second moments for NAR 1 and NAR 2
transitions for the cases of like and unlike spins. Our
results show no change in the second moment of any

TasLE II. High-field transition frequencies and transition probabilities in NMR and NAR for 7 =3$.

NMR NAR 1 NAR 2

Trans. Freq. Prob. Freq. Prob. Trans. Freq. Prob.
+3 o +3 wot12A 5 wo+12A 5 +3 e +35 2wo+18A 5
+3 e +3 wo+6A 8 wo+06A 2 —3e 43 2wo+6A 9
—"%' > +% wo 9
—%eo —3 wo—0A 8 wo—O6A 2 —3e 43 2wo—6A 9
—5 > —3 wo—12A 5 wo—12A 5 5o —3 2wo—18A 5

TasLk III. High-field transition frequencies and transition probabilities in NMR and NAR for 7=13.

NMR NAR 1 NAR 2

Trans Freq. Prob. Freq. Prob. Trans. Freq. Prob.
A wo+18A 7 wo+18A 21 +ieo 43 2wo+30A 7
43 45 wot12A 12 wo+12A 16 +3 e +5 2wo+18A 15
+ie 43 wo+6A 15 wo+6A S -5 43 2wo+6A 20
-3 +i wo 16
—3 e -1 wo—06A 15 wp—6A 5 —3e +3 2wo—6A 20
—5 e —3 wo—12A 12 wo—12A 16 —5e -3 2wo—18A 15
—%e -3 wo—18A 7 wo—18A 21 —7 & —3 2wo—30A 7

TasLE IV. High-field transition frequencies and transition probabilities in NMR and NAR for /=3.

NMR NAR 1 NAR 2

Trans Freq. Prob. Freq. Prob. Trans. Freq. Prob.
+Ie+3 wo+24A 9 wo+24A 12 +5 o +3 2wo+42A 6
45 42 wo+-18A 16 wo+18A 12 +ie +3 2wo+30A 14
43> 45 wot12A 21 wo+12A 7 +io 43 2wo+18A 21
+ieo 43 wo+6A 24 wo+6A 2 —3 e +3 2wo+6A 25
—} e +3 wo 25
—3e -1 wo—06A 24 wo—O6A 2 —3e 43 2wo—6A 25
—5 e —3 wo—12A 21 wo—12A 7 -5 —3 2wo—18A 21
—lo -3 wo—18A 16 wo—18A 12 —F e —% 2wo—30A 14
—$e -3 wo—24A 9  wo—24A 12 —3e —3 2wo—42A 6

20 K, Kambe and J. K. Ollom, J. Phys. Soc. Japan 11, 50 (1956).
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Tasre V. Experimental AT BV single-crystal samples with physical properties determined by the supplier.
Average carrier Average Average Etch
concentration mobility resistivity pit density*
Compound Type Dopant (cm™3) (cm?/V sec) (ohm cm) (cm™2)
InAsb N intrinsic 1.4X 101 18 000 0.024 1100
InSbb (1) N intrinsic 1.8 X101 55 000 0.070° 3000
InSb(2) P Ge 1.5 1016e 4500 0.112¢ 100
InSbh®(3) N Te 1.7 X 1017 55 000° 0.00080° 600
GaAsP N intrinsic 1.4X1016 3800 0.012 1200
GaSbP P intrinsic 1.7 X107 570 0.066 5000
AlShbd P intrinsic 1.8X101¢ 265 1.27 e

s Etch pit count is on the A (111) face.

b Supplied by Monsanto Chemical Co. X

c These values are determined at 78°K, the remainder at 300°K.
d Obtained from Bell and Howell Research Laboratories.

transition for unlike spins when compared with the
second moments due to dipole-dipole and exchange
interactions, given by Eq. (7) and (8). For the case of
like nuclear spins, our results are given in Egs. (15)
and (16). For NAR 1,

(PAw¥ay 172 < 3/2

4212 (I+1)*—5I(I+1)4-(61/8)]
h 202I41) 1

(2I—1)(21+3)

2(2I+1)
XZ Cjijk, (158,)

ik

FI(I+1D)E Dy~

(h*Aw?ay 3/2 < 572
L1 (T 1) — 17T (T41)+ (421/8) ]
- 2(274-1) ;
(21 —3)(2I+5)
2(20+1)
X CaDje, (15b)

FIIHDE Dyt—

(BPAwDav 5/2 < 172
A2 (I +1)2— 37T (I+1)+ (1661/8) ]
B 2(214-1) 7
(21 —5)(2I+7)
2(2141)
X2 CiuDjr, (15¢)

ik

+SI I+ Dy —

(M2Awav 772 = 972
AL2I2(I+1)2— 651 (I41)+ (4741/8) ]
- 2(21+1) 7
(21 —7)(2I+9)
2(2I41)
X3 CuDys, (15)

ik

+H (I+H1)ZID2—

and for NAR 2
(WPAwDay 3/2 & —172
[212(I4-1)2—9I (I4+1)+(125/8) ]
- 2I+1 B
4T (I41)

X2 C,ﬂ—l———s— 2 Djp?, (16a)
J J

[212(I+1)2—171 (T +1)4 (685/8)]
27+1

41 (I+1)
— > Dat, (16b)

<h2AOJ2>av 5/21/2=

X2 Ciu+

J

[212(I+1)2—331 (I4+1)+(2189/8)]

<h2Aw2>av 7/2 & 3/2=
27+1
4T(T+1)
X2 Ca+ P 2 Dy?, (16¢c)
i i
[2[2(I+1)2—57I(]—|—1)+ 5405/8)
(WPAwDay 9/2 & 5/2= ( /8]
2741
4T (T4+1)
X2 Cﬂc2+—~3—“— 2 Dy?, (16d)
J 7
where
Cir=3(—Bu+4), (17a)
Djy=2B+A;,. (17b)

From Egs. (15) and (16) for the condition that |4 ;|
> |Bji|, we observe that the second moments for
transitions between energy levels with the larger |m|
are less than the zero-field-gradient values. With knowl-
edge of the shape of the transitions given by Egs.
(15) and (16) and the relative transition probabilities
given in Tables I-IV, it is possible to construct the
composite resonance line shape under the condition of a
uniform field gradient.
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III. EXPERIMENTAL CONDITIONS AND DATA
A. AT BV Samples

Some important properties of the samples used in
this investigation are shown in Table V. The suppliers
of the crystals prepared InSb, InAs, GaSb, and AlSh
by the Czochralski technique with growth along a
[1117 direction. The crystal of GaAs was prepared by
the horizontal gradient-free method. Hall coefficient,
resistivity, and etch pit measurements were made by
the supplier on slices with (111) faces taken from the
initial ingots. Emission spectra investigations for
impurities were made by the supplier for crystals
similar to those used in this experiment. These investiga-
tions indicate impurity content exclusive of dopants for
all of the samples is at least a factor of 10 less than
measured hole or electron concentrations of Table V,
except for InSb. The impurity content for the InSb
samples exclusive of dopants is less than one part in 107.

