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High temperature electron spin relaxation in bulk GaAs
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Temperature and electron density dependent measurements of the electron spin relaxation in bulk
GaAs are performed using time- and polarization-resolved photoluminescence spectroscopy. The
electron spin relaxation time is dominated in the high temperature regime by the D’yakonov-Perel’
[M. I. D’yakonov and V. L. Perel’, Sov. Phys. Solid State 13, 3023 (1972)] spin relaxation
mechanism and decreases for negligible electron densities from 42 ps at 300 K to 20 ps at 400 K.
The measured spin relaxation times are compared with numerical calculations which include
electron-phonon momentum scattering and have no adjustable parameters. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2993344]

Spin relaxation in semiconductors is of fundamental im-
portance for prospective spintronic devices.'™ At the same
time, spin relaxation is an intriguing physics problem due to
the complex interplay of fundamentally different processes
leading to spin relaxation. Most of them play dominant roles
in the well investigated semiconductor material GaAs and
their efficiencies depend strongly on such various parameters
like the electron energy and temperature, doping density,
electron-hole overlap, electron-electron, electron-impurity,
and electron-phonon scattering. The major four spin relax-
ation processes in bulk GaAs take place via hyperfine
interaction,“’5 the Elliott and Yafet,6 the Bir—Aranov—Pikus,7
and the D’yakonov-Perel’ (DP) mechanisms. At low tem-
peratures they can be of comparable magnitude and the
identification of a dominant spin relaxation mechanism is
accordingly difficult. However, in the technologically more
interesting temperature regime at room temperature and
above, the spin relaxation in bulk GaAs is unambiguously
dominated by the DP mechanism.® Here, the electron mo-
mentum relaxation time 7, strongly affects the electron spin
relaxation time 7, and is dominated at low carrier densities
solely by interaction with longitudinal optical (LO) phonons
and thus can be easily calculated analytically. Spin relaxation
measurements at very high temperature are, hence, the ideal
candidate for a quantitative comparison with spin relaxation
theory.

In the first part of the paper the spin relaxation measure-
ments on undoped bulk GaAs are presented followed by a
comparison of the results with existing theory. The MBE
grown sample consists of 5 um GaAs, which is separated
from the substrate by a 2 um thick undoped Alj;Gaj;As
layer.9 Spin oriented electrons are optically injected by exci-
tation with circularly polarized 100 fs laser pulses from a
mode locked 80 MHz Ti:sapphire laser. The excitation en-
ergy of 1.59 eV is for all temperatures well below the va-
lence splitoff to conduction band transition ensuring an ini-
tial electron spin polarization of about 50%.'"O! During the
very first picosecond after excitation, the carrier momentum
distribution thermalizes by interaction with the phonon bath.
During the same time the holes lose their spin orientation
due to the strong valence band mixing and k-dependent spin
splitting. The polarized photoluminescence (PL) is measured
in backward direction and temporally resolved by a synchro-
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scan streak camera with a time resolution of 6 ps. The two
circular polarizations of the PL are sequentially detected by a
switchable liquid crystal retarder and a polarizer in front of
the streak camera. Figure 1(a) shows as example the tempo-
ral dynamics of both circular PL components and the result-
ing degree of polarization P. The PL lifetime is for all tem-
peratures and carrier densities about 250 ps, i.e., the carrier
density does not change significantly on the timescale of 7.
Also carrier diffusion can be neglected since bipolar carrier
diffusion is slow compared to Ts.lz The measured P of the
PL, i.e., the electron spin 3polarization, can be well fitted by a
monoexponential decay,1 whereat the fit starts about 10 ps
after excitation. Within these 10 ps the carriers thermalize
with the lattice for all studied excitation densities by Frohlich
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FIG. 1. (Color online) (a) Time resolved right and left circular polarized
components of the PL at 300 K and an excitation density of 1.2-10"7 cm™.
The inset shows the corresponding degree of polarization P. (b) Spin relax-
ation time 7 versus electron density n, measured at 300 K. The inset shows
the spin relaxation time in the low electron density regime for another data
set. The linear density gradients are 6.8X107'% pscm?® and 4.4
%1071 ps cm? for 300 and 350 K, respectively. The two dashed lines show
accurate density dependence calculations beyond the motional narrowing
regime.
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FIG. 2. (Color online) (a) Measured spin-relaxation time linearly extrapo-
lated to zero electron density 72" (double logarithmic scale). The solid line
is a fit to the experimental data proportional to 7-3. The dashed, red line is
a numerical quantitative calculation according to Eq. (4). (b) Raw experi-
mental 7, (dots) and calculated 7, (solid lines) at finite densities.

