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The temperature and density dependence of spin quantum beats of electrons is measured by time-resolved
photoluminescence spectroscopy and yields the electron Lande´ g factor in bulk GaAs, InP, and CdTe. In GaAs
the g factor increases linearly from20.44 at 4 K to 20.30 at 280 K; in InP theg factor is 1.20 at 4 K,
exhibiting a very small temperature dependence up to 160 K, and in CdTe theg factor follows betweenT54
K and 240 K the empirical equationg521.6531431024 T12.831026 T2. In GaAs we demonstrate the
suppression of spin quantum beats due to Fermi blocking in a degenerate electron gas and measure an increase
of the GaAsg factor from20.44 at densities below 131016 cm23 to 20.33 at 1017 cm23.

I. INTRODUCTION

The electron Lande´ g factor is one of the basic parameters
in semiconductors that describes the magnitude of the Zee-
man splitting of electronic states in magnetic fields. Theg
factor in semiconductors differs from the free electrong fac-
tor in vacuum,g52.0023, due to the spin-orbit interaction.
Depending on the semiconductor material, this interaction
can change the effectiveg factor to very large positive as
well as to very large negative numbers. Since various theo-
retical models predict the value ofg, accurate experimental
measurements ofg provide a sensitive test of different band-
structure calculations.1–10

A recently introduced experimental technique enables the
measurement of the electrong factorg* with high accuracy
by spin quantum beats.11 The technique proved to be feasible
to measure various effects as the anisotropy ofg* in quan-
tum wires,12 the dependence ofg* on quantum well
thickness,13 and the temperature dependence ofg* in bulk
GaAs.14 The measurement of the temperature dependence
with other techniques is not possible since methods such as,
e.g., conventional electron-spin resonance and electron-spin
resonance using optical excitation are difficult, in particular,
at elevated temperatures. The temperature-dependent spin
quantum beat experiments show interesting discrepancies be-
tween experiment and a well-accepted five-bandk–p theory
model.14

Thek–p perturbation theory is a semiempirical theory that
permits us to calculate the shape of the energy bands and the
g factor in the vicinity of extremum points of energy bands
from data of experimental energy gaps and matrix elements
between various bands. In the late 1950s, a simple three-

band model that included only the coupling between the
states of the lowest conduction band and the two highest
valence bands yielded good agreement with the experimental
data of that time.12 However, the measurement of theg fac-
tor in large band-gap semiconductors forced later the devel-
opment of a more elaborate theory—the five-bandk–p
theory.3,4 Three-bandk–p theory is only suitable for narrow-
gap semiconductors in which thek–p perturbation between
the lowest conduction (G6) level and the two nearest valence
(G8 andG7) levels dominate; in large band-gap semiconduc-
tors like GaAs this is a rough approximation since the fun-
damental gap is not small compared to higher conduction
bands. Five-bandk–p theory fits with high precision theg
factor and the effective mass of most common III-V com-
pounds and alloys at low temperatures. However, the re-
cently discovered discrepancy of the measuredg factor at
high temperatures and predictions by five-bandk–p theory
are not yet fully understood. Therefore, we present in this
paper a detailed experimental study of the temperature-
dependent free-electrong factor in GaAs, InP, and CdTe.

In addition, we describe the carrier density dependence of
g* in GaAs and demonstrate the suppression of spin quan-
tum beats at high electron densities by Fermi blocking. We
show that with increasing carrier density, the average elec-
tron energy increases due to band filling and the measured
g factor increases as a function of energy tending towards
the free-electron valueg52.15,16

II. EXPERIMENTAL ASPECTS

Electron spin quantum beats yield a method that allows
the direct determination ofg* with high accuracy and at low
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densities:11 Energy levels separated by an energy difference
DE can produce oscillations of the emitted light, when both
energy states are excited coherently. A magnetic field
B5Bex applied on a semiconductor produces a splitting of
the spin statesxx

6 by DE5\vL with vL being the Larmor
angular frequency,

vL5ge*mBB/\. ~1!

Excitation with circularly polarized light in the direction per-
pendicular to the direction of the magnetic field creates a
carrier distribution with unequal occupation of the spin states
xz

1 andxz
2 , wherez is the excitation and is opposite to the

observation direction. The spin statesxz
6 can be described as

a coherent superposition ofxx
6 , provided both states are

simultaneously excited by a short laser pulse. The spatial part
of the wave function suffers a very fast phase relaxation.
Therefore, the spin part can be written separately. The time
evolution of the spin-state occupation in thez direction is
then given by11

xz~ t !5~xx
2e1 i ~vL /2!t1xx

1e2 i ~vL /2!t!/A2

5xz
1cos~vLt/2!1 ixz

2sin~vLt/2!. ~2!

