PHYSICAL REVIEW B 88, 195202 (2013)

s

Picosecond real-space imaging of electron spin diffusion in GaAs
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We use time-resolved two-color Kerr microscopy to study low-temperature electron spin diffusion in bulk GaAs
with high spatial and temporal resolution. This method enables direct real-space imaging of the advancing spread
of an optically excited electron spin packet by spin diffusion. We observe a high initial expansion rate of the spin
packet, which is strongly reduced with increasing time. Comparison with continuous-wave Kerr spectroscopy
demonstrates that this decrease is caused by the influence of the transient cooling of hot photocarriers on the

electron spin diffusion coefficient.
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I. INTRODUCTION

The future implementation of spin-based electronic (spin-
tronic) devices relies on the ability to precisely control the
storage, manipulation, and transport of spin coherence in solid
state systems.? Significant progress has been achieved re-
garding the realization of long-time storage and manipulation
of electron spin polarization down to the single-spin level.>*
However, a consistent understanding of electron spin transport
in semiconductors has not been reached yet.

Spin-sensitive optical pump-probe spectroscopy indicates
strong deviations between low-temperature charge carrier and
electron spin transport. A particularly remarkable result is the
repeated observation that the spin diffusion coefficient D
exceeds the charge diffusivity D, by an order of magnitude
in bulk GaAs at low temperatures.”~’ This finding contradicts
the theoretical prediction that Dy is reduced with respect to D,
by Coulomb interaction.?

Cundiff et al. were among the first to propose that the
enhancement of D, observed under optical excitation results
from photocarrier heating.’ The significance of pump-induced
electron heating for the diffusion of photoexcited carriers has
been understood for a long time in the context of exciton
transport in quantum wells.'%!" However, such hot electron
effects have been neglected in the interpretation of early
results on low-temperature electron spin diffusion obtained
by magneto-optical Kerr (MOKE) microscopy and transient
spin grating measurements.

The present work is the first to directly measure the
influence of photocarrier heating on electron spin diffusion.
We report on real-space imaging of electron spin diffusion
in bulk GaAs with picosecond time and micron spatial
resolution. We study the temporal evolution of the spread of
an optically excited electron spin packet by spin diffusion.
We directly measure the time-dependence of the electron
spin diffusion coefficient from the momentary expansion rate
of the spin packet. We observed a high initial expansion
rate of the spin packet. For low lattice temperatures this
expansion rate is strongly reduced with increasing time,
reflecting a transient decrease of the spin diffusion coefficient.
We show that this decrease of D; is caused by the influence
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of cooling of hot photocarriers on the electron spin diffusion
coefficient.

II. SAMPLE AND EXPERIMENTAL SETUP

We investigate the lateral in-plane diffusion of the spin po-
larization of electrons whose motion is constricted to a 1-pum-
thick MBE-grown n-GaAs epilayer'? with a room-temperature
electron density n = 1.4 x 10'® cm™ and electron mobility
e A 5500 cm? v—ls™1

The sample is mounted strain-free on the cold finger of an
optical cryostat. A calibrated resonant-tunneling diode (RTD)
sensor is attached to the backside of the sample holder for
accurate measurements of the sample temperature which can
be varied between 8 K and 300 K.

The Kerr microscopy setup shown in Fig. 1(a) allows
for both continuous wave (cw) excitation and time-resolved
spectroscopy. A detailed description of the setup is provided
in Ref. 13. In brief, two independent, continuously tunable
Ti:sapphire lasers provide the pump and probe laser beams for
cw measurements. For time-resolved two-color spectroscopy,
we employ a pulsed ultrafast white light supercontinuum
source. The output of a high power mode-locked infrared
laser system (A ~ 1040 nm, pulse length <300 fs, 36.4 MHz
repetition rate) is coupled into a tapered fiber with a waist
diameter of ~4 um. A typical output spectrum resulting from
nonlinear supercontinuum generation in the fiber'*!> is shown
in Fig. 1(b). After exiting the fiber the laser is collimated by
a microscope objective. Pulsed pump and probe beams are
derived from the white light supercontinuum by dividing the
laser in two components by a broadband antireflection-coated
beamsplitter and performing individual spectral filtering.

