
Spin-dependent electron many-body effects in GaAs

P. Nemec,* Y. Kerachian, and H. M. van Driel
Department of Physics and Institute for Optical Sciences, University of Toronto, Toronto, Canada M5S 1A7

Arthur L. Smirl
Laboratory for Photonics & Quantum Electronics, 138 IATL, University of Iowa, Iowa City, Iowa 52242, USA

�Received 11 August 2005; published 1 December 2005�

Time- and polarization-resolved differential transmission measurements employing same and oppositely
circularly polarized 150 fs optical pulses are used to investigate spin characteristics of conduction band elec-
trons in bulk GaAs at 295 K. Electrons and holes with densities in the 2�1016 cm−3–1018 cm−3 range are
generated and probed with pulses whose center wavelength is between 865 and 775 nm. The transmissivity
results can be explained in terms of the spin sensitivity of both phase-space filling and many-body effects
�band-gap renormalization and screening of the Coulomb enhancement factor�. For excitation and probing at
865 nm, just above the band-gap edge, the transmissivity changes mainly reflect spin-dependent phase-space
filling which is dominated by the electron Fermi factors. However, for 775 nm probing, the influence of
many-body effects on the induced transmission change are comparable with those from reduced phase space
filling, exposing the spin dependence of the many-body effects. If one does not take account of these spin-
dependent effects one can misinterpret both the magnitude and time evolution of the electron spin polarization.
For suitable measurements we find that the electron spin relaxation time is 130 ps.
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I. INTRODUCTION

Extensive investigations of free electrons and holes ex-
cited in GaAs via interband transitions by femtosecond laser
pulses have provided us with considerable insight into the
optical and electronic properties of nonequilibrium
carriers.1,2 Both single particle and many-body electronic ef-
fects such as carrier thermalization, dephasing, cooling, and
band-gap renormalization have now been well studied;3 op-
tical effects including gain dynamics, local field effects, Cou-
lomb enhancement of interband transitions are also reason-
ably well understood.4 However much of this research was
carried out using linearly polarized pulses which provide
little, if any, insight into carrier spin characteristics. Recently
there has been growing interest in controlling the spin of
electrons and holes in semiconductors5–7 with the goal of
making spin-based devices in the burgeoning field of what
has come to be known as spintronics. Many of the concepts
surrounding active components in spintronics involve trans-
port of free electrons in bulk and low dimensional semicon-
ductors. Consequently, it is essential to understand how spin
effects influence various optical and electronic properties of
semiconductors. In this paper we illustrate how spin-
dependent many-body effects manifest themselves in altering
the optical transmission of GaAs at room temperature. As a
corollary, we show how these many-body effects influence
the interpretation of experiments which attempt to examine
spin relaxation of conduction band electrons.

It has been known for nearly four decades that the optical
excitation of direct band-gap zinc-blende and other semicon-
ductors with above band-gap circularly polarized light cre-
ates spin-polarized electrons in the conduction band.8,9 From
measurements of the differential transmission using pump-
probe techniques with the same and oppositely circularly po-
larized pulses, or from photoluminescence10 measurements,

it is possible to establish the degree of carrier spin polariza-
tion and its decay time.8,11–14 Since the hole spin polarization
in bulk semiconductors is known to relax15 in �100 fs, on a
longer time scale one typically measures only the electron
spin polarization and its evolution. For optical excitation of
zinc-blende semiconductors with photon energy just above
the band gap, because of the selection rules8 governing op-
tical transitions from heavy, or light hole, states to conduc-
tion band states, right circular polarization ��+� generates a
density of spin-down electrons �N↓� which is 3� the density
�N↑� of spin-up electrons, and vice versa for left circularly
polarized light ��−�. Hence the initial degree of electron spin
polarization generated by a circularly polarized beam in a
zinc-blende semiconductor, defined5 as P= �N↓−N↑� / �N↓

