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We report spin-orientation experiments for photoexcited holes in the spin-orbit-split valence band
created by optical pumping with circularly polarized light near k=0. The degree of circular polari-
zation of the Ej+ Ay luminescence, which measures directly the spin orientation of the thermalized
holes, is studied as a function of the excitation energy for n-type InP (with different doping levels
ranging from 5X 10" to 5x 10" cm~3) and for n-type GaSb (1.8 10'® cm—3). We observe no
dependence of the polarization degree on doping in InP. The degree of polarization decreases simi-
larly with increasing photon energy in InP and GaSb, materials with very different spin-orbit split-
tings. Several spin-relaxation mechanisms are discussed. The data are analyzed on the basis of the
Dyakonov-Perel spin-relaxation mechanism. The effect of scattering between split-hole, light-hole,
and heavy-hole bands is also considered. The Dyakonov-Perel mechanism seems to be dominant for
hole excitations up to 0.5 eV above the Eo+ Ao gap. From a fit of the experimental depolarization
curves we obtain reasonable momentum relaxation times for holes of the order of 100—200 fs in InP

and 200—300 fs in GaSb.

I. INTRODUCTION

Optical orientation of electron spins is a powerful
method for investigating relaxation processes in semicon-
ductors (for a review, see Ref. 1). Optical pumping with
linearly polarized light has also shown to yield spin-
polarized photoelectrons in GaAs.? This effect has found
application in spin-polarized electron sources.’

Most of the past investigations have dealt with the
study of conduction-band electrons in p-type materials.*
Work on hot-electron luminescence above the direct gap
E, in GaAs (Ref. 5—7) and InP (Refs. 8 and 9), or on the
polarization analysis of the band-to-band lumines-
cence,> 0 was carried out in order to analyze the various
energy, momentum, and spin-relaxation mechanisms for
electrons. This work was stimulated by theoretical studies
of spin-relaxation processes by Elliott and Yafet,!!"!?
Dyakonov and Perel,>!*>!* and Bir e al.'® In these exper-
iments the spins of conduction electrons are oriented by
pumping with circularly polarized light. The dependence
of the various spin-relaxation mechanisms on temperature
and doping has been used to distinguish between
them.'®~!® Using the Hanle effect,' i.e., the spin depolar-
ization of electrons subject to a transverse magnetic field,
quantitative values have been obtained for the spin relaxa-
tion times of electrons in the conduction band.?°~2? The
effect of the different valence bands on the optical orien-
tation of electron spins in the conduction band of p-type
GaAs has been studied by varying the energy of the excit-
ing light and observing the degree of polarization of the
E, luminescence.?>?* In dilute magnetic semiconductors
(Cd,_,Mn,Se, Cd,;_,Mn,Te) ultrafast spin relaxation of
electrons has been observed by picosecond luminescence
studies (7,~20 ps).>> The nuclear spins of the Mn>*
atoms (S =-=) induce an internal magnetic field which
leads to a spin relaxation somewhat similar to the
Dyakonov-Perel mechanism.

Little work has been done on n-type materials,?!"?%26:27
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especially on the above-gap luminescence which occurs in
them near E,+A,, the spin-orbit-split component of the
direct gap.?® The corresponding valence state has
equivalent angular momentum J =+ and thus will be
treated here as a spin or pseudospin doublet. This spin
can be fully oriented: the luminescence at Eq+ A is then
100% circularly polarized. Recently, a preliminary report
on the dependence of the polarization degree of the
E,+ A, luminescence on the excitation energy of GaAs
has appeared.?”3® For holes created 97, above the
Ey+ A, gap in the split-hole band a spin polarization is
still observed after thermalization. The spin loss is at-
tributed to scattering processes between the split-hole and
light- and heavy-hole bands. The Dyakonov-Perel mecha-
nism'*>!* is thought to be less important.

We have studied the dependence of the degree of circu-
lar polarization as a function of the exciting laser frequen-
cy in n-type InP and GaSb. Band-mixing and spin-orbit-
splitting effects can be judged by comparing the measure-
ments of InP [valence-band splitting Aq=0.11 eV (Ref.
31)] with those of GaSb [A;=0.75 eV (Refs. 32 and 33)].
Four InP samples with different doping levels (between
5% 10" and 5x 10" cm™3) were investigated. Within
this range, no effects of doping were found. For InP the
spin depolarization can be interpreted with the mecha-
nism proposed by Dyakonov and Perel.!*>!'* For GaSb,
however, inter-valence-band scattering should produce a
depolarization stronger than observed. This suggests that
indirect transitions may be important in determining the
observed polarized luminescence.

Section II of this paper is devoted to the theory of spin
orientation as related to the Ey+ Ay luminescence. After
the description of experimental details (Sec. III) and re-
sults (Sec. IV), several possible spin-relaxation mecha-
nisms are discussed in Sec. V. Two of them (Dyakonov-
Perel and inter-valence-band scattering) are argued to be
important for our samples. A detailed analysis of both
mechanisms yields information about their relative impor-

3843 ©1987 The American Physical Society



3844

tance and provides values of momentum relaxation times.
These results are compared to the scattering times ob-
tained by subpicosecond spectroscopy.**

II. SPIN ORIENTATION
AND POLARIZED LUMINESCENCE

The band structure of InP and GasSb at the I" point can
be characterized by two sets of bands; the conduction
band ¢ (I'¢) which is twofold degenerate (spin) and the
valence band v, composed of four subbands. The heavy-
(hh) and light-hole (Ih) bands, belonging to the I'g irredu-
cible representation, are together fourfold degenerate at T,
while the split-hole (sh) band (I';) is only twofold degen-
erate.3>3°