The spin orientation hence oscillates betweensz511/2 and
sz521/2. These oscillations can be understood in a semi-
classical picture as the Larmor precession of the spins around
the axis of the magnetic field (x axis!. The photolumines-
cence emitted in thez direction after excitation by a short,
circularly polarized laser pulse therefore shows a time-
varying circular polarization.

In our experiment the luminescence is partially due to
recombination of excitons. The magnetic field is, at least at
higher fields (.1 T!, strong enough to break up the ex-
change interaction of the order of 20meV in GaAs,17 which
couples the electron and hole spins. Therefore, two oscilla-
tion frequencies should be observable: one from oscillations
of the electron spin and another one from oscillations of the
hole spins. However, hole spin relaxation is in bulk ex-
tremely fast due to the degeneracy of light and heavy valence
bands atk50. Consequently, the oscillations of the hole
spins are not observable in our experiment. We only see the
oscillations of the electron spins. This assignment is con-
firmed by measurements inp-doped samples, which show
the same oscillation frequencies for the band-to-acceptor lu-
minescence as for the excitonic luminescence.13 Addition-
ally, the same oscillation frequency is observed at medium
excitation densities, i.e., where excitons are completely
screened and band-to-band recombination is observed. This
method, therefore, although measuring the quantum beats
from excitonic recombination, allows the direct determina-
tion of the free-electrong factor.

The undoped bulk GaAs, CdTe, and InP samples are
mounted in Voigt configuration in a He gas flow cryostat in a
superconducting magnet. The magnetic field is in thex di-
rection, observation and growth directions are in thez direc-
tion. We excite with circularly polarized ps pulses from a
mode-locked Ti:sapphire laser with a repetition rate of 80
MHz. The circular components of the photoluminescence
~PL! are dispersed in a 0.32 m spectrometer and detected

with a spectral and temporal resolution of 0.5 nm and 10 ps,
respectively, by a streak camera with two-dimensional~2D!
readout.

III. EXPERIMENTAL RESULTS

A. Temperature dependence

Figure 1 shows the measured temperature dependence of
the electrong factor in bulk GaAs. Theg factor increases
linearly from20.44~Ref. 18! at a lattice temperature of 4 K
to about20.3 at a lattice temperature of 280 K. Theg factor
is at carrier densities of 531015 cm23 within our accuracy
independent of the magnitude of the magnetic field up to 5 T
for all temperatures. Theg factor is also independent of
sample quality. Figure 1 depicts the measuredg factor in
undoped molecular beam epitaxy GaAs~triangles! and high-
quality liquid phase epitaxy GaAs~circles!, but low-quality
substrate GaAs with high defect concentration shows the
same results. However, the sample quality determines the
electron-spin dephasing time and, therefore, the measure-
ment’s accuracy and the maximum temperature where spin
quantum beats can be observed with our experimental setup.
The measured temperature dependence of bulk GaAsg*
contradicts predictions byk–p theory as shown in Ref. 14 for
temperatures up to 200 K.

FIG. 1. Temperature dependence of the measuredg* in GaAs
grown by molecular beam epitaxy~triangles with error bars! and
grown by liquid phase epitaxy~circles with error bars! and an em-
pirical fit with the equationg* ~T! 520.441 5 31024 T ~solid
line!. The different samples show different electron-spin relaxation
times, i.e., the damping of the oscillations depends on the specific
sample preparation conditions. We determined, at each temperature,
the frequency range for which a reasonable fit of the experimentally
observed oscillations is possible. This frequency range determines
the error bars. The error bars represent the absolute error and are
therefore larger than the statistical scatter of the data. The dotted
line is the calculated temperature dependence ofg* at the direct
band gap and the dashed line the^g* & calculated by Eq.~3!.
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We want to point out that at finite temperatures, the elec-
tron distribution is described by a Maxwell-Boltzmann dis-
tribution for low electron densities and our experimental
technique does not detect theg factor at the conduction-band
minimumg c* but instead an energetically averagedg factor.
The averageg factor ^g* & results from the dependence of
g* on the electron excess energy15 E weighted by the bulk
density of statesD3D ~where 3D is three-dimensional! and
the Maxwell-Boltzmann distribution of the electrons:

^g* &5
*0

`g* ~E!D3D~E!exp~2E/kBT! dE

*0
`D3D~E!exp~2E/kBT! dE

, ~3!

where, according to Ref. 20,

g* ~E!5gc*16.33E ~eV! ~4!

and

D3D~E!5
1

2p2 S 2m\2 D 3/2E1/2. ~5!