For the NAR investigations, crystals were prepared
with a pair of (110) and (111) faces. The shape of the
samples is an approximate cube with 1.7-cm side. Such
preparation involved slow cutting of the crystals with
a diamond slicing wheel and slow grinding of the
crystal faces with 50- to 1-u Al,O3 grit on cast iron and
lead laps. Etch pit counts made after our preparation
showed no change from the etch pit count made by the
supplier. Since the original impurity concentration
determinations, the samples have not been heated
above 150°C. The sample faces were determined with
x-ray diffractometer techniques to be within 410 min
of arc of the desired crystal plane. The prepared faces
are estimated to be within =420 min of arc of the
desired crystal plane.

B. Experimental Method

Experimental line shapes were studied by NAR and
NMR using the experimental technique and equipment
previously described.’® Each nuclear-spin system was
studied using NAR 1, NAR 2, and NMR at a constant

TaBLE VI. Relevant nuclear properties.2

Natural Magnetic  Electric quadrupole
abundance moment moment
Nucleus (%) I (un) (1072 cm?)
Al 100.0 E 3.6385 0.149-4-0.002b
Ga® 60.2 3 2.0108 0.190+0.001¢
As75 100.0 3 1.4349 0.32 +0.054
Inis 4.16 3 5.4960 0.820=0.001¢
Tniis 95.84 2 5.5073 0.834-40.001¢
Shiat 57.25 3 3.3417 —0.53 £0.08°
Sz 42.75 z 2.5334 —0.68 +0.10°

s F. Bovey and A. Tiers, NMR Tables (Wiley-Interscience, Inc., New
York, 1967), 5th ed.

bH. Lew and G. Wessel, Phys. Rev. 90, 1 (1953).

¢ G. F. Koster, Phys. Rev. 86, 148 (1 1952 2).

d K. Murakawa, Phys. Rev. 110, 393 (1958),

K, Murakawa. Phys. Rev. 100, 1369 (1955).

k—8.2gauss—|

8.2 gauss—

[V

J———13.2 gauss:

H—>

Fic. 1. In"As NAR 1 line shapes: (a) experimental first
derivative for H along (001), (b) integrated experimental line
shape for H along (001), (c) integrated experimental line shape’
for H along (110).

frequency between 8 and 10 MHz. The sample temper-
ature for these measurements was 300°K. Acoustic
waves were propagated along [110] and [111] direc-
tions, and the magnetic field was rotated in either a
(001) or a (110) plane for NAR. For the NMR measure-
ments, the rf magnetic-field component H; was along a
[110] direction, and the plane of magnetic-field rotation
was the (110). Saturation levels of NAR and NMR for
a particular nuclear-spin system were determined, and
the linewidth and line-shape measurements were made
under conditions of less than 19} saturation. The
magnetic-field modulation was 100 cps, and the ampli-
tude of the field modulation was chosen to be no larger
than one-eighth of the measured peak-to-peak resonance
line-shape first derivative.

Relevant nuclear properties for the compounds
investigated by NAR and NMR are given in Table VI.
We did not observe that Al??Sb NAR, and the Ga™As
and Ga™Sb NAR line shapes had too small signal-to-
noise ratios to be useful. Because of small signal-to-
noise ratios, we observed bulk crystal NMR only for
In113,115As, In113,1155b, Ga69A575’ Ga698b121’ and A127Sb121-

C. Experimental Data

In the remainder of this paper, we refer to linewidths
measured with the magnetic field along (001) directions
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TaBLE VII. Experimental linewidths and second moments for NAR 1, NMR, and NAR 2 when the
external magnetic field is along (001) crystal directions.
NAR 1 NMR NAR 2
Nucleus 0Hpp (G) S2 (G?) 8Hpp (G) Sa2 (G?) 0Hpp (G) S2 (GY
In1BAs 4.0 +0.3 4.0 0.6 2.0 0.5 1.0 +£0.5 3.7 £0.3 3.4 £0.6
Intt5As 8.2 +0.2 17.2 +£0.4 1.9 +0.1 2.8 +£0.2 4.85+40.10 5.86-+0.10
InAs7 8.0 £0.2 16.0 0.4 8.4 +0.3 17.6 £2» 8.0 £0.2 16.0 +0.8
In!3Sh(2) 11.9 +1.0 33.5 +6
Ini15Sh(2) 13.6 0.3 40.2 0.8 9.2 £0.2 24 1 11.6 03 30.8 +£0.6
InSh21(2) 17.5 +0.3 749 2 17.5 &1 65 4P 17.0 0.4 72.5 £2
InSh(2) 17.3 +0.4 73.0 £2
Ga®As 1.7340.06 0.7540.02 1.64-£0.05 0.5640.02 1.534+0.04 0.5940.02
GaAs’ 1.964-0.06 0.96£0.02 1.96£0.06 0.90+0.02 1.8240.04 0.830.04
Ga%Sh 4.6 +0.2 5.3 +£0.3 49 0.2 6.0 0.4 4.1 30.1 42 402
GaSbt 5.3 £0.1 5.6 £0.1 4.1 +£0.1 3.9 +£0.1 42 +0.1 3.9 £0.2
GaSh2 4.2 +0.1 4.4 £0.1
AIZ7Sb 2.2140.05 0.73+£0.02
AlSb2t 2.09+0.05 1.2140.1 1.2940.03 0.424-0.03 1.26+0.03 0.464-0.01
AlSh= 1.3240.03 0.5440.06

a Reference 2.
b Reference 1.

as (001) linewidths. A similar meaning is given to the
phrase (110) linewidths.

