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Measurements of the spin-lattice relaxation rates in the group-III-U compounds, GaAs, GaSb, InAs, and InSb,

are presented as a function of temperature from 4 to 300 K. These rates, except for GaSb, are separated into

magnetic and quadrupolar parts. The quadrupolar rates are separated into relaxation by acoustic phonons and

that by optical phonons. A simple phenomenological model fits the data to within 5% over the temperature

range. The optical phonons couple more strongly to the III nuclei than to the V. This difFerential coupling is

discussed in terms of a dipole mechanism for the electric field gradients.

I. INTRODUCTION

The first measurements of the nuclear spin-
lattice relaxation rates in III-V compounds from
4 to 300 K were made in InSb by Bridges and

Clark. ' The temperature dependence of the data
and their simple model showed that the quadrupo-
lar relaxation was sensitive to the gross features
of the phonon spectrum for the acoustic modes,
and that the optical phonons couple more strongly
to the group-III than to the group-V nuclei.

Our object has been to measure and interpret
the quadrupolar relaxation throughout the same
temperature range in GaAs, GaSb, and InAs, in
order to see if the same features noted in the InSb
data are common to other III-V compounds. A

preliminary report on the subject has been given
elsewhere. ' The four crystals provide an appro-
priate experimental system, in that each nucleus
can be studied in two different but similar environ-
ments. However, the data for GaSb could not be
fully analyzed because of technical difficulties
which are discussed below. It was hoped that the
magnitudes, as well as the temperature depen-
dence, of the quadrupolar relaxation rates would
become clear. Although the temperature depen-
dence of the rates is found to be characteristic of
all these crystals and its common character is now
well understood, the systematics of the magnitudes
of the rates are still not clear.

A four-parameter phenomenological model is
developed and used to interpret the temperature
dependence of the data. This model decomposes
the quadrupolar relaxation into contributions from
the acoustic and optical phonons. By adjusting one
parameter for each crystal and two parameters for
each nuclear species, this model is within 5%
agreement with the data over the entire tempera-

ture range 4-300 K. A detailed analysis of the
acoustic-phonon contribution is developed from
the theory of Bridges' and presented in the follow-
ing paper. ' Several results from that analysis are
relevant to the interpretation of our experimental
data. The temperature dependence of the relax-
ation at low temperatures, regardless of the
nature of the spin-lattice coupling mechanism,
can be described by a universal function and two

adjustable parameters. Also, the TA phonons
associated with symmetry points on the Brillouin-
zone boundary couple differently to the group-III
than to the Group-V nuclear sites, giving rise to
the observed fluctuations at low temperatures in
the ratio of the relaxation rates of the two nuclear
species.

II. EXPERIMENTAL ASPECTS

The samples used in these experiments were
prepared from very pure uncompensated single
crystals of GaAs and InAs, supplied by Cominco, '
and of GaSb, supplied by Monsanto. ' The samples
were crushed, sieved to obtain particle sizes in
the range 100-200 mesh, and mixed with aluminum
powder (size less than 325 mesh) in a ratio of 4:1
by volume. The Al2' resonance was used to set
the pulse angle and phase of a pulsed NMR spectro-
meter and to calibrate the equilibrium amplitude
of the other resonant nuclei. Teflon capsules con-
tained the powders and provided the form upon
which the NMR coil was wound.

All spin-lattice relaxation rates were measured
on a pulsed NMR spectrometer of the Clark type, '
using a single-coil scheme. ' The regulation of the
sample temperature was achieved by a flowing-
helium-gas system. With this system the average
temperature was known to 0.1% and the regulation
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during each run was to within +0.1%. Five methods
of measuring I/T, were employed, depending upon
the magnitude of the spin-lattice relaxation rate
and the signal-to-noise ratio at a given tempera-
ture. The resulting accuracy of the measured
rates over the entire temperature range is about
5%. These methods, as well as details of the ex-
perimental apparatus, are discussed elsewhere. '

III. EXPERIMENTAL RESULTS
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In this section the measurements of the tempera-
ture dependence of the total nuclear spin-lattice
relaxation rates, W= I/T„ in GaAs, GaSb, and
InAs are presented. The data of Bridges and
Clark' for InSb are included for completeness
and comparison. The total rates are separated
into magnetic relaxation and quadrupolar relax-
ation, and the characteristics of these two contri-
butions are analyzed. Sets of related data are
presented on log-log graphs with the same scaling
factors to facilitate comparison. The major fea-
tures of these measurements are identified and
numbered so that they can be referred to easily
later in the discussion. Interpretation of the data
will be the subject of Sec. IV.