The wave functions of an electron state around the I'g
c-band state can be written as’’ —3°

[e)=|k,m)=e*T|S,m), m

I

t1 (1
with the Bloch amplitudes
|S,+)=iSt and |S,—+)=iS|. )

Here, S denotes the spatial part of the s-type Bloch ampli-
tude, invariant under the symmetry transformations of
the crystal (T";), and m =+~ is the spin projection along
an arbitrary quantization direction (if one neglects the
spin splitting of these states to be discussed below). The
wave function of an electron state in the sh band can be
written®®

|sh)=|k,M)=e*"3 D){76,6,4)| T.u) 3)
v
with
Lz
and

Here, M=i% is the projection of the angular momen-
tum along k, pu is the eigenvalue of the angular-
momentum operator J,, while ¢, 8, and ¢ are the Eulerian
angles of the vector k with respect to a fixed coordinate
system. 1 is an arbitrary phase angle, and D"'/?) denotes
the finite rotation matrix for the angular momentum
J :%. The spatial wave functions X,Y,Z transform as
the coordinates x,y,z.

A spin-orientation experiment for holes in the sh band
can be separated into three steps:

(i) The creation of spin-polarized holes in the sh band
by optical pumping with circularly polarized light.

(ii) Relaxation of the holes in the sh band in energy,
momentum, and spin (thermalization).

(iii) Recombination of electrons (majority carriers) at
the bottom of the ¢ band ( n-type material) with holes near
the top of the sh band upon emission of circularly polar-
ized light.

The dipole selection rules for sh-c transitions near k=0
require that for right-hand circularly polarized light (pho-
ton angular momentum / along the linear momentum k
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equal + 1) the |3, —+) sh state be coupled to the
| S,3) c state (quantization direction = direction of
propagation of light), whereas for left-hand circularly po-
larized light (I = —1) the | 5, < ) state must couple to the
| S,—5) state only.'*!*3%% Thus, pumping with circu-
larly polarized light excites electrons from the sh band
into the ¢ band and orients the spin along the photon an-
gular momentum, whereas a hole is left in the sh band
with opposite spin. Thus, for excitation in the sh band
near the I' point, complete spin orientation of split-off
holes by optical pumping with circularly polarized light
should be obtained. Band mixing through k-p terms be-
tween the sh and lh bands for k=£0 reduces the average
spin of holes created in the sh band by excitation with cir-
cularly polarized light (we label it then + LSOJ ). Assum-
ing isotropic bands, one obtains an expression for the de-

gree of spin orientation Sy 3 at the creation point:'**
1 (1+b)(g—6x +9b—5)
= — N 5
Soalfor) = = Tex b3 o
with
—1 —1 -1
m, +3my, /4+myy, /4
b:i ¢ _llh — LL R (6a)
3 My —Mpy
g =[36x2—12x(b +3)+(3b +1)*]'/%, (6b)
and
fiw; —E
x:——LA———O. (6¢)
0

In Egs. (5)—(6¢c) the excitation energy is #iw;, and m,,
my,, and my, are the effective masses of the c, 1h, and hh
bands, respectively. For excitation at the I’ point
(iwy =Eq+Ag, x=1), Sg3=1, whereas for 7w,
=Ey+24p (x=2), Sp,3=0.5. The function Sy ; is quite
sensitive to the spin-orbit splitting, thus revealing that the
spin orientation at the Eq+ Aq gap is entirely due to spin-
orbit interaction: for Ag—0 or x — o0, Sp 3 tends to zero.

If the photoexcited holes in the sh band relax to the top
of the band in energy and linear momentum but not in an-
gular momentum (spin), the luminescence at Eq+ A, pro-
duced by their recombination with majority electrons ( n-
type sample) should be determined by the band mixing be-
tween the sh and the 1h bands. Thus, the degree of circu-

lar polarization of the luminescence at Ey+ A, defined
41,39
as™"

I,—I_

:—__’ 7
T (7)

c
where I, (I_) denotes the intensity of the luminescence

polarized like (opposite to) the exciting laser light, should
hold:

0SP, £S03(fiwL ) , (®)

with P,=S, 3 if no spin relaxation occurs. Comparison
of the dependence of the spin orientation of holes on the
excitation energy with the loss of spin orientation due to
band mixing (Sg3) should thus reveal whether additional
spin-relaxation mechanisms for holes are present or not.



35 SPIN RELAXATION OF HOLES IN THE SPLIT-HOLE BAND . ..

Linearly polarized light produces a linear combination
of the two spin orientations, which will quickly lose their
phase coherence due to linear momentum relaxation.*%42
Thus in this case no angular-momentum alignment is pos-
sible for holes in the sh band. The degree of linear polari-
zation, defined as*?

_I||_IJ.

1—f7[;7r, 9)

where I, (I,) denotes the intensity of the luminescence
with polarizer and analyzer parallel (crossed) to each oth-
er, should vanish for the E,+ A, luminescence.

III. EXPERIMENT

We measured the dependence of the degree of circular
polarization on the frequency of the exciting light for the
luminescence near Ey+ A, in InP and GaSb. To check
the selection rule P;=0 [Eq. (9)], we also performed mea-
surements with linearly polarized light. The n-type InP
samples studied were sulfur-doped, covering a free-
electron range n~N;=5x%10" to 5x 10" cm~3. One
sample (n =5x10"> cm™3) was cut with a (001) surface
from bulk material obtained from G. Miiller (Universitat
Erlangen—Niirnberg). The other samples, supplied by K.
Benz (Universitat Stuttgart), were epitaxial layers
(d =1.5—7.8 pum) grown on semi-insulating InP:Fe(001)
substrates by chemical-vapor deposition (CVD). In GaSb
the Ey+ Ag luminescence is weaker and the experiments
could only be comfortably performed on a Te-doped sam-
ple (Czochralski grown) with n~N,;=1.8x 10" cm 3 cut
from bulk material.