The experimental NAR and NMR linewidths and
generally. the line shapes exhibit large anisotropic
behavior as the direction of the external magnetic
field is varied with respect to the crystalline axes. All
(001) linewidths for a given nuclear-spin system
observed by a particular resonance transition have
the same minimum magnitudes, and the line shapes
are close to Gaussian functions. Away from the
resonance center, the experimental line shapes may
have slightly smaller amplitudes than a Gaussian
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F16. 2. GaSb® NAR 2 experimental peak-to-peak linewidths,
8Hpy, as a function of @, the angle measured in the (110) plane
from the [110] crystal direction to the direction of H.

function. Such linewidths are in all cases larger than
calculated dipole-dipole widths. The NAR 1 linewidths
are greater or equal to the NAR 2 linewidths, which
are greater or equal to the NMR linewidths.

When the magnetic field is rotated from (001)
directions, the linewidths broaden and the line shapes
generally depart from Gaussian functions. In particular,
all (110) linewidths for a given nuclear-spin system
observed by a particular resonance transition have the
same magnitudes, and the line shapes are identical
and depart from Gaussian functions. Away from the
resonance center the experimental linewidths decrease
in amplitude more slowly than a Gaussian function.
Also, for the NAR 1 of In'"%As, GaSb™?!, and AISb'?} a
symmetric splitting of the resonance line shape occurs.
The magnitudes of the NAR 1 linewidths are larger
than the NAR 2 linewidths, which are generally larger
than the NMR linewidths.

To illustrate typical measured linewidths and line
shapes, the In"5As NAR 1 is shown in Fig. 1. The
experimental first derivative of the (001) resonance
line shape is shown in Fig. 1(a). Figures 1(b) and 1(c)
show the integrated experimental first derivative
{001) and (110) line shapes, respectively. The line shape
of Fig. 1(c) is the most striking example of an anisotropy
that is a common property of each of the nuclear-spin
systems. In Fig. 2, the peak-to-peak linewidth of
GaSb? NAR 2 is plotted as a function of the angle ®
in the (110) plane between the direction of the external
magnetic field and the [1107] crystal direction. In Fig. 3,
the peak-to-peak linewidth of AlSb*® NAR 2 is plotted
as a function of the angle ® in the (001) plane between
the direction of the magnetic field and the [110] axis.
We notice in both Figs. (2) and (3) the very sharp mini-
mum in the (001) linewidths.

In Table VII, we list the measured (001) peak-to-peak
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TaBLE VIII. Experimental NAR 1 and NAR 2 linewidths and second moments and NMR linewidths when the
external magnetic field is along (110) crystal directions.

NAR 1 NMR NAR 2
Nucleus 8H p (G) S» (G) 8Hyp (G) $H pp (G) Sz (G?)
InitbAs 134 +0.3 2.5 +0.2 5.800.1 8.40+0.3
InAs™ 12.2 0.3 37.2 +0.8 10.1 +0.3 252 +0.5
Int15Sh (2) 16.0 0.4 56.0 1.0 9.8 0.2 12.2 +0.3 33.9 0.8
InSbi#1(2) 194 404 94.2 0.9 184 +04 84.7 £2.0
Ga®As 3.34:0.08 2.79-£0.10 2.180.06
GaAsT 6.600.10 13.6 +0.4 2.4140.04 3.90-£0.09 4.73-£0.10
Ga®Sh 5.7 +0.1 8.1 +0.4 5.6 0.2
GaSh®2t 10.0 +0.3 61.5 1.0 42 +0.2 5.75:£0.20 224 +0.6
AL"Sh 3.23£0.08
AlSht 4.95+0.10 154 +04 2.40-£0.06 3.01::0.08 59 0.2

linewidths, é%,,, and second moments, .Sz, determined
from the experimental line shapes. The second moments
are computed using the formula?

1 dI

Sy=(AH?2),, =~ / (H—Ho)'—dH /

3)_. dH

- I

(H—H,—dH, (18)
dH

—x0

where dI/dH is the experimental amplitude for the
resonance line-shape first derivative, and H, is the
magnetic field at the resonance line center. The NMR
line shapes that we measure have an asymmetry
characteristic of a mixture of the real and imaginary
parts of the nuclear-spin susceptibility.? The amount of
asymmetry, however, is small because of skin depths
for 10-MHz rf fields of approximately 0.2-2.0 cm for
our samples. The NMR linewidths that we report are
the peak-to-peak separation of such asymmetric line
shapes.

In Table VIII, we list the peak-to-peak (110) experi-
mental NAR and NMR linewidths 6H p;,, and the (110)
NAR second moments, Ss. By integrating the (110)
and (001) line shapes for each nuclear-spin system, we
find that within an experimental error of 439, the
same number of nuclear spins contributes to both line
shapes, except for In'®As. The In''*As, (110) line shape

TasrLe IX. Experimental NAR 1 linewidths and second
moments of InSb®?! in InSb crystals with different charge carrier
concentrations.

H along (001) H along (110)

8H by Ss 3H S,
Sample G) (G (®)] (G
InSh(1)  17.5+£0.4 7542  18.6+0.4 8342
InSbh(2)  17.5+04  75+2  19.4+0.4 9442
InSb(3)  17.5404 7742  26.6+0.6 19844

2 G, E. Pake and E. M. Purcell, Phys. Rev. 74, 1184 (1948).
2 A. C. Chapman, P. Rhodes, and E. F. Seymour, Proc. Phys.
Soc. (London) 370, 345 (1957).

contains contributions from only 85%, of the nuclear
spins contributing to the (001) line shape.

In Table IX, we list a comparison of the InSb'
NAR 1(001) and (110) linewidths and second moments
for three samples having carrier concentrations over a
range of 10 to 10V carriers cm—3. We notice that the
(001) second moments are identical and the (110)
second moments increase with increasing -carrier
concentrations.

In Table X, we list the computed (001) and (110)
dipole-dipole NAR 1 and NAR 2 second moments.
These values were determined using the Bj? and B
terms in Egs. (7) and (8) and the values of the zinc-
blende lattice sums given in Sec. II. The NAR 1
dipole-dipole second moments are also equal to the
NMR dipole-dipole second moments, as we have noted
in Sec. II.
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Fi1c. 3. AlSb2 NAR 2 experimental peak-to-peak linewidths,
8Hyp, as a function of ®, the angle measured in the (001) plane
from the [110] crystal direction to the direction of H.
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TasLE X. Calculated relevant dipole-dipole NAR 1 and NAR 2
second moments for H along {001) and along (110).