A. Total relaxation rates

The total spin-lattice relaxation rates W in
GaAs, GaSb, and InAs measured in this study are
presented in Figs. 1-3. The data of Bridges and
Clark' for InSb are shown in Fig. 4. Features
pertinent to each figure are noted in the caption
or on the graph. The following characteristics
appear in common:

(i) At the lowest temperatures, the relaxation
exhibits a weak temperature dependence. As we
shall see later the quadrupolar relaxation which

5 IQ 20 50 100

Temperature T (K)
200 500

FIG. 2. Measured total nuclear spin-lattice relaxation
rates of Ga and Sb in GaSb as a function of tempera-
ture. The solid lines are smoothed interpolations for
the data points.

dominates at higher temperatures is strongly
temperature dependent and is orders of magnitude
smaller than observed in this temperature regime.
This weakly temperature-dependent rate will be
identified as magnetic relaxation W„.

(ii) The magnetic relaxation W„of each species
in three of the samples remains parallel, i.e. ,
exhibits the same temperature dependence. This
is not true for GaSb (Fig. 2).

(iii) There is a rapid increase in rate with tem-
perature owing to the quadrupolar relaxation rate
W@ becoming comparable in magnitude with the
magnetic relaxation rate W„.

(iv) In the temperature regime where Wo» W„,
the relaxation of the isotopes has the same tem-
perature dependence (the curves are parallel).
This is not true for nuclei of different atomic
species.
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FIG. 1. Measured total nuclear spin-lattice relaxation
rates of Ga, ~ Ga, and As in GaAs as a function of
temperature. The solid lines are smooth interpolations
for the data points.

FIG. 3. Measured total nuclear spin-lattice relaxation
rates of 5In and ~SAs as a function of temperature. The
solid lines are smooth interpolations for the data points.
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ordinates, it has the same value for isotopes.
Therefore the ratio of the quadrupolar rates is
temperature independent,
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The ratio of the quadrupole moments of isotopes
is known with precision from nuclear-quadrupole-
resonance experiments. " For gallium, we cal-
culate

Re Wo /Wo 2, 517 620

and for antimony,
FIG. 4. Measured total nuclear spin-lattice relaxation

rates of In 2 Sb, and 2 Sb in InSb. The data are
from Bridges and Clark, Ref. 1. The solid lines are
smooth interpolations for the data points.

(v) At the highest temperatures, all rates be-
come proportional to the square of the temperature.

WA WA~ WA
N Qy

w'= w'+ w',N+ Qy

(la)

(lb)

It is well known from theory" that the quadrupolar
rate for the zinc-blende structure is isotropic and
depends on the nuclear coordinates in the following
manner:

Wo =f(I)Q 'S(T),

where

f(J)= (2f+ 2)/I '(2f 1), —

(2)

and I and Q are the spin and quadrupole moment of
the nucleus, respectively. The function S(T) de-
pends only upon the environment and is related to
the square of the local electric field gradient. In
this paper it is referred to as the "relaxation func-

B. Separation of magnetic and quadrupolar relaxation rates

Since the primary interest of this study lies in
the quadrupolar relaxation, it is necessary to
subtract out the magnetic relaxation. Observations
(ii) and (iv) permit the use of a method similar to
that of %'arren and Clark" to separate the com-
peting rates for isotopes in a given crystal. Three
of our crystals have isotopes: GaAs (' Ga and "Ga),
InSb ("'Sb and '~Sb), and GaSb. However, the
method cannot be applied to GaSb, since at 10.4
MHz the "Ga and ' 'Sb resonances are only 29 G
apart, and experimentally it is difficult to measure
their individual relaxation rates. Therefore no
separation was attempted in GaSb.

The total rates of the two isotopes (A and B) are
to be separated into magnetic and quadrupolar
parts:

R = W"' /W"' = 0.690900.Q Q Q (6}

This provides a qualitative explanation for ob-
servation (iv). As a quantitative check, the ratio
of the total relaxation rates for the gallium iso-
topes in GaAs was averaged from VV to 600 K and
found to be

RQ = 2.50+ 0 05 ~

For this reason the relaxation in this temperature
regime is seen to be entirely quadrupolar.

