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Microsecond spin-flip times in n-GaAs measured by time-resolved polarization
of photoluminescence

J. S. Colton,* T. A. Kennedy, A. S. Bracker, and D. Gammon
Naval Research Laboratory, Washington, DC 20375, USA
~Received 24 September 2003; published 23 March 2004!

We have observed microsecond spin-flip times in lightly dopedn-GaAs, by measuring the photolumines-
cence polarization in the time domain with pump and probe pulses. Times up to 1.4ms have been measured.
Our results as a function of magnetic field indicate three regions governing the spin relaxation: a low field
region, where spin-flip times increase due to suppression of the nuclear hyperfine interaction for localized
electrons, a medium field region where spin-flip times increase due to narrowing of the hyperfine relaxation for
interacting electrons, and a high field region where spin-flip times begin to level off due to the increasing
importance of spin-orbit relaxation mechanisms.

DOI: 10.1103/PhysRevB.69.121307 PACS number~s!: 72.25.Rb, 72.25.Fe, 78.55.Cr, 71.55.Eq

The study of spin in semiconductors has become impor-
tant in recent years for potential applications such as spin-
tronics and quantum computing.1 GaAs is being considered
as a material for quantum computing, and recent observa-
tions of electron spin dephasing times in the hundreds of
nanosecond range inn-type GaAs have been encouraging.2–4

This is particularly true since the spin properties of electrons
localized on donors bear similarities to those of electrons
localized in quantum dots, the latter being key components
of possible scalable solid-state quantum computing
schemes.5 The focus in this paper is on spin properties of
doped electrons in lightly dopedn-GaAs.

There have been theoretical predictions for spin lifetimes
in n-GaAs. Theoretical values for the inhomogeneous spin
dephasing timeT2* range from a few to a few hundred
nanoseconds,4 but the homogeneous dephasing timeT2 may
be in the microseconds regime.6–8 Similarly, the spin-flip
time tS , has been predicted to be microseconds or even
longer.9,10 Note that these predictions do not hold for fully
delocalized conduction electrons—spin dephasing and spin-
flip times in that case are predicted to be only in the tens of
nanoseconds.11

Experimentally, theT2* values inn-GaAs have been mea-
sured through a variety of ways: the decay envelope of the
time resolved Faraday rotation signal,2 the width of Hanle
effect curves,3,4,12,13 and the width of magnetic resonance
curves.14 These values agree well with theory. TheT2 time
has not yet been measured, and the only measurements of
which we are aware of fortS in such systems have yielded a
value of 50ms or longer at 20 mK and 7.5 T by transport
measurements in lithographically defined gated quantum
dots.15

In this work, we have used the well-known connection
between spin polarization and optical polarization16 to mea-
sure spin-flip times in twon-GaAs samples via time resolved
polarization of photoluminescence~PL!. This type of spec-
troscopy has also been used to measure spin-flip times rang-
ing from ;100 ps to 20 ns inp-GaAs andp-GaAs-related
materials,17–19 ;1 ns in InGaAs quantum disks,20 and most
recently 15 ns inn-InAs/GaAs self assembled quantum
dots.21 We have extended the technique into the microsecond

regime. The spin-flip times are longest at low temperature
and high fields, and times up to 1.4ms were observed.

We believe that this is an important measurement for sev-
eral reasons. First, the times we have observed are long com-
pared to other times measured in GaAs. Second, these long
times are obtained at moderate fields and only moderately
low temperatures. Third, electrons under these conditions are
fairly well localized. Finally, these experiments imply a pos-
sibility for employing microwave pulses in conjunction with
the light pulses to perform a spin echoT2 measurement in
the future.

The samples we investigated were one micron thick GaAs
layers in an AlGaAs heterostructure, whose growth and char-
acteristics are described elsewhere.13 Two different doping
levels were studied: 1 and 331015 cm23. All of the data
presented here is for the 331015 cm23 sample, although the
results for the 131015 cm23 sample are both quantitatively
and qualitatively similar.

We used circularly polarized light from a Ti-sapphire laser
at 809 nm to inject spin polarized electrons. The sample was
placed in a superconducting magnet and cooled to liquid
helium temperatures. Photoluminescence was collected with
a double grating spectrometer and measured with a two-
channel photon counter~PC!. Due to the rapid spin exchange
between electrons,22 the optical polarization of the free exci-
ton PL reflects the spin polarization of donor electrons.23

The laser was operated in cw mode, but its intensity was
modulated on/off with a fast acousto-optic modulator~AOM!
to obtain light pulses as short as 15 ns. The AOM was con-
trolled by the voltage pulses of a digital word generator
~WG!, which in turn was controlled by a computer program
to change the spacing and/or duration of the pulses. The WG
was triggered by a 20 kHz photoelastic modulator~PEM! in
the PL detection path. The PEM operated as an oscillating
quarter-wave plate, which combined with a linear polarizer
to make a circular polarization analyzer. The PEM addition-
ally triggered the two channels of the counter so that the two
polarizationss1 ands2 could be separately recorded. The
PL polarization was then established by dividing the differ-
ence of the two channels by their sum:P5(s12s2)/(s1