NAR 1 NAR 2

5 (G) 5 (G S (G) S (@)
Nucleus (001) (110) {001) (110)
InlBAs 0.491 1.042 0.471
In!t5As 0.994 1.761 0.521 1.085
InAs’ 0.412 4.259 0.366 4.193
In!BSh 0.381
In5Sh 0.717 1.851 0.401 1.401
InSb®t 0.402 3.028 0.322 2.915
InSb1% 0.317 2.907
Ga®As 0.286 0.924 0.204 0.807
GaAs™ 0.248 1.613 0.179 1.514
Ga%Sh 0.258 1.560 0.206 1.485
GaSb2t 0.340 1.287 0.225 1.123
GaSh 0.217 1.111
AlZ"Sh 0.558 1.943
AlSh2t 0.408 2.285 0.298 2.127
AlSb 0.290 2.116

The NAR linewidths and line shapes that we list in
Tables VII-IX are independent of the acoustic wave
propagation and the polarization directions that we
have used. Therefore, the only effect of the nonsaturat-
ing acoustic wave is to allow observation of the resonant
spin-phonon interaction, and the line broadening is
determined by the nuclear environment. We also have
found that the NAR linewidth and line shapes are
independent of resonance frequency between 8.2 and
10.7 MHz. Therefore, the linewidth broadening
mechanisms are magnetic-field-independent.

IV. ANALYSIS OF RESONANCE LINE SHAPES
AND LINEWIDTHS

A. Determination of Dominant Broadening M echanisms

The five A™BY compounds that we have investigated
have similar lattice constants and similar chemical
bonding.” For the five samples of Tables VII and VIII,
the charge carrier concentrations listed in Table V are
all within an order of magnitude of each other. There-
fore, the impurity concentrations are very small and
approximately equal in the five compounds. It is
reasonable to expect that the nuclear environments will
be similar at B nuclear positions and at 4 nuclear
positions in the five compounds. Tables VII, VIII, and
X show that the differences between either the (001)
or (110) experimental second moments and the com-
puted dipole-dipole second moments are largest for
those nuclear-spin systems with largest atomic numbers
and largest quadrupole moments. We make use of
these large atomic numbers, large quadrupole moment
nuclear-spin systems in the following analysis of the
line broadening. We then generalize these results for
the smaller atomic number, smaller quadrupole moment

2 0. Madelung, Physics of III-V Compounds (John Wiley &
Son, Inc., New York, 1964).
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nuclear-spin systems. First, we consider the (001) line
broadening mechanisms and then the source of the
anisotropic broadening.

By studying the NAR 1, NAR 2, and NMR (001)
second moments of In'815As and In!15 Sb, it is
possible to make use of the second-moment analysis of
Sec. II to determine which broadening mechanisms
are dominant. Broadening of the (001) second moments
beyond the dipole-dipole second moments must be due
to interactions independent of the magnetic-field
magnitude. Likely possibilities in such large atomic-
number atom solids are the quadrupole,'® pseudo-
dipolar,* and nuclear exchange!:?® interactions. Expres-
sions for the quadrupole and exchange second moments
have already been given in Egs. (7), (8), and (10).
The Hamiltonian for the pseudodipolar interaction can
be written*

Spa= X Du[ I+ Li—=3rps 2 (Lo tjn) (Le- 1) ],  (19)
<k

where Dj; is the interaction constant. The pseudo-
dipolar interaction has the same nuclear-spin operator
dependence as the ordinary dipole-dipole interaction
and should produce the same second-moment depend-
ence on the angle between the external magnetic field
and the crystal axes. Therefore, the comparisons of
Sec. II for the dipole-dipole second moments can be
used for expected pseudodipolar second moments.

From Table VII, the ratio of NAR 1 to NMR In!®
(001) second moments for InAs is 17.2/2.8=6.2, and
for InSh is 40.2/24.0=1.8. These ratios are in disagree-
ment with the ratio of 1.00 predicted by the comparisons
of Sec. IT for dipole-dipole and, therefore, pseudodipolar
second moments. The ratio of In''® to In'® NAR 1
second moments for InAs is 17.2/4.0=4.3 and for
InSb 40.2/33.5=1.2. Because In'® and In''® have the
same spin and very similar nuclear properties, the
predicted quadrupole second-moment ratio is 1.0. We
conclude that the quadrupole or the pseudodipolar
interactions cannot alone explain the In'15 resonance
second moments.

Nuclear exchange can explain the In'%!% second
moments. The larger NAR 1 than NMR In!® second
moment can be understood as due to contributions
from both like-spin and unlike-spin exchange interac-
tions for NAR 1, and due to a contribution from only
unlike-spin exchange interactions for NMR. The larger
In' than In'® second moment can be understood as
due to a larger like-spin than unlike-spin exchange for
the In nucleus, and by more neighboring like spins for
In' than for In"®. Because of the greatly different
In'%18 natural abundances, each In'®As nucleus has
four unlike As nuclei as nearest neighbors and approxi-
mately 12 like In''® nuclei as next nearest neighbors.
Each In'As nucleus has four unlike As nuclei as
nearest neighbors and approximately 12 wuniike In!s
nuclei as next nearest neighbors.

Similar comparisons can also be made for the other
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nuclear-spin systems in Table VII. The conclusion is
that exchange interactions are dominant over quad-
rupole and pseudodipolar interactions in the broadening
of (001) second moments. We show below that exchange
and dipole-dipole interactions alone quantitatively
explain (001) second moments.

Next we consider the source of the additional
broadening which results for each of the nuclear-spin
systems when the magnetic field is rotated from (001)
directions. As noted in Sec. ITI, In'%As, GaSb'?l, and
AISb™! all show a symmetric (110) line-shape splitting.
The In'® As NAR 1 line shape begins to split at angles
as small as 5° between the direction of the magnetic
field and (001) directions. Furthermore, the In!%As
line-shape splitting agrees qualitatively with the peak-
to-peak linewidths plotted in Figs. 2 and 3 for different
nuclear-spin systems. The In''®*As NAR 2 and NMR
(110) line shapes are broadened over the (001) line
shapes, but they show no signs of splitting. Such a
splitting of the NAR 1 but not of the NAR 2 and NMR
line shapes is understood from the discussion in Sec. IT
relating to the quadrupole interaction. We conclude
that the broadening of the NAR and NMR linewidths
in directions for the magnetic field other than the (001)
directions is due to an anisotropic quadrupole interac-
tion and a generally smaller anisotropic dipole-dipole
interaction. Such identification of the anisotropic
broadening allows us to say that the dominant exchange
broadening for {001) second moments is isotropic. We
show below that isotropic exchange, anisotropic dipole-
dipole, and anisotropic quadrupole interactions quanti-
tatively explain the (110) second moments.