+N↑�, is ±0.5.
For many of the femtosecond pump-probe experiments

reported to date, electrons and holes are typically optically
excited at low density and probed with linearly polarized
light with photon energy, ��, slightly higher than the band
gap, Eg, for which the semiconductor transmissivity is domi-
nated by phase space filling �PSF�.1 However, in pump-probe
experiments where high densities ��1017 cm−3 in GaAs�
and/or large probe photon energies are involved, many-body
effects such as band-gap renormalization �BGR� and alter-
ation of the Sommerfeld-Coulomb enhancement factor
�CEF�, also referred to as the local field correction,18 are
observed.4,16,17 Indeed, Langot et al.4 have conducted theo-
retical and experimental investigations of the relative roles of
PSF and the combined BGR-CEF effects in GaAs at room
temperature for carrier density �1017 cm−3 and for probe
photon energies with ��−Eg�100 meV where Eg
=1.42 eV at 295 K. However, because their experiments
were conducted with linearly polarized light pulses, they
could not provide insight into the influence of spin on many-
body effects.
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Here we report the results of femtosecond pump-probe
differential transmission measurements in GaAs under con-
ditions similar to that of Langot et al. but for same and
oppositely circularly polarized beams. Experiments were
conducted with 150 fs pump pulses in the range
865 nm �1.43 eV�–775 nm �1.6 eV� injecting carrier densi-
ties in the 2�1016–1018 cm−3 range; the probe pulse had a
center wavelength of 865, 800 �1.55 eV�, or 775 nm. The
experiments allow us to develop insight into the spin depen-
dence of the combined CEF-BGR effects especially at the
shorter probe wavelengths �probing higher electron kinetic
energy� where PSF effects are much smaller than they are for
near band-edge probing and are comparable to many-body
effects in influencing the transmissivity. Because of the pref-
erential coupling of �+ and �− polarized light to spin-down
and spin-up electrons, any spin imbalance changes the CEF-
BGR effect involving a particular conduction spin band and
this appears in the differential transmission. An equally im-
portant conclusion to be drawn from our work is that for
probe measurements with photon energy well above the band
gap, the traditional approach of using differential transmis-
sion measurements for same and oppositely circularly polar-
ized beams may not directly yield a measure of the net elec-
tron spin polarization or its relaxation time.

The remainder of this paper is organized as followed. In
Sec. II, we discuss the theoretical background related to the
optical transmission properties of spin-polarized electrons
within an ambipolar plasma in a zinc-blende semiconductor
and establish the formalism used to discuss our experimental
results. Because of the inherent difficulty of calculating
many-body carrier effects in semiconductors even for spin
unpolarized degenerate carriers, for nondegenerate spin po-
larized carriers we will not attempt to explicitly calculate the
magnitude of spin-dependent CEF-BGR effects here. Section
III provides details of the experimental techniques for time-
and polarization resolved pump-probe measurement. In Sec.
IV, we present and discuss results of the differential trans-
mission measurements for different pump and probe wave-
lengths and injected carrier densities and offer evidence for
the spin-dependent many-body effects. The paper ends with
some general but conservative conclusions about spin-
dependent electron many-body effects and suggestions for
future work.

II. THEORETICAL BACKGROUND

To illustrate how the presence of spin-dependent many-
body effects can manifest themselves in polarization sensi-
tive pump-probe transmission experiments we briefly outline
the salient features of the optical response of a zinc-blende,
direct gap, semiconductor such as GaAs. We begin by con-
sidering a semiconductor excited with linearly polarized light
which generates a spin-unpolarized ambipolar plasma of
density N. Figure 1 is a schematic diagram illustrating how a
probe photon of energy ���Eg, but less than the spin-orbit
split off gap, couples heavy hole �hh� and light hole �lh�
states to conduction band �c� states. As shown elsewhere,2,4

the absorption coefficient experienced by a linearly polarized
probe beam has the form

���,N� = a0�
v

�v
3/2Cv��,N��	E�N��1 − fv�kv� − fc�kv�� .

�1�

Here 
= lh, hh, and �v is the reduced effective optical mass
for valence band v and the lowest conduction band, i.e., �v
=mcmv / �mc+mv�. For GaAs �Ref. 19� mc=0.066m0, mhh

=0.5m0, mlh=0.084m0 giving �HH
3/2 /�LH

3/2�2. The parameter
kv is the wave vector for the probed electron and hole bands
which we assume to be parabolic so that kv=�2�v	E /�. The
f i are Fermi occupancy factors for band i and 	E�N�=��
−Eg�N�. The Cv�� ,N� are CEF’s2 of the interband optical
transitions. Many-body effects manifest themselves with in-
creasing N and lead to, inter alia, band-gap renormalization
�reduction� expressed through Eg�N�, and screening of the
Coulomb field2,4 leading to a density dependence of the CEF.
The quantity a0 is a constant related to the strength of inter-
band momentum matrix elements; for GaAs with ���Eg,
��� ,0��106 m−1.

