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I I conduction electron g factor and matrix elements in GaAs and Al„Gal „As alloys
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We report a new technique for determining
~

gs~ of I', conduction electrons using optical-spin orientation

techniques (polarization of luminescence, Hanle effect, and lifetime measurements). The variation of
~ g ~

with x in Al„Ga, „As (0 & x & 0.21) implies a negative g in GaAs, in contrast to previous theoretical
interpretations but in agreement with various recent measurements. The experimental values of g» and m» in

GaAs are used to determine the momentum matrix elements connecting the I, state to the I » valence and
conduction states. The results obtained for GaAs are employed to calculate matrix elements and g factors in

Al„Ga, „As alloys and in a number of zinc-blende crystals. Improved agreement between the calculated and
measured values of g* is obtained in nearly all cases.

I. INTRODUCTION

The experimental measurement of the I', conduc-
tion-electron (1't,) g factor in semiconductors pro-
vides a sensitive test of the theoretically deter-
mined momentum matrix elements between the
various states at I'. Previously calculated matrix
elements, however, give g factors which are gen-
erally not in very good agreement with experi-
ment. ' In particular, theoretical calculations '

and some measurements' have led to the assign-
ment of a positive value to g» for GaAs. Two dif-
ferent experimental measurements, however, one

by Weisbuch' and the other presented here, on the
variation of g* with alloying indicate a negative g
factor for GaAs. Our results are in satisfactory
agreement with the negative sign and magnitude of
g* obtained from measurements of the Zeeman
spectrum of the photoluminescence emission line
due to the recombination of excitons bound to neu-
tral Sn acceptors and from spin-flip Raman scat-
tering. ' Our experiment utilizes spin polariza-
tion and Hanle effect combined with measurement
of minority-carrier lifetime to determine g*. The
details of the experiment are discussed in Sec. II.

We have used the measured value of g* in GBAs
in conjunction with effective-mass and optical data
to determine the momentum matrix elements be-
tween the I'„state and the I » valence and conduc-
tion states. We find that the I'» conduction state
makes an appreciable contribution to both g* and
m* of the I'„state in GaAs. The information on
the momentum matrix element connecting the I'»,
and I'„states obtained from GaAs allows a calcu-
lation of g* in Al„Ga, „As alloys and some other
zinc-blende crystals. The calculations and results
are presented in Sec. III.

II. DISCUSSION OF EXPERIMENT

The determination of conduction-electron g fac-
tors in semiconductors by conventional EPR tech-
niques is limited to systems in which sufficient

equilibrium concentration of electrons is available
(e.g. , by adding donors), and then interpretation
is sometimes complicated because of the presence
of these donors. Recently, optical spin-orientation
techniques have been used to measure Ig*l in
GaSb, m GaAs, and InP. ' It is found that )g*[
=0. 51 for pure GaAs, and lg*l =0.56 for
Inc „Ga, s,As. ' (See note added in proof. ) This
indicates that the sign of ge is negative for GaAs,
because the addition of In lowers the energy gap
and the effective mass, both of which tend to make
g* more negative. " We have used a different ex-
perimental technique (described below) to measure
g* in Al„Ga, „As alloys and our results confirm the
assignment of a negative value to g* in GaAs.

To determine Ig*l for Al, Ga, „As (0 ~x ~ 0.21) we
have used spin polarization and Hanle effect com-
bined with measurement of minority-carrier life-
time. Although it is more straightforward and pre-
cise to measure Ig*l directly from the resonant
decrease in the polarization, the small value of T,
(about 1 nsec or less) in this system at low temper-
atures has thus far prevented us from seeing the
resonance. This enhanced spin relaxation at low
temperatures is apparently due to nuclear hyper-
fine effects. ' The technique reported here, al-
though less precise, is probably applicable to a
wider range of materials.

The samples were produced by liquid-phase epi-
taxy on GaAs and contained about 10' -cm zinc
acceptors [one of the pure GaAs samples was a
bulk single crystal containing (2& 10' )-cm s zinc
acceptors]. Most samples were covered with a
second epitaxial layer containing a high aluminum
concentration (x= 0.60). Samples with such a win-
dow had minority-carrier lifetimes 7 = 3-10 nsec
at 77 K. Samples for which the window was re-
moved by mechanical polishing had v'= 0.2-1 nsec.

The spin polarization was determined by optically
pumping the samples with circularly polarized light
from a cw krypton laser, using a pump photon en-
ergy about 50-100 meV larger than Eo, and mea-
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I'„, states (shown in Fig. 2), and Eq. (3) leads to"

g+ 2 Q2 +)2 02 ~0 ~1

Z(Z, +~,) (E, Z', )-(E', E, —z ,)—) ''
(4)

where

P =2/m)(r„. .*lp*l r,.)l'
and

& P = 2/m l &r„, „[p, l r„)l
' .