B. Nuclear Exchange

In Sec. IV A, nuclear isotropic exchange between
like and unlike spins has been shown to qualitatively
explain the In'®15 NAR and NMR (001) second
moments. The fact that both like and unlike exchange
interactions are present indicates that the exchange
interaction is large enough to cause linewidth changes
from as far as the second shell of nearest neighbors from
the resonant nuclear spin. Such an observation means
that we can investigate the dependence of the exchange
constant on distance from the resonant nuclear spin.
Let us assume that an exchange constant is as given in
Eq. (13), except that the dependence on 7j; is 7;™™
rather than 7;* Then, the ratio of like to unlike
exchange constants for In''3Sb can be written

AInIn g-In\I,In2 (0)>( / ’) (20)
— a a n,
$sp¥sp2(0)

where ¢ is the distance to the first shell of neighbors,
and o’ is the distance to the second shell of neighbors.
By subtracting the computed dipole-dipole second
moments from the experimental In'®Sb NAR 1 and
NAR 2 (001) second moments, we obtain exchange
second moments. These values are set equal to the

= (‘YIn/VSb)<

Atnsp

exchange contributions in Egs. (7) and (8). The sum
for like neighbors in these equations is computed for
the 12 second neighbors at a distance a'= (31/8) ay,
and the sum for unlike neighbors is computed over the
Sb1?t and Sb'? nuclei that are first neighbors at a
distance a=31V3 ao. The exchange constants Ann and
Amsp can then be determined. Gueron? has measured
the wave-function density ratio for electrons at the
bottom of the conduction band in InSb as ¥gp2/¥y,?
=1.70. With this wave-function density ratio and the
exchange constants, Eq. (20) is solved for the value of
n=4.44-0.5.

We can follow a similar procedure to calculate
Ainin/Anas. In this case, no measured values of the
s-character electronic wave-function densities are known
for the In and As nuclear positions. To estimate the
ratio of wave-function densities at the nuclear positions
of In and As, we choose the ratio of atomic numbers.
Such a choice is not unreasonable on the basis of the
Fermi-Segré? formula for wave-function densities. The
value of =4 is found from an equation for In''5As
similar to Eq. (20). We conclude that the dependence
of the experimentally derived exchange constants on
internuclear distance agrees with that of Anderson’s
exchange constant, Eq. (13), and therefore supports
his theory*® for indirect nuclear exchange in semi-
conductors.

Additional support for the Anderson theory is seen
in the identical NAR 1 {001) InSb'?! second moments
shown in Table IX. The three InSb samples have hole
and electron carrier concentrations that vary from 10%
to 107 cm—3. There is no dependence of the measured
second moment on hole or electron carrier concentra-
tion. This observation is in agreement with the theory
of Anderson,! which states that the excited states of
binding electrons in semiconductors interact with the
nuclear spins via the hyperfine interaction.

The exchange constant of Anderson is now used to
analyze the (001) second moments. The second-moment
expressions in Egs. (7), (8), and (10) involve sums of
the square of the exchange constants over the nuclear
positions around the resonant nuclear spin. It is easy
to show for such a compound as InAs that 989, of the
sum for the unlike-spin exchange constant comes from
the shell of first neighbors, and 969, of the sum for the
like-spin exchange constant comes from the shell of
second neighbors. Therefore, in the analysis described
below, we consider only sums over first and second
nearest neighbors.

We now consider the cross term sums involving
ApBjr and A ;xBj in Egs. (7) and (8). Because of the
rix—' dependence of the cross products, the major
contribution to the sum involving A ;B comes from
the first shell of neighbors, and to the sum over 4 ;:B;x
from the second shell of neighbors. If the nuclear spins

# M. Gueron, Phys. Rev. 135, A200 (1964).
2% E. Femi and E. Segré, Z. Physik 82, 729 (1933).
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TaBLE XI. Values of the exchange term a;:* computed from the
experimental (001) second moments.

Compound a;32(10714 cm?)
InAs @1n1n=0.7640.08
@21nas=0.294-0.03
InSb @Pnn=1.340.1
@1agp=2.240.2
GaAs @2GaGa=0.02640.003
a2%cans=0.0263-0.003
@%4s4s=0.0264-0.003
GaSb @2Gasp=0.25+0.04
a’spsp=0.48+0.08
AISb azAlstO

@%sbsh=0.2040.05

of either shell are identical, then the sum of the cross
terms over that shell is zero. If two nuclear isotopes
are present in the first or second shell of neighbors, the
sums of the cross terms may not be zero for a particular
resonant nuclear position. Because of the § cos?d;;,—%
terms in Bj; and Bj, the measured average second-
moment contribution from all of the resonant nuclear
spins will involve an average zero contribution from
the cross terms.

Previous determinations of the exchange constant
for NMR exchange broadened line shapes!? have been
carried out by constructing theoretical line shapes from
numerically determined exchange interactions to nearest
unlike neighbors. Because we consider not only exchange
interactions between first but also second neighbors,
we use a direct comparison between the experimentally
determined {(001) second moments and the theoretical
expressions given by Eqs. (7) and (8).

For convenience in analyzing the exchange contribu-
tions to the (001) second moments, we write Anderson’s
exchange constant, Eq. (13), as

A= ajiyyiltris™, (21)
where
ajx= (8/9m)y 2% ¥ 2 (0)¢ v ¥ ,2(0)m*. (22)

The (001) second moments due to exchange can be
written explicitly from Egs. (7) and (8) as

SaNAR 1 =%S(5+1)§ A2y *hir 8
—]—2[(1—{—1)2 apyrhiras,  (23)
J
S2 NAR 2 =%S(S+1)Z A ji2y 28
J
+%I (I+ 1)? ajk2712h27jk—8, (24)

where the sum which includes @;2 is for the four first
neighbors, and the sum which includes a;? is for the
12 second neighbors. By subtracting the computed
dipole-dipole second moments from the experimentally
determined (001) second moments, we can use these
exchange second moments with Eqgs. (23) and (24)
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to determine ;2 and @;2 In such computations for
the five compounds of Table VII, there is good agree-
ment for @;? determined for a given compound at 4
and B nuclear positions. The computed values of a@;?
and @;? are given in Table XI. In this Table, some
like-spin values of @j;? are missing because of the
inability to determine them accurately from the (001)
second moments.