Tunable spectral filtering of the probe laser is achieved
by dispersing the supercontinuum with a prism and passing
the output of the prism through a pair of lenses arranged
in confocal geometry. The desired wavelength component is
selected with a 50-um pinhole placed in the common focal
plane of the lens pair. Variation of the position of the first
lens results in a continuously tunable probe laser spectrum
with a FWHM <30 A for photon energies close to the GaAs
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FIG. 1. (Color online) (a) Schematic of the two-color pump-probe scanning Kerr microscopy setup. (b) White light supercontinuum
generated by passing an infrared fs laser pulse through a tapered fiber. (Inset) Normalized intensity spectra of the pulsed pump and probe lasers
after spectral filtering (left axis, black). The spectral range of the inset is indicated by the gray box. The spectral dependence of the cw Kerr
rotation g (Aprone) measured at 7; = 8 K for excitation at Apymp = 7800 A is shown on the right axis (red).

band gap. The pump laser is spectrally filtered by passing
the supercontinuum through a dielectric bandpass filter. This
results in an intensity spectrum centered at 7800 A with a
FWHM of 100 A shown in Fig. 1(b). A mechanical delay line
is used to introduce a variable delay At between the pump
and probe pulse. The overall temporal resolution of the setup
is well below 5 ps as evidenced by the quantitative analysis of
very fast rises observed in Kerr rotation transients.'3

For pulsed and cw measurements the polarization of the
pump laser is periodically modulated at 50.1 khZ between
o " and o~ circular polarization by a photoelastic modulator
(PEM). Electrons with a net spin polarization S, along the
sample normal are locally excited by the pump laser beam.'® A
balanced photodetector in combination with a standard lock-in
detection scheme!” is used to measure the photoinduced
Kerr rotation 8k ~ S,, which is imposed on the second,
linearly polarized probe beam upon reflection from the sample
surface.'8

Both laser beams are focused on the sample surface at
normal incidence with an apochromatic microscope objective
(NA = 0.42, f =4 mm). For cw excitation, the (1/¢) half-
widths of the Gaussian pump and probe spots are 0.7 um
and 1.2 um as determined from CMOS camera images. By
convolution, this results in a net optical resolution of 1.4 pm.
For pulsed excitation we achieve a slightly lower resolution of
oo ~ 2.2 um. Lateral scanning of the probe with respect to the
pump spot is accomplished by varying the relative position of
two aspheric lenses in confocal geometry by a piezopositioner.

For all cw excitation measurements, the pump wavelength
is set to 7800 A and a pump power of 10 uW is used. The
probe power is 50 uW and the probe wavelength is set to
8210 A.

For time-resolved measurements, the time-averaged pump
and probe power are 6 and 12 W, respectively. The wave-
length of the pulsed probe laser is tuned to the Ej excitonic
Kerr resonance and chosen such that the observed Kerr rotation
is maximal. Figure 1(b) shows the pulsed probe laser spectrum
used for measurements at a lattice temperature 7; = 8 K

together with the corresponding cw Kerr spectrum 6 (Aprobe)-
We have verified that the results presented in this work do not
change under variation of the probe laser wavelength.

Time-resolved imaging of the electron spin polarization is
achieved by repeatedly raster scanning the probe with respect
to the pump spot and measuring the local Kerr rotation 6 (r) ~
S,(r). Systematic variation of the pump-probe delay At then
directly maps the time evolution of the spin polarization
S.(At,r).

III. RESULTS AND DISCUSSION

A. Time-dependent electron spin diffusion model

The quasi-two-dimensional expansion of an electron spin
packet in the thin GaAs epilayer plane following a short
excitation pulse is governed by the diffusion equation:

0, 19 aS, S,
_ Pt
or

ar ror B Ty
Here, 7, denotes the spin relaxation time and r is the radial
distance measured from the pump spot center. For a Gaussian
pump spot, the time evolution of the spin polarization after a
short excitation pulse is'%!%-?

(1)

2

;' S.0 —r? —At
S(At,r) = —2727  ex ( )ex < ) 2
< ) of + 4D, At P w? P 2 )

with a time-dependent squared (1/¢) half-width

w? = of +4D;At 3)

and an initial Gaussian (1/e) half-width oy. From Eq. (2), it is
obvious that diffusion leads to a nonexponential decay of the
spin polarization S,(At,r = 0 wm) at the pump spot center.
For cw excitation, the shape of the stationary spin po-
larization profile results from the combined action of spin
relaxation and diffusion.”?! Steady-state Kerr microscopy
therefore relies on complementary measurements of the
spin relaxation time for the determination of spin diffusion
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FIG. 2. (Color online) (a) Transient Kerr rotation 6 (At,r = 0 um) plotted on a logarithmic scale. The nonexponential decay reflects the
influence of diffusion on the spin dynamics (see text). (b) Lateral Kerr rotation profiles for delays Ar = —50 ps (light gray markers) and
At = 80 ps (dark gray markers) at 7, = 8 K. The non-Gaussian spin profile observed at positive delay times is a superposition of the currently
injected spin packet with previous-pulse contributions. The profile resulting from subtraction of the previous-pulse contributions (red markers)
is shown together with a Gaussian fit (solid red line). (c,d) Lateral spin polarization profiles at 7;, = 8 and 30 K (gray markers) for increasing
delays (bottom to top) and Gaussian fits (solid lines). The delay At is indicated above the respective curve. From each profile, the previous-pulse
contributions are subtracted. Profiles are normalized and shifted vertically.