The magnetic relaxation is due to spin diffusion
to paramagnetic impurities, and the dependence
of this relaxation on the nuclear coordinates is
unknown from theory. Observation (ii), however,
suggests that we can assume that the ratio of the
magnetic rates is a constant which can be deter-
mined by the ratio of total rates at low tempera-
tures, where the quadrupolar rate is small. Thus
we define

R» = W»/W». (8)

Equations (1), (2), and (8) can be solved for each
component:

W»= (W —RoW )/(R» —Re),

WQ= W —W

(9a)

(9b)

(9c)

(9d)
It should be noted that the entire temperature de-
pendence of the background relaxation W„ is de-
termined to within a multiplicative constant by the
measured rates of W" and W and the precisely
known value of RQ, and is independent of the value
R„. (This is fortunate, since the value of R„ in
InSb is uncertain because of the large amount of
quadrupolar relaxation that remains even at the
lowest temperature. )

For the nuclei in each crystal which are not
isotopes, observation (ii} suggests that the mag-
netic components are proportional. The propor-
tionality constant R„has been fixed at the low-



4708 JOHN A. McNEIL AND W. GILBERT CLARK 13

10
n-4

I I I I I I I I I I I I 1 I 1 I I I I I I I I

I

I I I
II

I

z IO 6.—

69Go

e7(Ga.75As

10-4

Io
4)
-"l0 '.—
04I-

10'
5

' ' '

'I'0
20 50 10

Temperature T (K)
20 50 100

Temperature T (K)

200 500

FIG. 5. Measured quadrupolar relaxation function
Wq/T for 6tGa, t Ga, and ~tAs in GaAs as a function of
temperature. Note the increased rate of the group-III
nuclei (+Ga, uGa) relative to the group-V nuclei (ttAs)
at TTA ~

FIG. 7. Measured quadrupolar relaxation function
Wq/Tt of "~ln and tttsb in Ingb as a function of tempera-
ture. Note the increased rate of the group-IG nucleus
(tt~in) relative to the group-V nucleus ( nSb, Sb) at
T TA. The data are from Ref. 1.

temperature end. An interpretation of the origin
of W„ is given in Ref. 9.

C. Quadrupolar relaxation

With the magnetic relaxation separated out, we
can examine the temperature dependence of the
quadrupolar relaxation. Both theory" and obser-
vation (iv) indicate that, at high enough tempera-
tures, W is quadratic in temperature. It is con-
venient and instructive to divide out this tempera-
ture behavior and consider the quantity Wq/T'.
Figures 5-7 show the temperature dependence of
Wq/T' in GaAs, InAs, and InSb. Whereas Wq
varies over seven orders of magnitude, Wq/T'
varies only over three. Observations (iv) and (v)
are clearly accentuated. In addition to these, we
add the following:

(vi) At low temperatures the rates of the group- I I I

6K
5K

5K

III and group-V nuclei remain relatively parallel.
However, in the middle temperature range there
is a larger fractional increase in the rate as a
function of temperature for the group-III nuclei
than for the group-V nuclei.

This differential relaxation of the group-III and
group-V nuclei is surprising when one considers
that the same phonons, which are being thermally
excited at a given temperature, are relaxing both
types of nuclei. We can divide out the nuclear co-
ordinates and look at the temperature dependence
of the relaxation function, S(T), as defined in Eq.
(2). A logarithmic plot of S(T) would yield curves
identical to those of W, only shifted vertically,
with those of isotopes on top of each other. It is
interesting to look at the change in the distance

T
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FIG. 6. Measured quadrupolar relaxation function
Wq/Tt for unin and +As as a function of temperature.
Note the increased rate of the group-ID nucleus ( Inj
relative to the group-V nucleus ( As) at & T„.

500 FIG. 8. Ratio of the local relaxation function at the
group-III and group-V nuclear sites as a function of
temperature. The value of To corresponds to the tem-
perature of the TO (I') phonons. This figure shows the
relative change in the local field as optical phonons are
thermally excited.
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between the group-III and group-V curves, i.e. ,
the temperature dependence of the ratio of the
local fields. A plot of Sv/S versus temperature
is shown in Fig. 8. (The temperature on this graph
has been reduced by a value T„which is chosen
to correspond to the frequency of the transverse-
optical phonons, for reasons to be given in Sec.
IV). The enhancement in the relaxation function at
the group-III site is evident from the drop in the
ratio at temperatures about 0 270 From this
graph are drawn the following observations:

(vii) The ratio in all cases drops with an in-
crease in temperature. The change in the ratio
for the two indium compounds is the same, a fac-
tor of 2. 10, while that in GaAs is larger, a factor
of 3.15.