The luminescence measurements were carried out with
the discrete lines of a Kr™ laser and with a cw dye laser.
The dye LD700 (Lambda Physik, Gottingen) was pumped
with all red lines of a Kr* laser (4.5 W) and lased in the
energy range 1.5—1.7 eV, close to the Eq+ A gaps of InP
[1.52 eV (Ref. 31)] and GaSb [1.57 eV (Ref. 32)]. Since
the E,+ A, luminescence is rather weak (about 10® times
weaker than the edge luminescence in InP at 10 K), the
laser power incident on the sample was as high as
100—200 mW. The laser beam was focused onto the sam-
ple with a cylindrical lens to keep the power density below
10 W/em?.

To improve the degree of linear polarization of the dye
laser light from about 95% to more than 99%, we used a
quartz Glan-Thompson polarizer. As a linear analyzer we
chose a polarization foil. Two superachromatic A/4
plates (Halle, Berlin) served as circular-polarization con-
verters of the linearly polarized light.*> These plates are
composed of three pairs of plates made of quartz and
MgF, which are glued between parallel plates of Suprasil.
Within the (310—1100)-nm range the wavelength shift
amounts to (A/4)+2%. The A/4 plates were put behind
the linear polarizer (in front of the linear analyzer) in or-
der to obtain a circular polarizer (analyzer).

The luminescence was detected either with a Spex 0.8 m
monochromator, equipped with a standard RCA 31034
GaAs photomultiplier, or with a Jarrell-Ash 1-m double
monochromator, equipped with a Varian VPM-164A
In-Ga-As-P photomultiplier cooled down to 200 K. The
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latter detector covers a range down to 1.1 eV (1100 nm),
also allowing measurements of the E, luminescence in
InP [~1.42 eV (Refs. 31 and 44)]. The experiments were
performed in a helium-flow cryostat at about 10 K under
nearly normal incidence (external angle of incidence 15°)
on the sample. To check the experimental setup, we
determined the degree of circular and linear polarization
of the reflected laser light to be P,=(94+3)% and
P;=(98%+2)%. These values determine the minimum
detectable polarization (~5%).

IV. RESULTS

Figure 1 shows the luminescence spectra obtained on
InP (n =1.7x 10" cm~3) with circularly polarized light
for two different laser energies. At #iw; =1.551 eV the
luminescence has P, >0.9, whereas the polarization is
completely lost (P, =0) at #fiw; =1.833 eV. The intensity
of the luminescence decreases by a factor of 30 from
fiw; =1.551 eV to fiw; =1.833 eV. No shift of the
luminescence frequency with fiw; is observed. It occurs
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FIG. 1. Luminescence spectra of InP (n =1.7x 10" cm™?)
obtained near Ey+ A, with circularly polarized light at two dif-
ferent laser energies, (a) fiw; =1.551 eV and (b) fiw; =1.833 V.
(The upper curve I, has been shifted vertically with respect to
the lower curve I_.)
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very close to reported values of the Ey+ A, gap [1.527 eV
(Ref. 31)] independently of n. Only for the highest doped
sample (n =4.7x 10" cm™3) the peak is 5 meV higher
than for the other samples.

Figure 2 displays P, as a function of #iw; (lower hor-
izontal scale). The upper scale gives the kinetic energy &,
of the hole in the sh band at the creation point (assuming
direct transitions) in units of the LO-phonon energy
#Q1 0. The polarization degree P, decreases monotonical-
ly from more than 90% to zero and does not show any
concentration dependence within the range n =5x 10'° to
5% 10'7 cm~3. The function So,3, calculated according to
Egs. (5) and (6) with the band-structure parameters given
in Table I, represents the upper limit for P, expected from
the band mixing of the sh and lh states. The function
So,3e ~#%) s a fit with the predictions of the Dyakonov-
Perel spin-relaxation mechanism (see Sec. V).

The total intensity I (=I,+I_ or I,;+I,) of the
luminescence depends on the doping level and the excita-
tion energy as displayed in Fig. 3. The higher the doping
level, the higher the luminescence intensity. From 1.5 to
1.9 eV the intensity decreases by a factor of 30 and be-
comes constant as P, approaches zero. Over the entire ex-
citation range no linear polarization of the Ej+A4Ag
luminescence is observed.

The luminescence spectra of GaSb reveal a more com-
plicated behavior. Figure 4 depicts such spectra in the I |
configuration for four values of #iw;. The line shapes of
Fig. 4 depend on the excitation energy between 1.65 and
1.72 eV, whereas for #iw; 21.72 eV no appreciable change
is seen. For fiw; < 1.65 eV almost no Eg+ Ay lumines-
cence is observed. At #iw; =1.653 eV a weak feature is
seen at the Ey+ Aq gap [1.565 eV (Refs. 32 and 33)] and a
shoulder begins to develop at the low-energy scale of the
laser frequency. At fiw; =1.699 eV this shoulder becomes
the dominant structure, shifting slightly with increasing
fiw; . Finally, it disappears at fiw; =1.722 eV, leaving
behind a broad structure between 1.55 and 1.70 eV. Be-

Eo(f\Q LO )
0 2 4 6
T T T T T T T
100 InP o n=50x10cm’
10K

+ n=4.0x10%cm
a n=17x107cm

3
-3
-3
x n=4.7x107cm3

P. (%)

15 20 25
hw (eV)