We now consider the situation where the pump and probe
beams are circularly polarized so that spin-polarized elec-
trons and unpolarized holes are being probed. We remind the
reader that for electrons or holes near the band edge total
electronic angular momentum, J, and its projection on a pre-
ferred axis, mJ, are good quantum numbers so that the heavy
and light hole bands as well as the conduction band can be
characterized by states 	J ,mJ
. The hh states are given by
	3/2 , ±3/2
, the lh states by 	3/2 , ±1/2
, and the conduction
band states by 	1/2 , ±1/2
. For the conduction band, a zero
orbital angular momentum band, mJ can be identified with
spin-up and spin-down electron states, viz. 	↓
 and 	↑
, how-
ever, hh and lh bands have mixed spin character. When one
considers all the band states at different wave vector, k, that
can participate in optical transitions one finds that �+ polar-
ized light generates 3� as many electrons in 	↓
 states as in
	↑
 states from each of the lh and hh hole bands, with the
opposite occurring for �− light. Figure 2 illustrates these se-
lection rules for ���Eg �i.e., for kv�0�; these selection
rules, or at least the relative transition rates, are relaxed
somewhat when �� approaches the spin-orbit split-off en-
ergy gap.8,9

For a zinc-blende semiconductor which has been optically
excited to produce a density N↑ of spin-up electrons and

FIG. 1. Schematic diagram of interband transitions between
light/heavy hole bands and conduction bands in bulk GaAs at pho-
ton energy ���Eg.
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density N↓ of spin-down electrons with N=N↑+N↓, as a mea-
sure of the electron spin polarization we define 	N=N↓

−N /2. From the above selection rules for circularly polarized
light, the polarization ��±� dependent absorption coefficient
can be arrived at from a simple modification of Eq. �1�, viz.,

�±��,N,	N� = a0�
v,c

�v
3/2Sc

±Cv,c��,N,	N��	Ec�N,	N�

��1 − fv�kv� − fc�kv�� , �2�

where the c refers to the different �spin� conduction bands.
Here S↑

+=S↓
−=1/4 and S↓

+=S↑
−=3/4 as indicated in Fig. 2. We

have implicitly included the possibility that many-body ef-
fects depend on spin density through 	N since different oc-
cupancies of the 	↑
 and 	↓
 conduction bands lead to differ-
ent shifts of those band edges and associated band gaps, Eg

↑

and Eg
↓. In general one can expect that the energy of the 	↑
 or

	↓
 bands will be related to their occupancy so that 	Ec re-
flects these occupancies with 	E↑�N ,	N�=��−Eg

↑�N ,	N�
and, by symmetry, 	E↓�N ,	N�=��−Eg

↓�N ,−	N�. The Cou-
lomb enhancement factors Cv,c�� ,N ,	N� generally should
also reflect spin imbalance and, as with the 	E↑�N ,	N�
terms, one can expect Cv,↑�� ,N ,	N�=Cv,↓�� ,N ,−	N�.
There is a vast literature which discusses carrier many-body
effects such as the spin-insensitive correlation effects and the
spin-sensitive exchange effects. However, the spin depen-
dence is not often explicitly discussed, and, usually the dif-
ferent spin states are simply summed over. We include the
possibility of this spin dependence here, and indeed it is
essential for our analysis, although it is beyond the scope of
this paper to attempt an explicit calculation of the magnitude
of the spin-dependent many-body effects.

We define the differential transmission as 	T /T= �T�
−T� /T where T��T� is the probe transmission with �without�
the pump beam. Except in cases where a high density of
carriers is present and probing occurs near the band edge, the
change in refractive index, and hence the change in reflec-
tivity of the semiconductor is small so that 	T is dominated
by changes in the absorption coefficient. In cases where
	T�T one has 	T /T=−	�±L, where 	�± is the change in
absorption coefficient experienced by the �±-polarized probe
beam whose quiescent value is �0

±. The differential absorp-
tion can then be approximately written as the sum of terms
related to phase space filling and many-body effects so that,

	�± = �	�±�PSF + �	�±�MB, �3�

where

�	�±�PSF � − a0�
v,c

�v
3/2Sc

±Cv,c��,N,	N��	Ec�N,	N�

��fv�kv� + fc�kv�� �4�

and

�	�±�MB = a0�
v,c

�v
3/2Sc

±	�Cv,c��,N,	N��	Ec�N,	N�� .