(viii) At the lowest temperatures, the relax-
ation function S(T) is largest at the site with the
largest atomic number. The atomic numbers of
Ga, As, In, and Sb are 31, 33, 49, and 51. At
low temperatures the ratio is greater than unity
for InSb and GaAs, and less than unity for InAs.

(ix) In the GaAs and the InSb samples, the
ratio of the local relaxation functions at low tem-
peratures is not constant, but in fact has a small
fluctuating temperature dependence. This fluctu-
ation is discussed in the following paper. 4

IV. INTERPRETATION

In this section the experimental quadrupolar re-
laxation rate data are analyzed. First, the gen-
eral theory of quadrupolar relaxation is outlined
to provide a basis for a phenomenological model,
which is then discussed. When applied to the data,
this "two-band model" is found to describe the re-
laxation rates to within experimental error (5%)
over the entire temperature range. The model
indicates that the relaxation by the optical phonons
is stronger for the group-III nuclei than for the
group-V nuclei. An explanation for this differen-
tial coupling is presented.

A. General theory of quadrupolar relaxation

Quadrupolar relaxation results from magnetic
transitions induced by the coupling of the nuclear
quadrupolar moment to the electric field gradients
at the nuclear site. The term in the Hamiltonian
expressing this coupling is of the form

A pV~,

where A„and V„are the spherical components of
nuclear quadrupole moment and the electric field
gradients, respectively. The exact form of each
component is noted elsewhere. " Mieher has
shown" that if a spin temperature exists, the

nuclear quadrupolar relaxation rate is

Wo = Df(f) g P'W",

where f(f) is given in Eq. (3),

D 1 e2@2

and

(12)

where the two phonons are identified by the in-
dices X=k, p and X'=k', p'; k and k' are their
respective wave vectors, and p and p' are their
polarizations. co; is the angular frequency of the
phonon and n„- is its thermal equilibrium popula-
tion given by the Bose-Einstein factor

n-=I/(e""I ~ r —1) (15)

The mass of the crystal is M. Since the nuclear

The gradients V„are produced by the dynamic
displacement from equilibrium position of the sur-
rounding charges caused by phonons. The functions
~n) denote the states of the lattice vibrations.
The spin-temperature approximation is appro-
priate for these III-V compounds, since the spin-
spin relaxation time T2, which is on the order of
10~ sec, is much shorter than the spin-lattice
relaxation time. The important thing to note here
is that the dependence of the relaxation upon the
nuclear spin coordinates is completely deter-
mined, even though nothing has been assumed
regarding the electric field gradients. This re-
sult was used in Sec. III.

Conservation of energy, as expressed by the
6 function, and Bose-Einstein statistics restrict
the possible types of mechanisms which can be
effective for relaxation to Raman processes, "
i.e., one phonon is absorbed and one is emitted
with an energy increase equal to the loss of nu-
clear Zeeman energy. Two types of Raman pro-
cesses have been proposed. " The first is the
"harmonic Raman process, " in which two phonons
are coupled directly with the nucleus. The other
is the "anharmonic Raman process, "which is a
second-order interaction wherein a single virtual
phonon is coupled to the nucleus by a direct pro-
cess and to two other phonons by the anharmonic
part of the crystal potential. In either case, Eq.
(11) can be written in the form

e'q' f(l) 4~
40 a4 M
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Zeeman energy is 10"' smaller than the phonon
energies, it has been dropped from the 5 func-
tion. There is very little, if any, overlap in en-
ergy between the acoustical and optical branches
in the III-V compounds. Therefore the 5 function
restricts X and A.

' to the same branch, but not
necessarily to the same polarization or wave
vector. All of the details of the coupling of the
two phonons are contained in the coupling term
H(X, A.'). The entire temperature dependence
stems from the factors nf (sf+ 1), which can be
expressed as

n"„(nI + I)= lkT/ff(o I l'E~(kT/t(of ), (16)

ar'tW P H XX ~
) ( ) (18)

(d

where

C =,', vf(f) l
e-qk/Mff' l' .