This assumes that each electron changes its energy due to
electron-electron scattering much faster than the spin quan-
tum beat oscillation period. Landau-level quantization is ne-
glected since electron-electron scattering is, especially at
high temperatures, faster than the cyclotron oscillation fre-
quency. Excitonic effects are neglected since the exciton for-
mation time and the carrier cooling at low temperatures is
slow in bulk GaAs. The carriers are excited nonresonantly.
Therefore, the lowest carrier temperature of the experiment
is about 40 K~Ref. 21! and the comparison between mea-
surement and calculation for lattice temperatures below 40 K
deserves circumspection. The exact calculation ofg* at the
direct band gap at a given temperature is described in Refs. 4
and 14 and the band parameters are summarized in Table I.
The calculated temperature dependence ofg* at the direct
band gap is depicted in Fig. 1 as a dotted line and^g* & as a
dashed line. All depicted experimentalg factors are average
g factors. The discrepancy between theory and experiment is
obvious.

Figure 2 depicts the temperature dependence ofg* in InP.
In contrast to GaAs, the temperature dependence ofg* cal-
culated byk–p theory at the fundamental band gap in InP
~dotted line! is small and agrees well with our experimental
results~circles!. The small variation ofg* in InP compared
to the large variation in GaAs is reasonable since theg factor
in InP is already closer tog* 512 of an electron in free
space or at high energies.16 The calculated̂g* & ~dashed line!
are slightly larger than the measuredg* ; but the calculations
of ^g* & overestimate the energy dependence since excitonic
effects are neglected in the density of statesD3D(E). The

FIG. 2. Temperature dependence of the measuredg* ~circles
with error bars!, the calculatedg* at the band edge after Refs. 4 and
14 ~dotted line!, and the calculated averageg* ~dashed curve! in
InP. Inset: Dependence of spin quantum beat frequency on the ap-
plied magnetic field at 5 K and a carrier density of 531015 cm23.

TABLE I. Temperature dependent band parameters in eV of GaAs and InP in the usual notation~see, e.g.,
Refs. 4 and 14!.

GaAs InP

E0 (1.51725.5)31024 T2/(T1225)a (1.62920.217)3$112/@exp(697/T)21#%b

D0 (1.85123.5)31024 T2/(T1225)a (1.57920.061)3$112/@exp(370/T)21#%2E0
b

E(G8
c) (4.65924)31024 T2/(T1241)a ~5.11224.25!31024 Tb

E(G 7
c) E(G 8

c)20.171c (4.86720.163)3$112/@exp(775/T)21#%b

P2 29.3d 21.6d

P2 6e 2.1e

C 20.02e,f 20.02e,f

aP. Lautenschlager, M. Garriga, S. Logothetidis, and M. Cardona, Phys. Rev. B35, 9174~1987!.
bP. Lautenschlager, M. Garriga, and M. Cardona, Phys. Rev. B36, 4813~1987!.
cD. E. Aspnes, C.G. Olson, and D.W. Lynch, Phys. Rev. B12, 2527~1975!.
dWe use a slightly higher interband matrix elementP2 for GaAs and InP than Ref. 4. The adjustment is
necessary because of the higher accuracy of the band-edge energies and—in the case of InP— ofg* . The
adjustments are within the specified error ofP2 in Ref. 4.
eSee Ref. 4.
fNot eV but dimensionless.
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inset of Fig. 2 demonstrates the linear relation between mag-
netic field and spin quantum beat frequency in InP at low
magnetic fields and a carrier density of 531015 cm23. This
linear behavior at low magnetic fields is observed at all mea-

sured temperatures in all measured semiconductors. At high
magnetic fields,g* depends on magnetic field as described
in Refs. 6, 10, 13, and 20.

Figure 3 depictsg* ~T! in CdTe. Since the temperature
dependence of the higher conduction and valence bands is, to
our knowledge, not exactly known, a comparison withk–p
theory is not possible. The solid line in Fig. 3 shows an
empirical fit with the equationg* (T)521.6531431024 T
12.831026 T2.

B. Density dependence in GaAs

Figure 4 shows the temporal evolution of the circularly
analyzed bulk GaAs photoluminescence~PL! at two different
excitation densities at a magnetic field of 3 T. The oscilla-
tions are detected on the high-energy side of the PL. They
clearly show a faster oscillation period and, therefore, a
larger absoluteg factor for lower carrier densities. The high-
density PL especially exhibits a decreasing oscillation period
with time due to the temporal carrier density decrease.