�5�

Many-body induced changes in the CEF and BGR are con-
sidered together as was done by Langot et al.4 so
that 	�Cv,c�� ,N ,	N��	Ec�N ,	N��=Cv,c�� ,N ,	N�
�	Ec�N ,	N�−Cv,c�� ,0 ,0��	Ec�0,0�. In general, with in-
creasing N the many-body term increases so that �	�±�MB is
positive, whereas increasing N makes �	�±�PSF negative.
Also one can expect that increasing N will reduce the
CEF factor, Cv,c�� ,N ,	N�, due to screening

but increase the �	Ec�N ,N↑� factor due to BGR, with the
latter dominating.4 Using approximations similar to those
made by Langot et al., we write the PSF term as

�	�±�PSF � − a0�
v,c

�v
3/2Sc

±Cv,c��,0,	0��	Ec�0,0�

��fv�kv� + fc�kv�� . �6�

Without loss of generality, in what follows we consider the
pump beam to always have �+ polarization. For a �± polar-
ized probe beam the differential transmission change is de-
noted by �	T /T�± from which one can define5 a parameter D,

D =
�	T/T�+ − �	T/T�−

�	T/T�+ + �	T/T�− . �7�

This parameter directly reflects spin-dependent effects and in
those cases where the �	T /T�± varies linearly with N, D is
independent of density, and therefore recombination effects.

In carrying out our simulations we have assumed para-
bolic bands and commonly accepted parameters for GaAs.19

Figure 3 shows the density dependence of �	T /T�PSF
± for a

probe wavelengths of 775 and 855 nm, assuming N↓=3/4N
as induced initially by the �+ pump beam; the carrier and
lattice temperature are taken as 295 K. The differential trans-
mission for both wavelengths is dominated by the f↓�klh� and
f↑�klh� electron Fermi factors at low and high densities with
the �unpolarized� hole Fermi terms making only small con-
tributions �cf. Fig. 1 of Langot et al.4�. Over the density
range indicated there is a linear variation of the differential
transmission with density as expected when the probe beam
effectively samples the tail of a Fermi-Dirac distribution. For
both wavelengths the calculated D parameter is not less than
its maximum possible value of 0.25 by more than a few %
over the entire density range; however, for the longer probe
wavelength and densities approaching 3�1017 cm−3 where
electron degeneracy sets in, the heavy hole Fermi factor

FIG. 2. Schematic diagram of transitions between heavy hole/
light hole bands and 	↓
 and 	↑
 conduction band states indicating
the relative transition strengths for �+ light; the 1/4, 3 /4 ratios are
interchanged for �− light.
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fhh�khh� causes D to decrease slightly. For all densities, with
N↓=3/4N, we find, as expected, that �	T /T�PSF

+

� �	T /T�PSF
− .

To frame the discussion of the influence of many-body
effects on transmissivity in Fig. 3 we show the calculated
�−	T /T�MB

± for 855 and 775 nm probe wavelengths as a
function of carrier density at room temperature assuming no
net spin polarization �N↑=N↓=N /2, for which �	T /T�MB

+

= �	T /T�MB
− �. Note that the electron Fermi level enters the

conduction band near N�3�1017 cm−3 and that for the
855 nm probe, the approximation of 	T /T�1, breaks down.
We assume that the band-gap renormalization is, as given by
Bennett et al.,20 −10 meV �N /1017 cm−3�1/3 but allowing for
band-gap renormalization to exist below 5�1016 cm−3.
Other functional forms �within reason� may be used but the
choice does not substantially alter the discussion that fol-
lows; also, we do not wish to place undue emphasis on the
exact transmission values calculated here considering the ap-
proximations made. The main point, as can be seen in Fig. 3,
is that for a probe photon energy near the band gap the in-
fluence of many-body effects on the differential transmission
is much smaller and of opposite sign to that from phase-
space filling. However, for the higher probe energy many-
body and phase space filling effects apparently make compa-
rable contributions albeit of opposite sign to the differential
transmission at low carrier densities with the relative impor-
tance of many-body effects decreasing with increasing den-
sity. For a spin imbalance, e.g., N↓�N↑, because of the ex-
pected larger band-gap renormalization for the 	↓
 states than
for the 	↑
 states one might expect 	�	T /T�MB

+ 	
� 	�	T /T�MB

− 	 and so it will be possible for �	T /T�+

� �	T /T�−. Hence, spin-dependent many-body effects not
only reduce the value of D but even change its sign. We will
use a sign change of D as indicative of spin-dependent
many-body effects.