For temperatures sufficiently greater than any

+I, the quantity Wq/T' becomes independent of
temperature because of the limiting behavior of

+= C g g 5((dl —(df. )
W H(X, X')

(20)

Thus the high-temperature Wz ac T' behavior
arises strictly from the two-phonon statistics
aad is not dependent upon the details of the mech-
anism or approximations. Experimentally this
behavior is seen in Figs. 1-7, and was noted in
observation (v) in Sec. III.

The term H(X,X') is

H(x, x') = lf(x, x')+ 8(x, x') l', (21)

where f(X, X') expresses the harmonic Raman pro-
cess and g(A., X') the anharmonic Raman process;
the exact forms for these functions are given in
Ref. 13. In principle these terms must be cal-
culated for each pair of points in the Brillouin
zone. Only approximate calculations have been
attempted. v

where

E*(x)= I» sinh(I/»)
I

This function E~(x) has the important property
that it approaches unity as its argument becomes
arbitrarily large. It will be called the optical
function. Equation (14}becomes

Germanium density of states,
calculation of Phil lips

s

= 2.0-

~ l5-

~ l0-

C
~ 0S-

Optical

modes

restricted double summation becomes a single in-
tegration over frequency and a summation over
polarizations if the dispersion curve for each
phonon branch is assumed to be isotropic. Al-
though the measured dispersion curves in" InSb
and" GaAs show that this is not the case, effects
associated with the anisotropy are expected to be
averaged out due to the summation over all pairs
of phonons on each frequency surface. (It is
shown in the following paper4 that this averaging
is not complete. ) On the assumption of isotropic
dispersion curves, Eq. (18}becomes

S"
T, = C Q P~((o)P~. ((o) "4 E*

g d(o,H~„((u) ~ kT
PP' 4) 8Q7

(22)

where H», (&o) = (H(7, A, ')), t. he symbol ( ~ ) in-
dicating the average over all directions for pairs
of phonons with polarization p and p' and frequency
&o, and where p~(~) is the density of phonon states.

The phonon density of states is available from
the calculation for diamond-type lattices by Phil-
lips." His results for germanium are shown in

Fig. 9. The distributions are functionally similar
for Ge, Si, Sn, InSb, and GaAs, although the fre-
quencies for each branch of the distribution scale
differently. From Fig. 9 it is seen that one-third
of the phonon states lie in the transverse-acoustic
(TA} modes, which would be the only modes ther-
mally excited at low temperatures. It is also seen
that one-third of the phonon states lie in a narrow
band at the optical frequencies. They are im-
portant for relaxation at high temperatures.

To evaluate Eq. (22) the density of states from
Fig. 9 is used. Because there is no overlap be-
tween the acoustic and optical density of states,
the summation over the polarizations splits into
two parts. The spike in the density of states of

B. Two-band phenomenological model

Now we turn to the following approximate evalua-
tion of Eq. (18), which is a development of the
theories of Bridges and Clark' and Bridges. ' The

fl 6

Frequencyv (lO Hz)

FIG. 9. Phonon density of states in ge~~&um. This
frequency distribution was calculated from measux ed
dispersion curves by Phillips, Ref. 17.
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TABLE I. Acoustic function Ez(T*)vsT*.

E~(T*)

0.0200
0.0222
0.0245
0.0272
0.0301
0.0333
0.0369
0.0409
0.0453
0.0502
0.0556
0.0616
0.0682
0.0756
0.0837
0.0927
0.1027
0.1138
0.1260
0.1396
0 ~ 1546
0.1713
0.1897
0.210
0.233

1.452 x10
2.31 x10
3.69 x 10
6.00 x 10
1.001 x10
1.740 x10
3.22 x 10
6 44 x10
1.374 x 10
3.05 x 10
6.80 xi.0 '
1.479 x10
3.09 x 10
6.13 x 10
1.150x10 '
2.04 x10
342 x10 '
5 44 x10
8.21 x 10
0.1183
0.1628
0.215
0.274
0.337
0.402

0.258
0.286
0.316
0.350
0.388
0.430
0.476
0.527
0.584
0.647
0.717
0.794
0.879
0.974
1.079
1.195
1.324
1.466
1.624
1.799
1.993
2.2 i.