interaction, which is efficient at
temperatures. :

Figure 1(b) depicts the measured 7, at room temperature
in dependence on carrier density. At low densities, 7, in-
creases in the regime from 5% 10" to 2.5%X 10'7 cm™ lin-

early with carrier density. Such a linear dependence was pre-
dicted in the motional narrowing regime by Glazov and
Ivchenko,” who calculated a linear dependence of the
electron-electron scattering rate I‘;e on the electron density
n, in the quasielastic scattering limit, i.e., I')*cn, = 7{°on,.
The theory also predicts a reduction in "% with increasing
temperature, which results in a reduced density dependence
of 7, with increasing temperature as is confirmed experimen-
tally [inset of Fig. 1(b)]. At high carrier densities the mea-
sured 7, becomes nearly independent on n, with 7,=75 ps
for densities of 10'7 cm™ Wthh compares well with com-
parable measurements.101 " We further checked that T
shows within our measurement accuracy no dependence on
the degree of the electron spin polarization at these carrier
densities. Two reasons are responsible for the saturation of 7,
at high densities: as an intrinsic effect enhanced screening of
the electron-electron interaction and phase space filling re-
duces the increase in the electron-electron scattering prob-
ability with increasing density. Furthermore, local heating of
the lattice by the laser pulses reduces 7.

Next, we study the temperature dependence of 7,. The
measurements have been carried out at a fixed electron den-
sity of 2.7 X 10'® cm™ for temperatures between 280 and
340 K and 3.8 10'® cm™ between 360 and 400 K. The
raised excitation density compensate for the decreasing sig-
nal to noise ratio, which results from the decrease in PL
intensity with increasing temperature.18 Using the measured
density gradients of 7, at 300 and 350 K from the inset of
Fig. 1(b) we interpolate the density gradient for all tempera-
tures and extrapolate from the measurements at finite density
the intrinsic spin lifetime at zero density 72" in the entire
temperature regime as shown in Fig. 2(a).

Below, a qualitative and quantitative description of the
data follows. The DP mechanism is based on the k-dependent

extremely high
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spin splitting of the conduction band for k # 0. The spin split-

ting can be described by an effective magnetic field é(lg)
around which each individual electron spin precesses with its

own Larmor frequency ﬁ(E) Since O depends on k, electron

momentum scattering changes () and, hence, leads to spin
dephasing. In the special case of {17,> 1, the resulting spin
relaxatlon time 7, is about equal to the momentum relaxation
time 7,.' Here and in the following a tilde denotes an entity
at a glven energy. In the more usual case of 17,<1, the
energy dependent DP spin relaxation rate in the motional
narrowing regime 1/7, is given byl’10

L= (E%) : (1)

7. 105 “h°E 7,
where a,=0.063 is the spin splitting parameter of the con-
duction band corresponding to a Dresselhaus splitting of 1y,
=21.9 eV A3. The electron excess energy is denoted by Ej
and E, is the band-gap energy. The energy dependent scat-
tering rates 1/ 5’;] for the different momentum scattering pro-
cesses are added up in Eq. (1) with corresponding efficiency
factors 7, (for polar-optical phonon scattering 18°=11/6),"
that express how effective the related scattering mechanism
changes 0.2 The physical relevant spin relaxation rate Iy of
the whole electron ensemble is given in the regime of mo-
tional narrowing by averaglng 1/7, over all energies.