FIG. 2 Degree of circular polarization P, as a function of the
excitation energy for four InP samples with different doping
levels (n =5x10" to 5x10'7 cm~?*). The lower scale on the x
axis displays the energy #iw, of exciting laser light, the upper
scale the kinetic energy ¢, of the hole at the creation point. The
functions Sy ; and S ze el have been calculated according to
Egs. (5), (6), and (26a).
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FIG. 3. Total intensity I (=1,+1_ or I+1,) for the
Ey+ A, luminescence in InP as a function of the laser energy
#iw; . The intensity has been normalized with respect to the in-
cident power.

fore its disappearance, the shoulder has its peak (and its
upper edge) 100 meV (130 meV) above the gap. The
luminescence is fully circularly polarized up to 1.70 eV
(Fig. 5) and then the degree of polarization decreases
monotonically to 0%. No linear polarization is observed
over the whole excitation range. This luminescence must
still be due to the E,+ Ay gap because of its circular po-
larization, but it probably includes nonvertical transi-
tions.>»** A shift of the luminescence peak of about 100
meV with respect to the Ey+ Ay gap would be consistent
with nonvertical transitions of electrons near the Fermi
energy of the ¢ band with thermalized holes in the sh
band for n =1.8x10'® cm~3. In this regard one must

T
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|
|
- | thZ -
| 1676 eV
— i I 1
(V)]
= —rt —rt
S { o =1699eV
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FIG. 4. Luminescence spectra of GaSb (n =1.8%10'® cm—?)
obtained near E,-+ A with circularly polarized light in the I,
configuration at four different laser energies. The intensity
scale has been normalized with respect to the laser power.
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FIG. 5. Degree of circular polarization P, as a function of
the energy fiw; of the exciting laser light (lower scale) and of the
kinetic energy €o of the hole at the creation point (upper scale)
for GaSb. The functions So 3 and Sg;e B correspond to cal-
culations from Egs. (5), (6), and (26a).

keep in mind that the L minima in GaSb occur about 100
meV higher than the I' minimum®3® and that for
n>7x% 10" cm™2 free electrons should also be present at
the L point of the Brillouin zone.’” The high-energy edge
of the luminescence, 130 meV above the Ey+ A, gap, may
correspond to vertical transitions of electrons near the
Fermi level with incompletely thermalized holes in the sh
band (mg, /m.~3). Nonvertical excitation of holes in the
sh band, from sh states near I', cannot be completely dis-
carded. This mechanism would explain the complete spin
orientation of the holes as a consequence of the lack of en-
ergy and momentum relaxation before recombination.

The function Sy 3 in Fig. 5 has been calculated with
Eqgs. (5) and (6) using the band-structure parameters of
Table I. Note that the band mixing is much lower in
GaSb than in InP, as expected from the corresponding
spin-orbit splittings [Ayg=~100 meV in InP (Ref. 31) and
Ap~=750 meV in GaSb (Refs. 32 and 33)] Nevertheless,
the spin orientation is completely lost for excitations 0.5
eV above the gap. The curve S ;e —#%) represents a fit

TABLE I. Parameters used for theoretical calculations.

InP GaSb
m, 0.077m* 0.041m?®
Mph O60mb 036mh
myy, 0.12m* 0.047m'
mgy 0.21m*¢ 0.13m"
E, (eV) 1.42¢ 0.82
Ao (eV) 0.105¢ 0.745%
ﬁQLO (meV) 43d 29d
Cr (eVcm!/?) 3x10~%° 1x10-°%°
Vip €VA) —100° 85’
YimTo (VA7) —100f 58f

gReference 50.
hReference 51
iReference 52.
iReference 32.
kReferences 32 and 33.

2Reference 45.
"Reference 46.
‘Reference 31.
dReference 47.
°See Eq. (25) and Ref. 48.
fReference 49.

based on the Dyakonov-Perel spin-relaxation mechanism
(see Sec. V). Figure 6 displays the intensity of the Eq+ A,
luminescence in GaSb as a function of the excitation ener-
gy. Note that, in contrast to Fig. 3, this intensity de-
creases only by less than a factor of 3 over the excitation
energy range. This fact may be due to the importance of
nonvertical transitions in the excitation and/or recom-
bination process.

V. THEORY OF SPIN RELAXATION
AND DISCUSSION

Comparison of the calculated S, 3 curves with experi-
mental data of Figs. 2 and 5 shows that band mixing is
not the only spin-relaxation mechanism for holes in the sh
band. The spin-orbit splitting Ay does not seem to be very
relevant for spin relaxation since the loss of spin orienta-
tion is similar in InP [A;=0.1 eV (Ref. 31)] and GaSb
[Ap=0.8 eV (Refs. 32 and 33)]. Several spin-relaxation
mechanisms have been proposed. The Dyakonov-Perel
mechanism'® 14338 (DP) is based on the spin splitting of
band states proportional to k3 that is found in noncen-
trosymmetric crystals (left-hand panel of Fig. 7). These
terms can be derived in third-order perturbation theory by
k-p interaction, including the v or ¢ bands and also a
higher conduction band (I';,I'3).%*% They are equivalent
to the effect of a k-dependent internal magnetic field.
The spin relaxation can be regarded as the precession of
the spin around this “magnetic field.”

In dilute magnetic semiconductors, such as
Cd;_,Mn,Se and Cd,_,Mn,Te, a spin relaxation of elec-
trons occurs through spin exchange of free-carrier spins
with the Mn?* spins (S =3) via the hyperfine interac-
tion.?® In heavily doped materials (p,n >10'® cm~?) the
exchange interaction between free carriers contributes an
additional relaxation as proposed by Bir et al. (BAP).!>®
An efficient spin-relaxation mechanism has also been pro-
posed by Elliott and Yafet'"!>%® (EY) for materials with
small direct gaps, large spin-orbit splittings, and high hole
concentrations. It is based on the reabsorption of recom-
bination radiation with simultaneous creation of electron-
hole pairs.