The exchange constants which are computed from
the NAR second moments and shown in Table XT also
predict the measured NMR (001) exchange second
moments within experimental error. However, for
several nuclear-spin systems, the NMR peak-to-peak
linewidth is narrower than that computed from the
measured second moment assuming a Gaussian function
for the line shape. This effect is most evident for the
In'%As (001) NMR where the peak-to-peak width is
1.90 G, and the second moment is 2.80 G2. An explana-
tion of this small peak-to-peak width is that like-spin
exchange, while not affecting the second moment, does
increase the fourth moment of the line shape. Van
Vleck™ predicts such an “exchange narrowing” due to
terms of the form A4 ;;2B;;? in the NMR fourth moment.

The s-character electronic wave-function density in
the solid {;¥2(0) at both 4 and B nuclear positions of
a given compound can be determined if an assumption
about the effective mass is made. We assume that the
effective mass for these large momentum electrons is
the free-electron mass. The wave-function densities are
easily computed from Eq. (22) and the values of Table
XI. Such computed wave-function densities are listed
in Table XII. The magnitudes of the wave-function
densities for InSb from Table XII can be compared
with the magnitudes measured by Gueron? for conduc-
tion electrons. Gueron finds values of ¥gp?=15.9X10%
cm™? and ¥p,2=9.3X10% cm=3, which are between
three and four times larger than the computed larger
momentum electron values of Table XII. Also in
Table XII, we notice that the ratio between the wave-
function density at 4 and B nuclear positions in the
same compound is quite close the ratio of atomic
numbers, except of InSb. Such a proportionality is
again expected on the basis of the Fermi-Segré?® formula
for wave-function densities.

TABLE XII. Values of the electronic wave-function density in the
solid, {;%;2(0), computed from the exchange constants.

¢%;2(0)

Compound Nucleus (10% cm™3)
InAs In 3.740.2
As 2.340.2
InSb In 3.5+0.2
Sb 4.5404
GaAs Ga 2.0+0.2
As 2.0+£0.2
GaSh Ga 2.34+0.3
Sb 3.54+0.6

AISb Al ~0
Sb 2.6+0.8
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C. Quadrupole Broadening

In this section, we first show that the quadrupole
broadening is due to a distribution of field gradients.
We then characterize the broadening in terms of a
root-mean-square field gradient for each of the nuclear-
spin systems except Al’Sb. Finally, we determine the
probable source of the field gradients and estimate the
ratios of antishielding constants between In, As, Ga,
and Sb.

It is possible to construct a quadrupole broadened
resonance line shape for a given nuclear-spin system by
using the quadrupole splittings and transition probabil-
ities of Tables I-IV and the second moments for these
transitions determined from Egs. (15) and (16). Such
a computed resonance line shape is for a particular
resonant spin or for a sample of resonant spins under
a uniform field gradient. An assumption must also be
made about the shape of the resonance line shape of a
particular transition.

We have programmed an IBM 7072 computer to
determine the NAR (110) line shapes as a function of
the field gradient producing quadrupole splittings. In
such a program, we have assumed that the NAR
transitions are Gaussian functions and have used
computed values of (110) dipole-dipole second moments
and isotropic exchange second moments. We compare
the experimental line shape with the particular com-
puted first derivative of the quadrupole broadened
line shape which agrees with the experimental peak-to-
peak width. Such comparisons are made in Figs. 4(a)
and 4(b). We notice in Fig. 4(a) that the GaAs™
NAR 1 (110) experimental line shape has a different
shape and is much broader than the predicted theoret-
ical line shape for a uniform field gradient. We conclude
that a distribution of field gradients must be present.
In Fig. 4(b), the In**As NAR 1 (110) experimental line
shape is qualitatively explained by the theoretical
shape for a uniform field gradient, except that the
experimental shape is broader, indicating some distribu-
tion of field gradients. It is interesting to note that the
splitting of the In""5As NAR 1 (110) line shape occurs
at a ratio of the (110) to (001) peak-to-peak linewidths
of only 1.6. It is not possible to produce a theoretical
quadrupole splitting of the over-all (110) line shape for
such a ratio of split-to-unsplit linewidths except if the
$-% and %-3 transitions have line shapes with second
moments appreciably narrower than the (001) second
moment. Such a narrowing is predicted by the second
moments for these transitions that we compute in
Egs. (195).

In order to characterize the distribution of field
gradients at the nuclear positions, we choose to use
the mean-square field gradient,

N1 V.2,
i

This field-gradient expression is computed from the

p————134 gauss————

Fic. 4. Comparison of experimental and theoretical quadrupole
broadened line shapes: (a) GaAs™ NAR 1 (110) line shapes,
(b) In5As NAR 1 (110) line shapes.

{110) NAR second moments of Table VIII by subtract-
ing the (110) dipole-dipole and exchange second
moments from the experimental second moments.
Consistent with this analysis, we find that NAR 1 and
NAR 2 second moments for the same nuclear-spin
system give the same mean-square field gradient. In
Table XIII, we list the root-mean-square field gradients
determined for the five samples of Table VIII and the
two additional InSb samples of Table IX. We notice
that the magnitudes of the root-mean-square field
gradients are approximately equal for the five samples
of Table VIII with approximately equal carrier con- .
centrations. We notice too that the field gradients
increase with increasing carrier concentration for the
three InSb samples.

The electric field gradients that produce quadrupole
broadening in the A™BY compounds are characterized
by magnitudes of the order of 10! esu cm™ for carrier
concentrations of 10 cm™3. Another feature of the
field gradients is the strongly anisotropic quadrupole
broadening that they produce, as shown in Figs. 2 and
3. Simple considerations for the field gradients that

TABLE XIII. Root-mean-square field gradients at 4 and B nuclear
positions computed from (110) quadrupole second moments.