It should be emphasized that the above discussion serves
as a guideline for the experimental results that follow. Many-

body effects, especially for nondegenerate carrier distribu-
tions, are difficult to calculate with any confidence and there
still remains considerable speculation on various aspects of
such calculations such as whether band-gap renormalization
leads to a rigid shift of bands and exactly what the depen-
dence on excess carrier density is, both for impurity doped
semiconductors as wells as optically pumped
semiconductors.21,22 In addition there are several other ap-
proximations used above related to parabolic, isotropic
bands, etc. In what follows, in view of all these uncertainties
and approximations we adopt a conservative approach and
only offer semiquantitative remarks and conclusions.

III. EXPERIMENT

Polarization-resolved differential transmission measure-
ments were carried out by pump-probe techniques using
femtosecond pulses from an infrared optical parametric am-
plifier �OPA� pumped by a regeneratively amplified Ti:sap-
phire laser operating at 250 kHz. Signal �or idler� pulses are
frequency doubled in a beta barium borate �BBO� crystal
generating �150 fs pulses with a bandwidth of �30 meV
and tunable between 660 nm and 1050 nm. Probe pulses are
derived from pump pulses using a 10–90 % beamsplitter. The
polarization and intensity of each pulse are separately con-
trolled using wave plates and polarizers. The probe pulses
are delayed from the pump pulses using a retroreflector
mounted on a motorized translation stage. The two beams are
then focused with the same lens onto the sample with the
probe beam normally incident while the pump beam propa-
gation direction makes an angle of 10° with the normal. The
pump and probe beam each have a spot size �full-width at
half-maximum� of approximately 60 �m. The probe trans-
mitted signal is measured with a silicon detector behind the
sample.

The sample is a semi-insulating 1 �m thick �100� ori-
ented bulk GaAs �with impurity concentration �1015 cm−3�
that was van der Waals bonded to a glass substrate. The
pump fluence, F, used in the experiments is in the range
1.3 �J cm−2�F�50 �J cm−2; the probe fluence in all ex-
periments is no more than 0.1F. All measurements were per-
formed at room temperature. Note that although we quote
center wavelengths, the differential transmission for pulses
can also reflect the pulse bandwidth. In particular since trans-
mission bleaching effects vary with the Fermi occupancy
factors which vary exponentially with carrier energy, the ef-
fective probe wavelength is slightly ��5 nm in our case�
below the probe pulse center wavelength.

For a given pump fluence we can estimate the excited
carrier density taking into account two averaging effects.
First, the sample thickness is comparable to the pump ab-
sorption depth of �1 �m. The carrier density on the back
surface is therefore �e−1 of its value of the front surface.
Moreover, the probe spot size is comparable to that of the
pump spot so that the carrier density being probed varies
across the probe spot. When both factors are considered the
average density probed, N, is �0.4 of the peak carrier den-
sity which is estimated as �1−R��F /��p where � is the
pump absorption coefficient, ��p is the pump photon energy

FIG. 3. Simulated differential transmission of GaAs for probe
wavelengths of 775 nm and 855 nm; the solid and dashed lines
indicate 	TPSF

+ and 	TPSF
− for 855 nm and 775 nm, respectively,

while the dotted curves show −	TMB
+ at 855 nm �upper curve� and

775 nm �lower cruve� for spin unpolarized electrons.
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and R is the sample reflectivity. For our range of pump flu-
ence N is between 2�1016 cm−3 and �1018 cm−3.

IV. RESULTS AND DISCUSSION

Figure 4�a� shows the differential transmission for �+ and
�− 855 nm probe pulses as a function of time delay from a
775 nm �+ polarized pump pulse with a fluence of F
=6.3 �J cm−2 producing a carrier density, N, of 1.3
�1017 cm−3. The probed electron average kinetic energy is
�20 meV. Both 	T+ and 	T− rise on a time scale of about
0.5 ps following the excitation pulse, essentially the cooling
time of the electrons and holes1 during which the occupancy
of electrons in the probed states increases; note that 	T+ is
always �	T−. Consistent with the simulations depicted in
Fig. 3 both differential transmission traces reflect phase
space filling for the experimentally estimated carrier density.
The experimental and theoretical values of the absolute
transmissivity differ, but this is not surprising in view of the
approximations in both the simulations and the estimate of
the experimental carrier density. As shown in Fig. 4�b� the
extracted D parameter rises on a pump pulse-width related
time scale to the constant value of 0.18, near the value of
0.25 expected for N↓=3/4N, with phase space filling alone
determining the transmission behavior. The discrepancy be-
tween the measured value of �0.18 and 0.25 value likely
reflects the influence of hole Fermi factors and a small con-
tribution from many-body effects.