Pikus and Titkov'" calculated F for the case of a non-
degenerate electron gas and an averaged momentum relax-
ation time 7f,, by thermally averaging Eq. (1) over the Boltz-
mann distribution:

(kgT)’
‘hE,’

f =Q'7a] (2)

s

where Q' is a numerical factor depending on the correspond-
ing momentum scattering mechanism. In the case of polar-
optical phonon (POP) scattering QP oP_3 19 Qualitatively,
Eq. (2) describes the 773 dependence of the experimental
data well [see solid line in Fig. 2(a)]. Quantitatively, Eq. (2)
differs from the experimental data approximately by a factor
of 4 if we use for the calculation an average momentum
scattering time 7,=280 fs at 300 K obtained from mobility
measurements.”! Such difference by a factor of 4 is not sur-
prising since Eq. (2) contains some significant
simplifications.

Last, we calculate 7, for a quantitative comparison.
Equation (1) is valid in the motional narrowing regime
O7,<1, ie., for low electron energies. For high electron
energies (17,> 1, the energy dependent spin relaxation rate
results from the energy dependent Larmor frequency aver-
aged over all k-directions. Combining both regimes, the spin
relg}xation rate for all electron energies can be approximated
by

1 (. AV128E,\”
7 T+ W E) . (3)

Integrating over all energies then yields
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where f(E,) is the Fermi distribution and D(E,) = V’E is the
three-dimensional density of states. The energy dependent
momentum relaxation rate is calculated by an analytic equa-
tion derived by Callen® and later by Rldley > for POP scat-
tering [see Eq. (5)] where fiw;  is the polar-optical phonon
energy, €, and € are the high and low frequency dielectric
constants, m is the effective electron mass, and n(w;p)

—exp(ﬁwLO )7 Accounting for POP scattering only is a
very good approximation since piezoelectric and deforma-
tion potential scattering by acoustic phonons and ionized im-
purity scattering at low doping concentrations are according
to our calculations insignificant compared to POP scattering.
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The dashed line of Fig. 2(a) depicts the resulting 75°°
calculated without adjustable parameter. The slope of the cal-
culated 7*° is weaker than the 7-> dependence in Eq. (2)
since electron momentum scattering by POP is more efficient
at higher temperatures. Nevertheless, the noncomplex calcu-
lations are in astonishingly good quantitative agreement with
the measurements. The discrepancies at high as well as for
the lower temperatures are well within the error bars and the
uncertainties of the density dependent measurements [see in-
set of Fig. 1(b)]. Furthermore the impact of other momentum
scattering mechanisms increases with decreasing tempera-
ture, i.e., in the calculations additional scattering mecha-
nisms must be included at low temperatures, which on the
other hand increases the number of uncertainties and relaxes
the explanatory power of the shown equations.

We want to point out that the linear extrapolation of 7, to
zero density [inset of Fig. 1(b)] is a good approximation but
strictly valid only in the pure motional narrowing regime.
Therefore, we have additionally calculated 7, at finite carrier
densities by including in Eq. (1) an energy dependent
electron-electron  scattering time'” T E3/2 by KT/
=C"'n,E "%, where C is a constant. We have determined C
Z15X 105 eV=2 cm3 experimentally by fitting the calcu-
lations to the measured density dependence of 7, at 300 K
[experimental data of the inset of Fig. 1(b); the dashed line
shows the fit]. The same C describes the density dependence
of 7, at 350 K with high accuracy and yields at 300 K and
n,=10"7 cm™ an energy averaged, effective electron-
electron scattering rate ¥/ 75°=7.2x 10" 57!, which is in
very good agreement with other independent experlments
Our calculations show that the deviation between the calcu-
lated and the linear extrapolated density dependence be-
comes more extensive at low electron densities and with de-
creasing temperature. Figures 2(a) and 2(b) clarify this
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deviation, whereat Fig. 2(b) depicts the calculated (straight
lines) and the measured temperature dependence of 7, (dots)
at finite densities and shows an excellent agreement of both.

In conclusion, we have measured the electron spin relax-
ation time in bulk GaAs in the high temperature regime us-
ing time- and polarization-resolved PL spectroscopy. The de-
pendence of the spin relaxation time on electron density is
investigated at 300 and 350 K by high accuracy measure-
ments and used to extrapolate 7, between 280 and 400 K to
zero electron density. The measured intrinsic spin relaxation
times are in excellent quantitative agreement with calcula-
tions using solely D’yakonov—Perel’ spin relaxation and
electron polar-optical phonon scattering.
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