—0.6

FIG. 1. g* vs x for Al„G@ Qs. The measurement
indicated by ~ is from Weisbuch (Ref. 1). The solid
line is the theoretical result.

p(B) = p(0)/(I +(ol,T'), (2)

suring the degree of circular polarization of the
luminescence. It is well known" that for a cubic
semiconductor this polarization is related to 7 and

T, by

p= —,'T, /(&+T, ) .
In the presence of a transverse magnetic field,

p decreases (the Hanle effect) according to'

In group-IV crystals where both the lowest conduc-
tion state (I'o. ) and the r~o, state have odd parities,
the matrix element (F„,I pl ro.,) is zero (i.e. ,
1=0) and only the states at the top of the valence
band contribute to g*. In zinc-blende crystals X is
different from zero as a result of the mixing,
caused by the antisymmetric potentials, '2 of even
and odd parity states at I'.

The matrix element P or A. Po in Eq. (4) can be
eliminated by using the effective-mass equation

m P' 3&o+2&o o 3(&o —&o) —m, o

m" 3 E (ED+E,) (E', —E)(z —E,—z',',)) ,'

(5)

where (d~ =gzeB/2m and T'=(7' '+T, ') '.
The lifetime 7' was measured by mode locking

the laser and using the phase-shift method. " Us-
ing a vector voltmeter, we measure thephase shift
to within about 3', which translates to a useful
range of about 0.2-10 nsec for measuring 7'. We
estimate that the uncertainty in v is about a factor
of 2 at these two extremes and is about 10'/o for
v =1 nsec. The decay process is assumed to be
exponential.

Thus the measurement of 7 and T, enables us to
determine g* from the Hanle effect. Our results
for Al„Ga, ,As are shown in Fig. 1. The uncer-
tainties shown are primarily due to uncertainty in

Of course this measurement does not determine
the sign of g*. The sign was chosen to give a
monotonically increasing variation with x, which
in turn indicates a negative g* for QaAs.

(r„) r,

(r„) r, )(
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E

E's

III. MATRIX ELEMENTS AT I'

The effective gyromagnetic ratio g* of the I'„
electrons can be evaluated from" Es

P fz NPt2 CM P ttf ttPtf CR

m .g~ E-&. (3)

where t n) =I I'„) and p „represents a momentum
matrix element. In zinc-blende crystals P „ is
nonzero only when n is a wave function with Fyg

symmetry, and the sum in Eq. (3) is nonzero only
in the presence of spin-orbit interactions. The
most important contributions to go (and similarly
for the effective mass m*) arise from the F„„and

(r, „) r,

FIG. 2. Energy levels at 1" for zinc-blende crystals.
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TABLE I. Calculated and experimental values of g* are compared for a number of zinc-
blende crystals. The calculated values of Q are obtained from Eqs. (4) and (5) using A = 0.4
together with effective-mass and band-parameter data listed above.

m+/m E()
(Ref. 24) (Ref. 24) p2

g+
(calc. )

gQ

(expt. )

GaAs
Gasb
InP
InAs
InSb

0.066
0. 045
0. 080'
0. 024
0.0137

1.52
0. 81
1,42
0.42
0.237

0.341
0. 80
0.11"
0 385

0. 81)

4.659
3.69
5.66'
4. 58'
3.78

0. 171
0.25
0.41
0.43
0 41'

29
23. 93
19.50
21.36
23. 89

—0.47
—8. 0
+1.21

—14.26
—50.23

—0.51"+0.03
9.3c+O. 3
1.26+0 05~

—14.7"
—51.4 +0.1

'See Ref. 16.
"See Refs. 3, 4, 9, and 10.
See Ref. 22.
See Ref. 25.

'See Ref.
~See Ref.
«See Ref.
"See Ref.

26.
2.
17.
27.

'See Refs. 3 and 4.
jSee Ref. 24.
See Ref. 28.

'See Ref. 29.

For X=O the resulting expression is identical to
that obtained originally by Roth et al. " For GaAs
assuming A. =O and using (see Fig. 2) ED=1.516 eV,
&0=0.341 eV, E0=4o659 eV, &0=0.171 eV, ' and
m~/m = 0.066, "for the I'„state, Eqs. (4) and (5)
yield g*=0.16, in poor agreement with the experi-
mental value of -0.51. This clearly indicates the
need for including the contribution of the I'», states
to m* and g*. Cardona' has used an expression
equivalent to Eq. (4) to calculate g" in a number of
semiconductors. In evaluating A. he takes into ac-
count the mixing of even- and odd-parity states for
the I'&z„and I'», states, but not for the I'y state.
This allows a simple evaluation of A.