Figure 5 shows the results of a similar experiment with an
855 nm pump of fluence 25 �J cm−2 �with N�3
�1017 cm−3� and probe wavelength of 775 nm for which the
probed electron kinetic energy is 90 meV for electrons ex-
cited from the lh band and 160 meV for electrons excited
from the hh band. Figure 5�a� shows the measured 	T /T+

and 	T /T− as a function of delay time while Fig. 5�b� shows
the corresponding D parameter extracted from the same data.
The differential transmission becomes negative during the
pump pulse at which time most of the carriers have not yet

thermalized with the lattice so as to allow the electrons to
occupy the optically probed conduction band states at higher
energy. The presence of a negative signal indicates that
many-body effects do occur during the pump pulse �e.g.,
band-gap reduction alone would account for an increase in
the absorption coefficient or decrease in transmission� since
phase space filling always gives �	T /T�PSF

± �0. This behav-
ior is similar to that observed by Langot et al. for linearly
polarized pump and probe pulses.4 However, what is also
clearly evident from the �+ and �− transmission data is that
there is a spin dependence of the many-body effects. Follow-
ing the dip in transmission, as the electrons thermalize by
absorbing phonons from the lattice on a 0.5 ps time scale, the
Fermi factors increase at the probe energy and the differen-
tial transmission increases as phase space filling competes
with and eventually dominates many-body effects in deter-
mining the overall value of the transmissivity. However, with
increasing probe delay following pump induced transient ef-
fects, the 	T /T+ signal drops below the 	T /T− value and the
D parameter becomes negative, attaining a value of about
−0.3.

Figure 6�a� shows the results of similar experiments but
with a 6.3 �J cm−2 from a 775 nm pump pulse and a 775 nm
probe pulse. In this case with the electrons establishing a
temperature of hundreds of degrees during the pulse, phase
space filling contributions to 	T /T± peak during the pulse
and then decay with a time constant of �0.5 ps, the carrier
cooling time. Figure 6�b� shows the value of D extracted
from the data; after several picoseconds D becomes negative
with approximately the same value as observed in Fig. 5�b�.
In a separate experiment, the pump beam was linearly polar-
ized �an equal superposition of �+ and �−, producing equal
populations of up and down spins� and the sample transmis-
sion was probed with �+ and �− pulses. The extracted D
parameter is indistinguishable from zero as indicated in Fig.
6�b�. As illustrated in the theoretical section, many-body ef-
fects are expected to reduce the differential transmissivities,
and in the absence of spin effects, would do so by the same

FIG. 4. �a� Differential transmissivity for �+ �solid curve� and
�− �dashed curve� 855 nm probe pulses as a function of time delay
from a 775 nm �+ polarized pump pulse with a fluence
6.3 �J cm−2; �b� time dependence of D for the same data.

FIG. 5. �a� Differential transmissivity for �+ �solid curve� and
�− �dashed curve� 775 nm probe pulses as a function of time delay
from a 855 nm �+ pump pulse with a fluence 25 �J cm−2; �b� ex-
tracted time dependence of D.
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amounts. The observation that �	T /T�+ drops below
�	T /T�− indicates that the imbalance in the electron spin
population with N↓�N↑ reduces the one differential
transmission more than the other and
so 	�Cv,↓�� ,N ,	N��	E↓�N ,	N���	 �Cv,↑ �� ,	N , �
��	E↑�N ,	N��. This would be possible, e.g., if the 	↓

bands experience larger band-gap reduction than the 	↑

bands, a not unlikely possibility. If one had interpreted D as
a measure of the relative spin populations from Fig. 6 one
would have concluded incorrectly that the spin polarization
evolved on a few ps time scale and indeed changed sign.

A comparison of the results of Fig. 4 with the simulations
in Fig. 3 shows that while near-band-edge probing allows
one to deduce �albeit approximately� the degree of spin po-
larization, probing at photon energies well above the band
gap is less sensitive to phase space filling effects and increas-
ingly sensitive to many-body effects. Indeed, one probes
both the net electron spin population and the spin-dependent
many-body effects.