1s2).
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In the experiment, four light pulses were employed: a
pump pulse, a probe pulse detectings1, then after a long
delay a second pump pulse followed by a second probe pulse
detectings2. The pulses were arranged so that the probe
pulse~and PC gates! were centered on the max/min of PEM
retardance~see Fig. 1!. Note that the difference between
pump and probe pulses is obtained through varying the pulse
width, rather than the pulseintensity24 as is more common in
two-beam pump–probe spectroscopy.2,21 Also, since the
electron spins are only partially~;5%! aligned for at most
;10% of the repetition period, the average electronic polar-
ization is close to the thermal equilibrium value; thus effects
from the dynamic polarization of the nuclei~the Overhauser
effect! are not important for these experiments.

Simple rate equations can be used to describe the
spin-flips of a two level system.25 For a transition rate of
w12 (w21) for transitions from state 1 to state 2~2 to 1!,
the rate equations for the populationsN1 and N2 at any
time are

dN1

dt
5N2w212N1w12,

dN2

dt
5N1w122N2w2152

dN1

dt
.

~1!

Relaxation processes bring the system into thermal equilib-
rium. In this condition,

N1
eq

N2
eq5

w21

w12
5e2E12 /kT, ~2!

whereE12 is the energy difference between the two levels. In
our experiments, the pump pulse produces nonequilibrium
populationsN1

0 andN2
0 at time zero. Using the above equa-

tions, it can be shown that the population difference (N1
2N2) will evolve toward thermal equilibrium following a
simple exponential law:

@N2~ t !2N1~t !#2@N2
eq2N1

eq#5@~N2
02N1

0!2~N2
eq2N1

eq!#e2t/ts,

~3!

wheretS5(w121w21)
21. The experiments gave exponential

decays for the change in population difference in all cases,
and thus are well described by this characteristic spin-flip
time, tS .

The cw PL of sample 3E15 at 1.5 T is displayed in the
inset to Fig. 2~a! for two different temperatures. The free
exciton line~lower wavelength! is polarized to a degree that
depends strongly on the cw laser power density, as shown in
Fig. 2~a!. This follows the well-known dependence for
n-type samples.16 A similar effect is seen if the power density
is held constant while the pulse length changes: see Fig. 2~b!.
The number of injected photoelectrons must be comparable
to the number of doped electrons in order for an appreciable
polarization to be set by the light pulse. This allows us to set
conditions for pump and probe pulses: the pump pulse must
replace many electrons already present in the material~ob-
tained for pulse lengths.about 200 ns in the figure!; the
probe pulse must replace very few~, about 50 ns!. Note that
the probe pulse does not measure the system without affect-
ing it—it it is also circularly polarized, and results in a PL
polarization of about 1%. Thus for less-doped samples,
weaker probe beams are required, but are correspondingly
more difficult to detect.

Our pump–probe spectroscopy was performed using 16
ns probe pulses and 256 ns pump pulses. As the pump–probe
delay was increased, the polarization decayed exponentially
from the pump to the probe value, in accordance with Eq.
~3!.26 Some representative decays are shown in Fig. 3, per-

FIG. 1. The timing sequences showing the light pulses and pho-
ton counter gates, relative to the PEM retardance. Gate 1 and gate 2
count thes1 ands2 of the probe pulse PL, respectively.

FIG. 2. PL polarization for~a! cw and~b! pulsed laser excita-
tion. ~a! The degree of polarization vs the laser power density at
B50 T andT56 K. The fit ~solid line! is described in Ref. 13. The
inset shows normalized PL spectra at 1.5 T for temperatures of 1.5
and 6 K. The vertical bar marks the position of the free exciton.~b!
The degree of polarization vs the length of a single pulse, forB
50 T andT56 K.
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formed at 1.5 K at magnetic field values of 0.04, 1.5, and 5 T.
The correspondingtS values are 0.11, 1.3, and 1.4ms, re-
spectively.

A summary of the measuredtS values at various fields
and temperatures is presented in Figs. 4~a! and 4~b!. The
times decrease with temperature and increase with magnetic
field. There are three distinguishable magnetic field ranges:
~1! low field, less than;0.1 T,~2! medium field, between 0.1
and;1.5 T, and~3! high field, greater than 1.5 T. Figure 4~a!
is a log–log plot showing all three ranges. Figure 4~b! is a

linear plot of 1/tS vs B to emphasize the first two ranges. The
middle field region of each curve in Fig. 4~b! has been fit to
a Lorentzian centered at 0 T; the widths obtained by the fit
were 0.60 and 0.70 T for the 1.5 and 6 K data, respectively.

Before commenting on our data, we point out that there is
a natural distribution of donor separations, which can lead to
more- and less-localized electrons. Application of a magnetic
field, however, tends to localize electrons due to cyclotron
motion. Thus at low fields, a distinction between types of
electrons—localized versus interacting—may be made, but
at high fields this distinction will disappear. We believe the
three regimes mentioned above correspond to~1! localized
electrons at low fields,~2! interacting electrons at slightly
higher fields, and~3! localized electrons at high fields.