Intervalence-band scattering processes of holes between

10¢ T T
GaSb
103 10K
- n=18x10%cm3
3
B 102} R .
c +
3 . . .
s R
1L -
0k e ag
15 20 25

huw, (eV)

FIG. 6. Total intensity I (=I,+1I_ or Ij+1I,) of the
E,+ Ao luminescence in GaSb as a function of the laser energy
fio, . The intensity has been normalized with respect to the in-
cident power.
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DYAKONOV-PEREL INTERVALENCE-

T BAND SCATTERING
i |

—Kk4 (1002, <111 \

hh |
TAE(R)

lh sh

FIG. 7. Illustration of the Dyakonov-Perel mechanism (left-
hand panel) and of the spin relaxation via inter-valence-band
scattering (right-hand panel).

the sh and lh,hh bands and back to the sh band (right-
hand panel Fig. 7) can also contribute to spin depolariza-
tion.?%3% Since energy and momentum relaxation of holes
is most efficient for scattering by LO phonons under our
experimental conditions,®! =% this mechanism should be-
come important for kinetic energies of the holes greater
than 2LO-phonon energies.

The EY and BAP mechanisms can be discarded in our
experiments, since no doping dependence of the spin depo-
larization is observed in InP and the hole concentrations
in the sh band are low, even under steady-state excitation
conditions. We will thus discuss the DP and backscatter-
ing mechanisms in more detail. In order to obtain the
dependence of the degree of circular polarization as a
function of the excitation energy, we have to determine
the degree of spin orientation of thermalized holes at the
top of the sh band.

The Dyakonov-Perel Hamiltonian can be written as'*

H'(k)=%0-Q(k) , (10)

where the “precession frequency” is
Q) =Lwk) . (1n

The vector
k= (ko (k) —kD), k,(k}—k2), k,(k}—k}))

is perpendicular to the k vector and vanishes in the (111)
and (100) directions. The coefficient y for the sh band
can be obtained via third-order k-p perturbation theory
involving the I';,I'g valence bands and the ' and I'7,I'g
conduction bands. Values of y calculated with the k-p
theory and the self-consistent linear muffin-tin-orbitals
method® (LMTO) are shown in Table I for InP and
GaSb.

The DP Hamiltonian results in a spin splitting of the sh
state at k=<0, except for the (111) and (100) directions
(left-hand panel of Fig. 6). The energy splitting between
the spin-up “t” and spin-down “|” states for k in the
(110) directions amounts to

AE =yk3*=2#%|Q] . (12)
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1 and | refer to the [110] direction for k||[110]; the corre-
sponding spin splitting can be attributed to an equivalent
magnetic field along [110]. The spin depolarization is
thus produced by the precession of the spin in that mag-
netic field. The average steady-state spin polarization
along the i direction S; is found by solving the corre-
sponding Boltzmann equation and averaging over all pos-
sible directions of k,

S;=(S; )y . (13)

This procedure is simplified by assuming that the momen-
tum scattering time within the sh band is much shorter
than the spin lifetime in this band. Under these condi-
tions the DP Hamiltonian of Eq. (10) can be treated as a
small perturbation. After some tedious but straightfor-
ward algebraic manipulations, one finds®

3s; e R T o
L = 4P 50+ 0D - 5O, 0) — S (0, 0]
df |pp V3
(14a)
S; S; Sk
e . (14b)

Tsii Tsij  Tsik
The first term in Eq. (14b) describes the relaxation of the
mean spin S; along the i direction, the other two the spin
scattering from the j,k to the i direction. These terms
can be estimated to be small compared with the first one.
Y3 is a geometrical factor which depends on the scattering
mechanism.>* From Egs. (14a) and (14b) one finds, for
the spin-relaxation time 7,
L 8% ..o
—=——(Q;+ O, +Q;)=
- 37, *+ 05 +Q7)

8 2, (15)

Te.
37
Equation (15) can be decomposed into two factors.”® The

factor 7',,(%92)1/2 can be interpreted as the ‘“‘precession

angle” between two momentum-changing collisions. For
2y1/2

large Tp(%Q )"/ the spin component perpendicular to k

is lost within the time 7,." If 7,(3Q%)!/? is small, how-
ever, Eq. (15), which implies motional narrowing, applies.
A spin orientation is maintained although momentum and
energy are relaxed. The spin-relaxation time can be calcu-

lated as a function of the energy e of the hole in the sh
band bearing in mind that «;= 1= k° [Eqgs. (11) and (15)]
and using e=#%k%/2mg,, where m, is the effective mass
of the whole in the sh band. Equation (15) then becomes®®

1 _2449° 5
Ts- ’s ﬁgmshrpe . (16)

The DP spin-relaxation time increases with decreasing 7,
and lower kinetic energy of the split-off holes.

In order to obtain the degree of circular polarization of
the Ey+ Ay luminescence as a function of the excitation
energy, one has to determine the spin polarization P, of a
hole thermalized to the top of the sh band that was creat-
ed with a kinetic energy €, in the sh band. The DP spin-
relaxation time as a function of the kinetic energy of the
hole is given by Eq. (16). At the top of the split-off band
the spin relaxation of holes due to the DP mechanism is
negligible since the k* terms which are important for this
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process vanish at the I' point. On the other hand, holes
near the Eq+ A, gap that are scattered, i.e., by LO pho-
nons to other bands, are lost to the split-off band and re-
lax rapidly to the E, gap. In order to evaluate the total
effect of the DP Hamiltonian during thermalization, one
has to integrate over the time needed to thermalize the sh
hole from an initial energy €. One finds'?