2.45
2.71
3.00

0.467
0.531
0.591
0.647
0.697
0.742
0.782
0.817
0.847
0.872
0.894
0.912
0.928
0.940
0.951
O.g 60
0.967
0.973
0.978
0.982
0.985
0.988
O.ggO

0.992
0.9g3

with

ac T Oy

(23)

the optical modes has the effect of a 5 function at
the angular frequency &, of the transverse-optical
(TO) (I') phonons. Thus Eq. (22) becomes

0.5:

0.2—

OI =

0.05—

E(T
0.02—

0.01 =

.005-

.002-

.00I
0.02 005 Cll 0.2 0.5

Reduced temperature T =T/T'

FIG. 10. Relaxation functions as a function of reduced
temperature. The acoustic function for relaxation by the
acoustic phonons is based upon the realistic density of
states calculated by Phillips, Ref. 17. The optical func-
tion for relaxation by the optical phonons is based upon
an Einstein density of states at the TO (Q frequency.

laxation due to the acoustic phonons is of the form

o/T'
I ~ =AE~(k T/«~ ) (26}

where A is a scaling factor for the amplitude of
the relaxation, calculable in principle, but an
adjustable parameter in practice. The function
E„(T } is called the acoustic function and is listed
in Table I. The temperature scaling parameter g
is a number on the order of 1 and depends upon the
nature of the coupling of the nearest neighbors to
the nuclear quadrupole. (It equals I for the special
case of a harmonic Raman process and a point-
charge mechanism for the electric field gradients. )
Since the details of the coupling mechanism are
not known, g~T„ is considered an adjustable pa-
rameter to be determined by the data. By rede-
fining parameters,

and

iWo/T i, =BE*(kT/hu ), (25)

TT~ = g(o T~/k,

T, = h(o, /k,
the total relaxation becomes

(27a)

(27b)

where 8 will be treated as an adjustable param-
eter. The summation in Eq. (24) is restricted to
the acoustic modes.

Bridges has calculated the acoustic relaxation
contribution Eq. (24) for a general interaction in-
volving only nearest neighbors. His calculation
included only the transverse and longitudinal pho-
nons with frequencies up to the rnaxirnum TA pho-
non frequencies. The calculation is extended in
the following paper4 to include all of the acoustic
phonons, and is generalized for an arbitrary
mechanism for the coupling of the nearest neigh-
bors to the nuclear quadrupole moment. It is
shown that over the temperature range of interest
the resulting temperature dependence of the re-

Wo/T2 =AE~(T/TT„) + BE+(T/TO) . (25)

The acoustic and optical functions are shown in
Fig. 10.

Now consider the application of this two-band
model to the experimental data for GaAs, InAs,
and InSb. The parameters A, B, and T» in Eq.
(28) were best fitted in the least-squares sense
to the data. The value of To was calculated from
restraMen spectra. " The resultant two-band-
rnodel fit to the data is shown in Figs. 5-7. The
broken curve shows the relaxation due to the
acoustic phonons alone. The deviation of the sol-
id curve from the broken curve is due to the opti-
cal phonons. It can be seen that the two-band mod-
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TABLE II. Best-fit parameters.

Species A(10 sec 'K ) TT (K)
TVq/T =A EA (T/TTA) + BE*(T/Tp)

qwT~(2n x10" Hz) B (10 ~ sec ' K ') To" (K) coo' (27t x10' Hz)

68QaAs
~~QaAs

Ga7 As
"~lnAs
In "As
"'rnSb
ln
In 2Sb

0.783
0.310
3.43
7.84

12.95
8.37

25.8
17.8

+ 0.045
~ 0.015
+ 0.03
+0.40
+ 0.40
+ 0.35
+ 0.7
+ 0.8

165.8+0.6

111 +1

83.0 +0.6

3.46 +0.01

2.32 + 0.02

1.73 +0.01

2.97
1.18
1.71

12.6
2.1

18.6
13.7

9 ' 5

+0.20
+0.65
+ 0.10
+1.0
+ 0.3
+1.3
+ 2.0
+ 1.4

385

315

266

8 02c

6.57 d

54e

' Frequency of TO (I') phonons was not fitted to the data, but was taken from published values.
To = 1(do/0 ~ Tg A

= 7/S(t)TA/k .' See Ref. 16.
dSee Ref. 18.
~ See Ref. 15.

el fits the data to within 5% over the entire tem-
perature range. The values of the fit parameters
are listed in Table II.