To further emphasize the dependence of the D parameter
on the carrier density as well as the probing wavelength, we
have carried out experiments in which either the pump flu-
ence was varied or the probe wavelength was varied. Figure
7 shows D as a function of the time delay between 775 nm
pump and probe pulses for four different pump fluences, viz.,
F=F0 ,2F0 ,4F0 ,8F0 where F0=6.3 �J cm−2 which yield av-
erage carrier densities between 1.3�1017 cm−3 and 1.0
�1018 cm−3. As observed in Figs. 5 and 6, at the lowest
fluence D is negative for delay times longer than 1 ps, how-
ever it becomes increasingly positive as F and the carrier
density increases. With reference to Fig. 3, one sees that
phase space filling effects are expected to increase linearly
with density, whereas many-body effects have a sublinear
dependence and become less important at higher densities.

Hence with increasing carrier density the value of D is ex-
pected to approach the results shown in Fig. 4. The decay of
the D parameter on a 3 ps time scale �longer than the carrier
cooling time� at the two lower fluences partly reflects cross-
over effects in the differential transmission time evolution as
noted above. At the higher fluences the increasing decay time
reflects spin relaxation and evolution of the many-body com-
ponents of the differential transmission as the spin popula-
tions equilibrate.

Figure 8 shows a plot of D as a function of probe delay
between �+ and �− degenerate pump and probe pulses at
865, 800, and 775 nm with a pump fluence of 1.26, 3.15, and
6.3 �J cm−2 for which the peak carrier densities are 2
�1016 cm−3, 6�1016 cm−3, and 1.3�1017 cm−3. As the en-
ergy of the probed electrons decreases, D is observed to in-
crease, changing from negative to positive, becoming near
zero, and virtually time independent, at the probe wavelength

FIG. 6. �a� Differential transmissivity for �+ �solid curve� and
�− �dashed curve� 775 nm probe pulses as a function of time delay
from a 775 nm �+ pump pulse with a fluence 6.3 �J cm−2; �b�
extracted time dependence of D for data in �a� as well as from
experiments which employed a linearly polarized pump pulse.

FIG. 7. Dependence of D on delay between 775 nm pump and
probe pulses for different pump fluence with F0=6.3 �J cm−2.

FIG. 8. Dependence of D on delay between wavelength degen-
erate pump and probe pulses at 864, 800, and 775 nm with a pump
fluence of 1.26, 3.15, and 6.3 �J cm−2.
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of 800 nm, where apparently the spin-sensitivity components
of the many-body and phase space filling effects nearly com-
pensate each other. At the probe wavelengths of 865 and
775 nm D decays to zero with the same decay time of
�65 ps reflecting spin relaxation. From the measured 65 ps
decay time of the transmissivity we deduce that the spin
relaxation time is 130 ps.

V. CONCLUSIONS

We have presented experimental results of differential
transmission measurements of GaAs at 295 K using circu-
larly polarized 150 fs pump and probe pulses to examine the
role of electron spin at different carrier densities and probed
at different photon energies above the fundamental band gap.
Our results can be explained in terms of spin-sensitive phase-
space filling and many-body effects. For probing near the
band-edge, the transmissivity results are well explained in
terms of phase-space filling, dominated by the electron con-
tribution to semiconductor bleaching, with many-body ef-
fects playing a minor role. For probing of spin polarized
electrons with larger photon energies, many-body effects be-
come increasingly important and compete with phase space
filling to determine the overall transmissivity of GaAs. This
allows us to examine the spin dependence of the many-body

effects, essentially by probing the tail of the electron distri-
bution. Our observations are semiquantitative at this time,
partly because of the usual experimental uncertainties for the
carrier densities, and await a suitable model for spin-
dependent band-gap renormalization and the Coulomb en-
hancement factor. However, we do note that the electron spin
relaxation time is about 130 ps consistent with the work of
others. Future work might consider measurements over a
wider range of densities and initial polarization conditions,
and theoretical models which might provide a quantitative
foundation for our results. Finally, we note that if one does
not take account of these spin-sensitive many-body effects in
optical probing of spins in semiconductor one can misinter-
pret both the magnitude of the spin polarization, as well as
its time evolution, especially if recombination occurs on the
same time scale as spin relaxation.
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