—dleg)

Pc |5250:S0,39 (17)
with the attenuation “constant” ¢(gg) defined as
‘o dt
¢|e=£0: fO T_s . (18)

So,3 is the function given by Eqgs. (5) and (6), which takes
the reduced spin orientation of the holes at the creation
point into account. The integration over time can be re-
placed by an integration over energy using the energy re-
laxation time 7,:!3

de €
ik __ & 19
dt Te (19)
Thus, Eq. (18) becomes
€ TE
¢ le=eo= foodei— : (20)

€ T

This integration can be carried out analytically if we as-
sume a dependence of 7./7; on energy 7./7; «<¢€”, where
the constant v should be different for different scattering
processes. One finds'3

Te

Ts

¢|E=50:% (21)

E=EO

The most important mechanism for energy and momen-
tum relaxation of holes in GaAs is scattering by LO pho-
nons via the Frohlich interaction.’’ =% In this case the
energy relaxation time can be related to the momentum
relaxation time 7,10 for inelastic scattering by LO pho-
nons [see Eq. (19)]:

& rlo- (22)

Te— L
£AQ o P

The total momentum relaxation time 7,, however, should
be lower than 7,10, since it also include elastic scattering
by ionized impurities, quasielastic scattering by acoustic
phonons, and inelastic carrier-carrier scattering.’®
From Egs. (16), (21), and (22) it follows that

_244 o

3 4
m g, (1,75 Lo) €q - (23)
vy, ﬁqQLO shi /p7p LO 0

E:[[)

For our purpose we will at first neglect the difference be-
tween 7, and 7,10, replacing it by an average value 7,.
Equation (23) contains the energy dependence of ¢ in the
prefactor 1/v, in 88, and in the product 7';. The numeri-
cal factor y; is independent of energy, and for scattering
by LO phonons it amounts to -.°¢¢7% The usual ex-
pression for the momentum relaxation time for LO-
phonon scattering, valid in the limit of small LO-phonon
energies or high hole kinetic energies, is®®~"°
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1 Ci | ma 1+b
= > In|—— (24)

Tp,LO 217% 2e l—b

with b =Re(1 —#Q; /)72
The Frohlich constant C is defined as

Cr={2me’[e o0)—€1(0)]5Q6}?, (25)

where e is the elementary charge, €(«) and €(0) are the
high- (rf) and low-frequency (ir) dielectric constants. In
the limit of low kinetic energies € (e—0) the divergence in
the logarithm of Eq. (24) compensates for the Ve
behavior of the momentum relaxation time. For holes of
low kinetic energy 7, =const, whereas at higher energies a
V'e behavior is found. Replacing Eq. (24) in Eq. (23)
yields ¢ « g with v~4 for gy—0 and v~5 for larger g,.
Thus, in the case of pure scattering by LO phonons, ¢ can
be written as

2

10.332 97/ mfﬁf,eg:Bﬁé, 7, =const (26a)
LO
b= 2 =2
0.266 mi—Ley=Bse), T,xVE. (26b)
ﬁgﬂm sh £ 0 s€py Tp <<

Equations (26), together with Eq. (17), describe the depen-
dence of the spin orientation of holes at the top of the sh
band on the excitation energy found for the DP mecha-
nism. They suggest a fitting procedure for the experimen-
tal data of Figs. 2 and 5. The only fitting parameter, B,
or Bs, is independent of the excitation energy and is relat-
ed to fundamental band-structure parameters such as y
and mg,. Our basic assumption lies in the energy depen-
dence of the momentum relaxation time 7,. The best fits
for the experimental data on InP and GaSb are indeed ob-
tained for v between 4 and 5. The fits shown in Figs. 2
and 5 assume a € law for ¢ [Eq. (26a)]. For these fits the
function P, of Eq. (17) has been multiplied by 0.9: this
prefactor accounts for possible losses of polarization in
the experimental setup. The parameters B4 or Bs ob-
tained from the fit [InP: B,=(45+5)x10? eV~4
Bs=(70+10)x 10* eV~—>;, GaSb: B,=(20+5)X 10% eV~%,
Bs=(25+5)x10* eV~>] have been used to determine the
mean momentum relaxation times 7, [Eq. (26)].

Tables II and III compare the momentum relaxation
times calculated from Eq. (24) with those obtained by the
two different fitting procedures [Eqs (26a) and (26b)].
We chose for InP = — 100 eV A° as obtained by the k-p
theory and also the LMTO method.*’ In the case of GaSb
two different values are used for e since the value ob-
tained by the k-p method (85 eV AY) is 40% higher than
that from the LMTO method (58 eV A*).%° In addition,
Tables II and III list the values for the precession angle
Tp_Lo(éﬂz)'/z. The comparison of both types of fits, ac-
cording to Eq. (26), reveals that in the region where the
degree of circular polarization is measured accurately
[#iw; —(Eg+Ap) =0.5 eV] the different fitting procedures
yield comparable momentum relaxation times 7,. The re-
sult does not depend appreciably on whether an € or €
dependence is taken for the ratio 7./7;,. The momentum
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TABLE II. Calculated scattering times for InP at the spin-orbit-split valence band. The data labeled
Tp.Lo (fs) were calculated from Eq. (24). Those labeled 7,(v=4) and 7,(v=13) were obtained from the fit
to depolarization data (Fig. 2) as described in the text. This table also lists the precession angle

2 24172
Tp,LO(TQ ) .