The best-fit values of the parameter g(d T„are
3.46+0.01 and 1.73 +0.01 (2v x 10"Hz) for GaAs
and InSb, respectively. Neutron diffraction mea-
surements of the dispersion curves of"GaAs and"
fnSb give &ur„as 3.48 +0.06 and 1.82 +0.02 (2w
x10" Hz), respectively. This implies that the
factor g is 0.99 +0.02 and 0.95 +0.01 for these
two crystals, which is within the expected range
for this parameter. 4

The two-band model provides a phenomenologi-
cal expression for the ratio of the relaxation func-
tions at the group-III and group-V nuclear sites as
a function of temperature, shown as the solid line
through the data points in Fig. 8,

8 v f(fIII)Qg/I Av g(T/TTA) + v ( / 0)

$qqq f(fv)Q2v AnqE~(T/TT„)+ Bq~~E+(T/To)

(29)

According to this model the ratio remains constant
for temperatures below 0.1T,. Figure 8 and ob-
servation (ix), however, show that this ratio fluc-
tuates. What is being seen are small deviations
from the Bridges theory due to approximations.
This model and these fluctuations are examined
in greater detail in the following paper. 4 Here
we simply point out that some terms which have
been left out of the Bridges theory make a small
contribution to the relaxation and are difficult
to calculate. Their omission removes all tem-
perature dependence to the ratio of relaxation
rates from acoustic phonons. However, even if
these terms are included, the use of an isotropic
model for the dispersion curves permits only a
monotonic temperature dependence, rather than

the fluctuating one seen in the data. They are
attributed to the differential coupling of particular
phonons in the vicinity of symmetry points on the
Brillouin-zone boundary to the two nuclear sites.

C. Dipole mechanism for relaxation by optical phonons

It is clear from Figs. 5-7 that the optical pho-
nons couple more strongly to the group-III nuclei
than to the group-V nuclei. This differential cou-
pling of the optical phonons (relative to the acous-
tic phonons) is also seen in Fig. 8, where the
ratio of the local relaxation function at the group-
III and group-V nuclear sites decreases for T
& 0.15T„ the range in which the relaxation by
optical phonons becomes important. This can be
seen quantitatively from the best-fit parameters
in Table II. The ratio of the amplitudes of the op-
tical and the acoustic phonons, B/A, for the group-
III nuclei is 3.80, 1.60, and 2.22 for GaAs, InAs,
and InSb, respectively, while the ratio for the
group-V nuclei is only 0.50, 0.16, and 0.53. It
has been suggested previously that a dipole mech-
anism, such as has been proposed by Wikner et
al.' and generalized somewhat by Joshi et al. ,

'
could account for this differential coupling. In
this mechanism the phonons induce an electric
field at the atomic sites. Depending upon the
polarizabilities of the atoms, a time-varying
dipole moment is induced which contributes to
the electric field gradients at the neighboring
sites. It is known from optical data" on the
group-III-V compounds that the polarizabilities
of the group-V atoms are greater than those of
group III. Therefore we would expect that, inso-
far as this mechanism contributes to the relaxa-
tion, the group-III nuclei would be relaxed more
rapidly than the group-V nuclei.
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This dipole mechanism should contribute to the
relaxation by the acoustic phonons as well as the
optical. However, the density of states for the
optical phonons peaks strongly for phonons at the
center of the Brillouin zone, as can be seen in
Fig. 9, and these phonons produce intense electric
fields. Therefore the dipole mechanism is much
more effective for the optical phonons than for the
acoustic. For this reason we would expect the dif-
ferential coupling to the group-III and group-V nu-
clei of this mechanism to be important at tem-
peratures where the optical phonons are excited.

V. CONCLUSIONS

The total spin-lattice relaxation rates I/T, were
measured in GaAs, GaSb, and InAs from 4 to 300
K. These data, along with those of Bridges and
Clark for InSb, are presented. The magnetic
relaxation was separated from the quadrupolar
relaxation for these crystals, except for GaSb.
The quadrupolar relaxation is separated into two

parts, relaxation by acoustic phonons, which pre-
dominates at lower temperatures, and relaxation
by optical phonons, which becomes important at
higher temperatures. The data were fitted by a
four-parameter phenomenological model to within
+5% over the entire temperature range. The fit
parameters are the amplitudes and characteristic
frequencies of the acoustic- and optical-phonon
processes (Table IQ.

The relative magnitudes of the relaxation by the
acoustic and optical phonons can be understood
qualitatively in terms of a dipole mechanism. No
theories have been able to account for the ampli-
tudes satisfactorily. We speculate that the work
on the electric-field-gradient tensors for group-
III-V compounds using nuclear acoustic reso-
nance" may help to explain the observed magni-
tudes.
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