~ from the
measured Eo-—E(I'„,) —E(I'„„)gaps in GaAs and
Ge. In this way Cardona obtains A~ =0.19 for
GaAs which, using Eqs. (4) and (5), yields' g*
=+0.09. This is an improvement over the result
for X~ =0 but still not in agreement with the experi-
mental value of —0.51. It should be noted that a
higher value for ~~ decreases g* in two different
ways: (i) through the term involving X~ in Eq. (4)
and (ii) mainly through the increa, se in the value of
P2 resulting from Eq. (5), i.e. , when X~ becomes
larger P also increases so that m* is unchanged.
Values of A2 = 0.4 and P = 29 eV are necessary to
explain both m* and g* in GaAs.

We have used the empirical pseudopotential meth-
od'9 to calculate the energy levels, wave functions,
and matrix elements at I" for GaAs. We find, how-
ever, that the calculations with both local and non-
local (angular-dependent) potentials give values for
A~ and P~ that are much smaller than needed to ex-
plain m* and g*. Since X =0 in diamond-structure
crystals and A.~40 in zinc-blende crystals one may
expect, on the basis of arguments similar to that
used by Cardona, that X depends primarily on the
ionicity of the bond and that it should, therefore,
be nearly equal in zinc-blende crystals with nearly
the same ionicities. Therefore, it is possible to

F'= —&P /(E' —E) (6)

which gives the contribution of the I',5, states to the
effective mass m* of the I'„state. Lawaetz, '
from an over-all fit to the experimental data, as-
sumes that the total contribution of all I'~~, sym-
metry bands to m* can be represented by F'= —2.
Substituting the parameters listed in Table I and
A. = 0.4 in Eq. (6), we find E' equal to —3.70 in
GaAs, —3.32 in GaSb, -1.84 in InP, —2.05 in
InAs, and —2. 70 in InSb. The use of a constant

test whether A~ =0.4 is reasonable in GaAs by using
the same value of X2 for InAs, GaSb, InSb, and InP
to calculate Pn [from Eq. (5) using effective-mass
and optical data] and g*. These zinc-blende crys-
tals have approximately the same ionicities on the
Phillips-Van Vechten scale. The results of such
a calculation are shown in Table I, and the agree-
ment between the calculated and experimental val-
ues is, in general, extremely good. Another test
is provided by the Al„Ga, Qs alloys. For this sys-
tem the increase of Eo and decrease of 4O with x
will cause g* to increase. The band parameters
for Al„Ga, „As were obtained from the data of Ber-
olo a,nd Woolley. ' For 0 —x —0.21 Eo varies be-
tween 1.518 and 0.316 eV. The parameter P
varies from 29 eV in GaAs to 21.1 eV in AlAs. ~

The variation of the term involving X~ in Eq. (4)
with x was ignored since it produced only a very
small variation in g*. The parameter A~ was taken
equal to 0.4 and a linear variation of band parame-
ters with x was assumed. The result is shown as
the solid line in Fig. 1 and it is seen that the agree-
ment with experiment is very good.

The good agreement between the calculated and
experimental g factors for Al„Ga& „As alloys and
also for the zinc-blende crystals listed in Table I
shows that the assumption A~ =0.4 is reasonable
in these systems. It is also interesting to look at
the parameter
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versus a varying I' gives rise to differences of
about 10% in values for P obtained from Eq. (5).

In conclusion, we have shown that the variation
of g in Al„Ga, „As is consistent with the assign-
ment of a negative g~ to GaAs. Furthermore, we
have used the g-factor and effective-mass data to
determine some momentum matrix elements at I'
in a number of zinc-blende crystals. For GaAs
and GaSb we find the coupling of the I'„state to
higher conduction states (in particular the f'»,
state) to be (70-80)% stronger than previously
estimated. ~s Our results for the matrix elements
P between the I'~, and I'~s„states agree to within
10%%uo with those obtained by Lawaetz.
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Note addedin Proof: Dr. C. Weisbuch has in-
formed us of the results of new measurements of
the g factor of GaAs. The new experiments were
performed to study the influence of the nuclear po-
larization on the measured g factor. The nuclear
effects were found to be non-negligible. To cancel
the nuclear fields, electron spin resonance and nu-
clear resonance (to depolarize the nuclei) were
carried out simultaneously. The new values ob-
tained for the g factors are: lg*l =0.44 in GaAs
and I g*l = 0.46 in GaQ 99InQ Q/As As discussed in
Sec. II these results indicate a negative g factor
for GaAs. Using the new value of g* in GaAs to-
gether with m*/m = 0.066 for the 1"„electron we
find that Eqs. (4) and (5) give P~ = 28. 7 eV and
~'=0. 38 in close agreement to the values of 29
and 0.4 which we have used in this paper.
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