Tp(v=4) Tp(v=3)
fiw; —Eo+ Ao (eV) g0 (meV) oo (f8) Tprol 302172 (fs) (fs)
0.2 53 92 0.38 109 111
0.5 133 63 1.02 109 176
0.7 187 63 1.73 109 209
1.0 266 66 3.05 109 249

relaxation time so determined lies around 100—200 fs for
InP and 200—300 fs for GaSb. The values of 7, calculat-
ed with Eq. (24) are a factor of 2 too low in InP and too
high in GaSb. The agreement is, however, acceptable if
one considers that the relaxation-time approximation is
not valid at low kinetic energies of the hole in the sh
band.”® The discrepancy between calculated and fitted
values can be slightly improved for a highly doped materi-
al if one considers, in addition, elastic scattering by ion-
ized impurities.®>~% However, since no dependence of
the spin depolarization on doping was observed in InP,
this modification can only be applied to GaSb pending a
determination of the dependence on doping of P.. A de-
crease of the total momentum relaxation time due to
acoustic-phonon scattering may affect both materials.

The momentum relaxation time for Coulomb scattering
can be calculated for a screened Coulomb potential
V(r)=—Ze/[e(0)r]le ~"’L. The result is”

1 nyZ%*

Toc  (2mg,)'/%€(0)r

4L 2k?

xe 32 |In(4L%*k2%4+1)— ————
4L%k*+1

27)

Here, n; denotes the ionized-impurity concentration, Z
the ionic charge, € the kinetic energy of the hole, k its
wave vector, and L the screening length of the Coulomb
potential which can be approximated by the Fermi-
Thomas screening length’! or the mean distance between
two impurities in highly doped material, whichever is
smaller. n;=1.8x10'"® cm~3 yields L=51 A. The elas-
tic momentum scattering time 7, ¢ increases from 1.36 to
8.57 ps for fiw; —(Eg+Ap)=0.2—1.0 eV due to the elec-

trostatic nature of the interaction. At excitation 0.2 eV
above the the gap the total momentum scattering time de-
creases from 465 to 347 fs, which is in slightly better
agreement with the value obtained from the fit. The total
momentum scattering time can further be decreased by in-
elastic hole-hole or hole-electron scattering, which are
known to be important for highly doped materials.%> The
momentum scattering times 7, listed in Table II for
InP and in Table III for GaSb are close to the
electron—LO-phonon scattering time given in Ref. 34 for
GaAs: 7,10=165 fs. This value can be scaled to esti-
mate the corresponding hole scattering time considering
only the effective-mass factor of Eq. (24). One obtains
Tp,L0=~=255 fs for holes in the split-off band of GaAs.

The LO-phonon scattering time for holes in the split-
off band at the same kinetic energy & (measured in units
of the LO-phonon energy) should not differ much from
GaAs to GaSb or InP, since the scaling factor in Eq. (24),
myy, /i) o, varies only slightly [(4.4—4.8)m/eV] for these
materials.

Tables II and III reveal that the ‘“‘precession angle”
7ol 39912 lie between 0.3 and 15 rad. It is evident
that the excitation experiments were performed neither in
the “motional-narrowing” limit nor in the limit of spin re-
laxation with momentum relaxation (a spin orientation is
still observed after momentum relaxation). The ‘“‘preces-
sion angle” is small in the region where the degree of cir-
cular polarization is considerable [#iw; —(E, +Ay) <0.5
eV]. In this region the DP mechanism should operate.
The formalism developed above assumes a spin splitting
of the sh band proportional to k* [Eq. (12)]. This should
be only valid very close to the center of the Brillouin
zone.®® A k-p calculation shows, however, that the de-
crease in y with increasing k for InP and GaSb is not

TABLE III. Calculated scattering times for GaSb at the spin-orbit-split valence band. The data labeled TpLo (fs) were calculated
from Eq. (24). Those labeled 7,(v=4) and 7,(v=35) were obtained from a fit to the depolarization data (Fig. 5) as described in the

text. The table also lists the precession angle 7, ol %Qz)],/il

o3
Yimro=38 eV A

Yip—85 eVA'

fiwop —Eo+ Ao € Tp,LO Tpv=4) Tp(v=5) . Tp(v=4) Tp(v=35)
V) (meV)  (fs) Tphrol 302 (fs) (fs) ol $QHV2 (fs) (fs)
0.2 46 465 1.12 213 185 1.64 146 126
0.5 120 413 3.93 213 293 5.77 146 200
0.7 167 424 6.62 213 345 9.70 146 235
1.0 240 455 12.22 213 413 18.02 146 283
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drastic in the region of interest here.*” The theory should
be adequate for excitations up to 0.5 eV above the gap, but
it should be modified for higher #iw; . This poses no prob-
lem since the spin orientation is completely lost, within er-

ror, for excitations 0.5 eV above the gap (Figs. 2 and 5).
Short momentum relaxation times, such as those found
in GaSb, can be simulated with the DP theory if part of
the spin depolarization at Ey+ A, is due to an additional
spin-relaxation mechanism. In Ref. 30 it has been shown
that, when the kinetic energy of the holes in the split-off
band at the creation point g, corresponds to several LO-
phonon energies, the distribution of carriers in the split-
off band near the I point consists predominantly of holes
which are transfered to the 1h and hh subbands after exci-
tation and then return to the split-off band. We will dis-
cuss this inter-valence-band scattering mechanism with a
simple model of sh—(lh,hh) interband transitions, thus
neglecting the contribution from holes created directly in
the Th or hh bands. If a significant part of the spin-
depolarized holes near Ej+ Ay were directly created in the
1h or hh band, we would expect, at least, a strong depolar-
ization in Figs. 2 and 5 already at gy=7{); o, which is not
observed experimentally. Holes once scattered outside the
sh band lose their spin orientation rapidly in the 1h and hh
bands due to the heavy mixing of angular momentum in
the 1h and hh bands and elastic scattering. When they are
backscattered into the sh band, their spins are entirely
depolarized. We only consider LO-phonon scattering, in-
traband (7i,,) and interband (7j,..), into the hh band, be-
cause of the higher density of states of the hh band as
compared to the lh band (right-hand panel of Fig. 6).
This mechanism is expected to be more efficient for GaSb
than for InP because of the larger spin-orbit splitting. It
explains qualitatively the decrease of the luminescence in-
tensity with increasing #iw; by the loss of holes in the sh
|