Figure 5 shows the temporal high excitation PL of Fig. 4
at three different detection wavelengths:~a! above the elec-
tron Fermi energy,~b! approximately at the Fermi energy,
and~c! at the direct band gap. The oscillation frequencies at
the different detection energies~a! and ~b! are the same be-
cause we again measure an averageg factor as discussed in
Sec. I A. Far below the Fermi level at the conduction-band
minimum @Fig. 5~c!# the spin quantum beats are suppressed
due to Fermi blocking. Fermi blocking of spin quantum beats
occurs at high densities because spin-up and spin-down elec-
tron levels are, at the conduction-band minimum, both satu-
rated and are therefore equally populated; the spin-up and

FIG. 3. Temperature dependence of the measuredg* ~circles
with error bars! and an empirical fit by the equationg* ~T!
521.6531431024 T 12.831026z T2 ~solid curve!.

FIG. 4. Circularly polarized detected PL in bulk GaAs at two
different excitation densities (I 0,0.3I 0) after circularly polarized ex-
citation in the continuum at a magnetic field of 3 T. The different
oscillation periods of the PL directly demonstrate the density de-
pendence of the averageg* . The vertical solid lines are guides to
the eye to illustrate the phase shifting. The excitation density atI 0 is
831016 cm23.

FIG. 5. Circularly polarized detected PL at an excitation density
of 831016 cm23 at three different detection energies:~a! above the
Fermi level,~b! at the Fermi level, and~c! at the conduction-band
minimum. Far below the Fermi level, spin quantum beats are
strongly suppressed. We attribute the remaining weak oscillations at
the band edge to regions with low electron densities due to density
inhomogeneities.
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spin-down electron distributions are accurately described by
Fermi-Dirac distributions with two different Fermi levels.
The difference in spin-up and spin-down electron population
yields two different PL spectra for opposite circularly polar-
ized detection as shown in Fig. 6.

Figure 7 showsg* in dependence on excitation density
~circles with error bars! and calculations ofg* at the Fermi
edge ~solid line! assuming an energy dependentg factor
g* (E)520.4416.33E ~eV! ~Refs. 10, 16, and 20! and a
Fermi-Dirac distribution withT50 K.22 At excitation densi-
ties above 1017 cm23 no spin quantum beats are observable
because spin dephasing is faster than one oscillation period.
In a degenerate electron gas we mainly measure theg factor
at the Fermi edge of the electron gas because the exchange of
electrons at the Fermi edge with electrons at the fundamental
band gap is weak at low temperatures. The discrepancy be-
tween measurement and theory indicates that theory under-
estimates the energy dependence ofg* .

IV. CONCLUSION

We have measured the temperature dependence of the
electron Lande´ g factor in CdTe and InP and extended the
temperature range in GaAs from 200 K to 280 K. The results
in bulk GaAs verify the discrepancy between simple five-
bandk–p theory calculations and the experimentalg factor.
The theoretical energy dependence ofg* in a thermalized
electron gas does not explain this discrepancy.

In InP, the temperature dependence ofg* is small because
the low-temperatureg* is large compared tog* in GaAs;
and the agreement between theory and experiment is good.

For CdTe, a comparison between theory and experiment is
not possible because the temperature dependence of the con-
duction and valence bands is for this semiconductor not ac-
curately known.

The density dependent measurements in GaAs show a
small density dependence ofg* at densities below 131016

cm23, confirming earlier measurements,14 and an enhanced
g* for higher densities—demonstrating the need for rela-
tively low carrier densities for measurements ofg* at the
G minimum. The fast spin dephasing time at densities above
1017 cm23 preventsg-factor measurements by spin quantum
beats at very high densities. The Fermi blocking of spin
quantum beats demonstrates that two different Fermi
distributions—one for spin up and one for spin down—can
coexist in a degenerated electron gas.

Note added in proof.Measurements at a lattice tempera-
ture of 10 K and carrier densities below 1015 cm23 yield a
linear dependence ofg* in bulk GaAs on the magnetic field
between 2 and 12 T. The change ofg* amounts to 0.005
per T. A linear extrapolation to 0 T yields ag* of 20.47
instead of20.44 at moderate densities and low magnetic
fields. The spin quantum beats vanish at densities below 1014

cm23.
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FIG. 6. Right and left circularly detected PL spectra. The spectra
are measured one spin quantum beat oscillation period after excita-
tion at a lattice temperature of 20 K and demonstrate two different
Fermi-Dirac distributions for spin-up and spin-down electrons. A
line-shape analysis yields the two different carrier densities.

FIG. 7. Dependence ofg* on the excitation density. The open
circles are measured and the solid line is the calculatedg* at the
Fermi edge. The experimental densities are determined by a line-
shape analysis of the transient spectra.
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