The observedtS lifetimes at zero field should be equal to
T2* , since there is no energy splitting between the two spin
states. OurtS values do indeed fit well with theT2* times
observed previously by our group and others.2,4,13,14For lo-
calized electrons, the main relaxation mechanism under these
conditions is hyperfine coupling to the nuclei. Specifically,
the hyperfine interaction produces an effective magnetic field
~the ‘‘fluctuation field’’! in which an electron precesses.6 In
the quantum dot case, and in the low doping limit ofn-GaAs,
the inhomogeneity in this effective field limits the observed
spin coherence times to roughly 5 ns. However, as an exter-
nal magnetic field is applied, the nuclear contribution to re-
laxation will be reduced when the external field exceeds the
nuclear fluctuation field. This is a possible explanation for
our data in theB,0.1 T range, and would imply that our
samples do in fact contain some very highly localized elec-
trons.

For concentrations such that electrons at different donor
sites can interact, the average hyperfine field an electron sees
is reduced and the spin-flip time can become much longer.
The averaging is characterized by a ‘‘correlation time,’’tc ,
which is a measure of the interaction between donors due to
electron hopping or electron spin exchange. The inverse,
1/tc , is a measure of the rate of change in the local magnetic
field which an individual electron sees.27 In the motional-
averaging regime,tS will increase withB, with 1/tS follow-
ing a Lorentzian dependence:tS

21}(B21Bc
2)21, whereBc

depends explicitly on the correlation time:Bc5\/gmBtc .
The widths of the Lorentzian fits from Fig. 4~b! ~0.60 and
0.70 T! correspond to correlation times oftc543 and 37 ps
for T51.5 and 6 K, respectively. These values are very close
to those deduced by Dzhioevet al. for this doping regime.4

Thus the field dependence in the middle range of fields arises
from motional averaging of the hyperfine effects for interact-
ing electrons.

As magnetic field is increased further, this simple model
does not work. The correlation time, for example, is not con-
stant, and must increase as the electrons become localized
due to the field. Moreover, the Larmor frequency increases
with field and becomes comparable to 1/tc at fields of a few
tesla, so a model in whichtS is set due to interactions with
the local nuclear field must break down. In the previous
model, however, we have neglected the spin-orbit terms of
the Hamiltonian. These obviously cannot be completely ne-
glected in GaAs—theg value is far from 2, which indicates
there is an admixture of the orbital angular momentum into

FIG. 3. Change in detected PL polarization vs pump–probe de-
lay for T51.5 K and fields of 0.04, 1.5, and 5 T. Solid lines are
exponential fits to the data with decay times of 0.11, 1.28, and 1.37
ms, respectively.

FIG. 4. Summary of the spin-flip measurements showing~a! the
spin-flip times including the highest fields on a log scale, and~b!
the spin-flip rates at the smallest fields~includingB50) on a linear
scale. In~b!, the middle field range for each temperature is fit to a
Lorentzian shape as discussed in the text. The Lorentzian widths are
0.60 and 0.70 T for the 1.5 K and 6 K data, respectively.
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the spin up and spin down states. This admixture, plus the
spin-orbit interaction leads to spin-lattice relaxation if
phonons are present.

Calculations of spin-orbit interaction have been made for
GaAs quantum dots. In Khaetskii and Nazarov’s calculation,
the dominant contribution to spin-flips is shown to be due to
this admixture of spin states and spin-orbit interaction, with a
B5 dependence of spin flip rate on magnetic field.9 Woods
et al. have similarly done calculation for quantum dots, and
give 1/tS relaxation rates via one-phonon (B5 dependencies!
and two-phonon mechanisms~no strong B dependence,
dominant at higher temperatures!.10 Although these results
may not be directly applicable to donors in bulk GaAs, it
seems likely that the relaxation rates in that case will simi-
larly be field-independent or increasing with field. With the
hyperfine-related relaxation rates decreasing with field, at
some point these phonon-related rates will become domi-
nant. We believe that the leveling off of the 1.5 K data at
high field is an indication that we have indeed reached that
point.

In conclusion, we have measured spin relaxation times in
n-GaAs for various field and temperature values, and the
longest times exceed 1ms. The field dependence of the spin-
flip times displays three regions governed by different
mechanisms. The long spin-flip times are an exciting and
important result, particularly since they are for modest fields
and temperatures. The technique we used may find applica-
bility with other samples. It should also be possible to com-
bine this type of pulsed light experiment with a pulsed mi-
crowave resonance experiment—the microwaves occurring
between pump and probe pulses—in order to perform a spin
echo measurement ofT2 . However, it is clear that the field
range for such a resonance experiment will have to be higher
than in our previous optically polarized and detected spin
resonance.14

The authors thank Al.L. Efros, T.L. Reinecke, and L.M.
Woods for helpful discussions. J.S.C. was supported by NRC
and NRL. Work has also been supported by DARPA and
ONR.

*Current address: Physics Department, U.W. La Crosse, La
Crosse WI 54601.
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