1

band during relaxation (in InP, this is not the case for
GaSb; see Figs. 3 and 6). Constant luminescence intensity
and zero polarization degree means that each hole seen in
the radiative recombination at E,-+ A, has at least once
been scattered outside the sh band during thermalization.

The basic assumptions of the model can be sketched as
follows. The sh holes are intraband scattered (7iyra; Tintra)
via the Frohlich interaction (the primes are used for
scattering times with the initial state in the hh band). At
each point, the holes can be interband scattered with the
relative probability 7./ Tinter (Tintra/ Tinter). Deformation-
potential scattering [dominant in GaSb (Ref. 72)] is taken
into account for the interband scattering only. The degree
of spin orientation of holes at Ey+ A, for kinetic excita-
tion energies €y greater than 2LO-phonon energies can be
written as

1

’ ’
1 +4 (Timra /Timer’ Tintra/Tinter)

Pc :50,3(80) N (28)

where S ; is given by Egs. (5) and (6) and A4 denotes the
relative amount of spin-depolarized holes to spin-
polarized ones. The 7i, e /Tiner ratio for deformation-
potential scattering is assumed to be constant in the ener-
gy range under consideration given by the ratio of
density-of-states effective masses (mif’/m3(*). In our
model we assume the ratio 7i,./Tingma tO be equal to
m;h/z /m }ﬂfz according to Eq. (24). The energy dependence
of the scattering times is neglected over the small energy
scale investigated (g5 <67i{); ). Taking into account the
energy dependence of these parameters would introduce a
factor less than V'3 from g,=2%8, o to 6#Q, o, which is
neglected for the simplicity of the model. Under these as-
sumptions, simple algebra yields a geometrical series for
A which can be summed to give

P, =So,3(€o)

where the number of phonons
€0
n=
fidLo

22.

This result is a very sensitive function of the ratio of the
intraband and interband scattering times.

Figures 8 and 9 show calculations with Eq. (29) for InP
and GaSb with different ratios 7,2/ Tinter- Under the as-
sumptions described above, interband scattering by LO
phonons will only be important for e,=2#€;, For
Tintra << Tinter NO depolarization due to inter-valence-band
scattering occurs, whereas for 7., >> Tinr the spin orien-
tation is immediately lost at 2#Q; . Backscattering pro-
cesses may become important for excitations more than
0.3 eV above the gap. In InP the spin orientation is al-
most lost at this point, but in GaSb scattering processes
may present an additional depolarization mechanism. An
interband scattering time of 40 fs, as obtained from the
broadening of the Ey+ A gap of GaSb [8 meV (Ref. 33)],
would yield too strong a spin depolarization, as shown by

1+(m zh /m }21h X Tintra/Tinter)[( 1+ 7'intra/'rimer)’l B

1___1]

r

the curve for 7, = 107, in Fig. 9. Thus inter-valence-
band scattering processes would destroy, in the case of
GaSb, the good agreement found for the DP mechanism.
They actually would probably lead, for gy=2#%Q; o, to P,
much smaller than observed experimentally. Although a
more careful analysis of the interband processes may re-
move some of these difficulties, one may also consider
this result, and those of Fig. 6, as suggesting that some
holes are produced near I' for all values of #w; (nondirect
transitions involving possibly impurity levels).

VI. CONCLUSIONS

We have shown that luminescence excitation experi-
ments with circularly polarized light on n-type III-V
semiconductors can yield information about spin-
relaxation mechanisms for holes. In the case of the sh
band of InP and GaSb the spin relaxation is consistent
with the predictions of the DP mechanism if one assumes
dominant scattering of holes by LO phonons via the
Frohlich interaction. The agreement between the energy
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FIG. 8. Degree of circular polarization P, as a function of
the excitation energy for InP. The calculated curves consider
inter-valence-band scattering processes for three different ratios
of scattering times according to Egs. (5), (6), and (29).

and momentum relaxation times obtained from the DP fit
of the polarization data and the calculations for scattering
by LO phonons is reasonable. The effect of inter-
valence-subband scattering are also considered. It should
not alter our conclusions in the case of InP. In the case of
GaSb, however, because of the large spin-orbit splitting
A, a strong interband contribution to the spin depolariza-
tion, which is not observed experimentally, is expected.
The exact reason for the failure to observe this contribu-
tion is not known. This, and other anomalies, suggest
that for our GaSb samples the excitation mechanism may

EO(hQLO)
Y 2 4 6 8
100 ————— T
ety 7 So3
L Tty Tinter =10Tntra
GaSb |
) Eo*Ao 10K
< n=18x10"8 cm?
o 1
a /
Tinter = Tintra
0 107 nter = Tintra * . .
1 i 1 1 1 L '\ 1 i
15 20 25
hw (eV)

FIG. 9. Degree of circular polarization P, as a function of
the excitation energy for GaSb. The calculated curves take
inter-valence-band processes for three different ratios of scatter-
ing times into account [Egs. (5), (6), and (29)].

not be k conserving, but may involve impurity-induced,
nondirect directions, leaving the holes near the top sh
band.
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