W 5, Ve

Nucleus (101 esu/cm?)
In!5As 2.940.1
InAs™ 1.3+£0.1
InSb21(1) 2.24-0.1
In!5Sh (2) 4.44-0.2
InSh21(2) 4.84+0.3
InSbi2t(3) 11.0+£0.5
Ga%As 1.840.2
GaAs™ 2.240.1
Ga%Sh 2.6+0.1
GaSb2t 7.340.2
AlSb 3.4+0.2
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F1c. 5. Comparison with theory of the In'"*As NAR 2 quadrupole
second moment as the magnetic field is rotated in the (110) plane.

produce such anisotropic broadening indicate that the
field gradients could be explained by strains along (111)
directions. The root-mean-square field gradient ratio
from Table XIII at the 4 and B nuclear positions in
the same compound can be compared with the ratio of
S-tensor components'® at the same 4 and B nuclear
positions. These S-tensor components characterize
the field gradient produced by strain. The appropriate
S tensor component!® to associate with a strain in the
(111) direction is S We compare the ratio of the
experimentally determined Si1 components with the
ratio of the root-mean-square field gradient at the same
A and B nuclear positions. Unequal ratios for InAs,
InSb, and GaAs and approximately equal ratios for
GaSb are found. Our conclusion is that the common
source of field gradients for all four of these compounds
is not strain.

It is difficult to understand the anisotropy of the
quadrupole broadening from any model which reduces
the lattice to a continuum. Cohen and Reif'® consider
the electric field gradients produced by ions at large
distances from the ion by replacing the actual lattice
with a continuum approximation. Even to produce the
magnitude of the measured field gradients of Table XTII
on the basis of the continuum model would require ion
concentrations two to three orders of magnitude
larger than our measured carrier concentrations in the
samples.

An explanation that agrees with the experimental
data is that the electric field gradients are due to the
electric fields of the ionized substitutional impurities.
The strong anisotropy of the quadrupole broadening
relative to the crystal axes can be explained by a general
tensor relationship between electric field gradient
components V;; and the electric field components?®:?? £,

Vii= Ry, (25)

where R;; is a third-order tensor whose nonzero
components are determined by the symmetry of the
zinc-blende structure. It can be shown?’ that R, has
three identical nonzero components which we call Ryq.

26 D. Gill and N. Bloembergen, Phys. Rev. 129, 2398 (1963).
2 E. Brun, R. J. Mahler, H. Mahon, and W. L. Pierce, Phys.
Rev. 129, 1965 (1963).
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From known transformation properties of third-order
tensors, we write Eq. (25) in the experimental reference
frame, where &’ is along [1107, 9 is along [110], and
#' is along [0017]. We then compute the field gradient
component V. for magnetic-field rotation in the (110)
plane and the (001) plane, which are given in Egs.
(26) and (27), respectively. The angles ® and ® have
the meanings given in Sec. ITI:

V.e=Ri4(E, cos?@-+E, sin20), (26)
VZZZRMEZ COSZ@. (27)

We notice in Egs. (26) and (27) that the field gradients
are zero for the magnetic field along (001) directions,
in agreement with no experimental quadrupole broaden-
ing in such directions.

Equations (26) and (27) can be used to develop
field-gradient expressions to compare with the measured
quadrupole broadening anisotropy. In the second
moment expressions of Egs. (7) and (8) the field
gradient enters as the sum of the squares of the field
gradient component V., at each resonant nuclear spin.
We assume that each resonant nucleus is affected by
the electric field of no more than one ionic charge. The
values of the square of the field gradient expressions in
Eqgs. (26) and (27) are computed for all nuclear spins
in a spherical shell a distance # from a point charge e.
We assume here that the appropriate electric field in
a ITI-V semiconductor for electronic?®® polarization is
e/7%. Such a calculation gives the average square field-
gradient dependence on angles ® or ® for all nuclear
spins in the field of the point charge. Equation (28)
gives the average square field-gradient expression for
rotation in a (110) plane and Eq. (29) for rotation in a
(001) plane:

sz av2 = %R142€27'~4 (COS4@+ sin22 @) ,

sz a.v2 = %-R142€27'*4 cos?2d.

(28)
(29)

20— —

S, (gouss?)
T
[E——
|

osf- { 4

1 | |
B 10 15 20 25 30 35 40 4!

P (de9)

F16. 6. Comparison with theory of the GaAs™ NAR 2 quadrupole
second moment as the magnetic field is rotated in the (001) plane.

28 H. D. Brodsky and E. Burnstein, Bull. Am. Phys. Soc. 7,
214 (1962).
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In Fig. 5, we plot the experimentally determined In!'%As
NAR 2 quadrupole second moments and the angular
dependence of Eq. (28) matched with the experimental
value at ®=235°. In Fig. 6, we plot the GaAs’> NAR 2
quadrupole second moments and the angular depend-
ence of Eq. (29) matched to the experimental value at
$=0°. Considering the assumptions made to compute
Eqgs. (28) and (29), we conclude that the tensor relation-
ship between electric field gradients and electric fields
is in good agreement with the anisotropy of the experi-
mental data.

The component Ris has been determined experi-
mentally for GaAs by two different methods.?®:*” The
static values?® of Ry; are 1.05X10° cm™! at the Ga®
nuclear position and 1.55X10% cm™ at the As™ nuclear
position. We compare these values of Rys with those
estimated using the computed mean-square field
gradients, the carrier concentration, and the following
model. We assume that the charge carrier concentration
is the ionized impurity concentration and that these
ions are uniformally distributed, each with charge e.
The inter-ion separation is taken to be 2ro. We also
assume that the root-mean-square field gradients that
we compute in Table XIIT characterize the field
gradients at the nuclei in a shell at a radius 7 from an
ion. Most of the nuclear spins are in such shells around
each ion. With the assumptions of this model, we set
©®=0° in Eq. (28) and compute R;; Ga®As to be
0.4X10%° cm™ and Rys GaAs™ to be 0.5X10° cm™.
Therefore, this model with the computed values of the
mean-square field gradients and impurity concentra-
tions equal to the carrier concentrations gives agreement
within a factor of 3 with the previous static values?
Of R14.

The results of a similar computation for the values
of Ry for InSb'! in the three InSb samples are shown
in Table XIV. We see that the intrinsic concentration
sample, InSb(1), has a value of Ry, larger than for the
other two InSb samples. It is possible that for the
intrinsic samples some degree of impurity compensation
takes place so that the actual ionized impurity con-
centration is larger than the charge carrier concentration

TABLE XIV. Values of R1s computed from measured mean-square
field gradients and measured carrier concentrations.

Nucleus Rys (10 cm™T)
Inlt5As 0.7
InAs™ 0.3
InSb21(1) 9.0
In!5Sh(2) 1.0
InSb121(2) 1.0
InSh21(3) 0.5
Ga%As 0.4
GaAs™ 0.5
Ga®Sh 0.1
GaSh2 0.3
AlSb2t 0.7

TasLE XV. Antishielding constants, 1—v., computed from
root-mean-square field gradients. For Sb, 1—v, is taken equal
to 1.00 and other values of 1—v. are computed relative to that
of Sh.

Nucleus (1—v)
Sb 1.00
In 0.92
As 0.41
Ga 0.36

measured. In Table XTIV, we give results of application
of the above model for Ry at the nuclear positions in
each of the compounds except at Al*?Sh. We estimate
these values are within an order of magnitude of the
correct values. .

The explanation of electric field gradients arising
from the electric fields of the ionized substitutional
impurities appears consistent with this linewidth study
from the points of view of angular dependence and
magnitude. It is likely that the electric fields produce
increased electronic polarization of the chemical bonds.
The measured field gradients can then be expected to
be due to charge effects. The distribution of field
gradients should be identical at the 4 and B nuclear
positions in the same compound. Therefore, the ratio
of the measured field gradients in the same compound
at 4 and B nuclear positions should be equal to the ratio
of antishielding constants? at the same nuclear positions.
We assume that the antishielding constant is approxi-
mately equal at the same nuclear position in different
compounds. Since there are common nuclear-spin
systems in the compounds of Table VII, we can
determine the values of the antishielding constants for
In, Sb, As, and Ga relative to each other. In Table XV,
we list the values of these antishielding constants, where
the value for Sb is taken as 1.0. We compare the ratios
of antishielding factors from Table XV and the ratios
of the magnitudes of antishielding factors found
previously'® from the separated ionic contributions to
the S-tensor components. There is agreement for the
Ga/Sb and As/Sb ratios and approximate agreement
for the In/Sb ratios.

V. SUMMARY

(1) Nuclear acoustic resonance and NMR applied
to the same nuclear-spin system simplifies the identifica-
tion of the linewidth broadening mechanisms. In
particular, study of NAR 1 and NAR 2 second moments
due to exchange allows the evaluation of both like-spin
and unlike-spin exchange constants if the exchange
constant dependence on interaction distance is known.
Linewidths observed by NAR 1 are much more sensitive
to quadrupole broadening than linewidths observed by
NMR. There are two reasons:

(a) The largest transition probabilities between
quadrupole split energy levels are associated with the
energy values with the largest values of |m|.
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(b) The transitions between energy levels of largest
values of |m| have second moments due to like-spin
exchange and like-spin dipole-dipole interactions, which
are smaller than the second moment of the line shape
without quadrupole broadening.

(2) We find experimental agreement with . the
interaction distance dependence in the exchange
constant derived by Anderson. The electronic wave-
function densities at 4 and B nuclear positions are
determined using Anderson’s exchange constant, an
assumed effective mass equal to the free-electron mass,
and the experimental exchange second moments.

(3) The broadening of the resonance line shapes of
each nuclear spin-system as the magnetic field is
rotated from (001) directions is explained as due to
anisotropic dipole-dipole and anisotropic quadrupole

SUNDFORS
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interactions. The quadrupole second moments are due to
a distribution of field gradients, which are characterized
by a root-mean-square field gradient. The experimental
quadrupole second-moment anisotropy and the magni-
tude of the mean-square field gradient agree with an
explanation that the electric field gradients are due to
the electric fields of the ionized impurities. The tensor
component Rj, is estimated at the nuclear positions,
and the ratios of the antishielding factors between In,
Sb, Ga, and As nuclear positions are determined.
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Mossbauer studies of antiferromagnetic FeCO3z below and above the Néel temperature show an asym-
metric line broadening, and a constant value of 184 kOe of the magnetic hyperfine field from 0 to 7.
These phenomena are explained using an Ising model with slow electron relaxation. The relaxation rate
decreases with decreasing temperature, suggesting a spin-lattice relaxation. The Néel temperature was
found to be (38.340.3)°K, which is 3.3°K higher than that measured by neutron diffraction.

INTRODUCTION

ECENTLY, electron-spin relaxation phenomena
have been observed by many investigators'—?
using Mossbauer technique. However, most of these
studies in iron compounds were restricted to the Fe¥*
ions, and to my knowledge no relaxation effects in the
Fe*t ions in an antiferromagnetic material have been

1 Work supported by National Institutes of Health Grant No.
PHS-DE 02492-02.

* Present address: Department of Physics, Yonsei University,
Seoul, Korea.

1C. E. Johnson, T. E. Cranshaw, and M. S. Ridout, in Proceed-
ings of the International Conference on Magnetism, Nottingham,
1964 (The Institute of Physics and the Physical Society, London,
1965), p. 459.

2 G. K. Wertheim and J. P. Remeika, Phys. Letters 10, 14
(1964).

3 M. Blume, Phys. Rev. Letters 14, 96 (1965); M. Blume and
J. A. Tjon, Phys. Rev. 165, 446 (1968).

4 F. E. Obenshain, L. D. Roberts, C. F. Coleman, D. W. Fores-
ter, and J. O. Thompson, Phys. Rev. Letters 14, 365 (1965).

5 F. van der Woude and A. J. Dekker, Phys. Status Solidi 9,
977 (1965).

6 H. H. Wickman, M. P. Klein, and D. A. Shirley, Phys. Rev.
152, 345 (1966).

7 E. Bradford and W. Marshall, Proc. Phys. Soc. (London) 87,
731 (1966).

8L. E. Campbell and S. DeBenedetti, Phys. Rev. 167, 556
(1968).

observed. The purpose of this paper is to present the
Mossbauer spectra of antiferromagnetic FeCO; at low
temperatures, and to explain the observed phenomena in
terms of slow electron relaxation between two lowest
states of the Fe?t ions.

Ferrous carbonate, occurring naturally as the mineral
siderite, has a rhombohedral (calcite) structure® with
a bimolecular unit cell which has the dimensions
ao=5.795 A, a=47°45". Tts structure may be visualized
as an NaCl-type lattice contracted along a body diag-
onal, and, therefore, we may expect the ferrous ion to
be under the influence of a crystalline electric field of
cubic symmetry in the first approximation, and of the
trigonal field in the second approximation. Magnetic
susceptibility’®*? and neutron diffraction!® measure-
ments have established antiferromagnetic behavior at

Jow temperatures with the Fe?* spins pointing along the

trigonal ¢ axis, in alternating (0 0 0 1) ferromagnetic
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