coefficients.”?> By contrast, for short-pulsed excitation, spin
propagation, and relaxation are completely decoupled. The
shape of the spin polarization profile is solely determined by
the action of diffusion while spin relaxation only modifies the
overall amplitude of the spin packet. Unlike cw spectroscopy,
time-resolved Kerr microscopy therefore allows for a direct
measurement of the spin diffusion coefficient.

For a constant spin diffusivity independent of At we expect
from Eq. (3) a linear dependence of w? on the pump-probe
delay At with a slope of 4D;. Measurement of the Gaussian
width w;(At) of the spin packet therefore directly reveals the
spin diffusivity

J(AD)). )

o= a0

4 0At
We note that for a Gaussian spin packet (4) is also valid for
a time-dependent spin diffusion coefficient where D;(A¢) is
determined from the momentary slope of the tangent to the
wf(At) curve.'?

B. Time-resolved electron spin diffusion spectroscopy

We study time-resolved lateral electron spin diffusion for
sample temperatures 7;, = 8, 20 and 30 K. For each T;, we
measure line cuts of the electron spin polarization profile
S, (r) through the pump spot center for increasing pump-probe
delays At between —100 and 1350 ps.

A typical time trace of the local spin polarization S,(At,
r = 0 um) additionally measured at 7;, = 8 K for delays up
to 3000 ps is shown in Fig. 2(a) on a logarithmic scale. The
strong influence of diffusion on the decay of S,(At,r = 0 um)
expected from Eq. (2) is evident from the deviation of the
experimental data from a straight line.

In Fig. 2(b), we show the spin polarization profile S,(r)
measured at 7; = 8 K for a short delay At = 80 ps. The
profile of the spin packet clearly is non-Gaussian. This is a
result of the long spin spin relaxation time 7, &~ 170 ns at
low temperatures [see Fig. 4(b)] and the relatively low spin
diffusivity of the sample. The spin polarization excited by
the previous pump pulses does not completely decay within
the 27.5 ns pulse-to-pulse interval of our supercontinuum
source. This is evidenced by the second S, (r) profile shown in
Fig. 2(b) measured at a short negative delay Ar = —50 ps
before the arrival of the corresponding pump pulse. We
observe a substantial remanent spin polarization excited by
previous pump pulses, which strongly decreases for rising
lattice temperatures and completely vanishes at 7, = 30 K.
This reflects enhanced diffusion and a strong decrease of t
with increasing temperature [compare Fig. 4(b)].

We limit our analysis to the contribution of the spin
polarization resulting from the excitation by a single pump
pulse. Because of the linearity of the diffusion Eq. (1)
the momentary spin polarization is a superposition of the
contributions of all previous excitation pulses. On the short
time scale of our observation window of 1350 ps and for the
comparatively long pulse-to-pulse interval of our experiment,
the spin profile resulting from the previous excitation pulses is
virtually stationary. Following Ref. 6, we therefore subtract the
previous-pulse contribution profile measured at short negative
delays of —50 ps from each spin polarization profile S,(At,r).
The resulting single-pulse profiles then are Gaussians as
shown in Fig. 2(b) where we exemplarily compare the
experimental data for At = 80 ps with a Gaussian fit. An
alternative technique to reduce repetition-rate artifacts is the
suppression of previous-pulse contributions by destructive spin
interference®? by application of a small in-plane magnetic field
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FIG. 3. (Color online) (a)—(c) Time-dependent spin diffusion
coefficient Dy(At) used for transient finite element method (FEM)
simulations (see text and below). The dashed lines indicate the
intrinsic spin diffusivity D? which was obtained for the respective T},
from independent cw measurements. (d)—(f) Measured time evolution
of the squared Gaussian width w?(At) of the electron spin packet
(black circles) for T; = 8, 20 and 30 K. The dashed lines indicate
the expansion of a spin packet for a constant diffusion coefficient
Dintial 2 70 cm? s~!. Also shown is the results of the transient FEM
simulation assuming a time-dependent spin diffusion coefficient
(red diamonds, see text).

of ~1 mT. We have verified that within experimental resolution
both methods yield identical results for the following analysis.

Time traces of single-pulse spin polarization profiles
S.(At,r) resulting from the above procedure are shown in
Figs. 2(c) and 2(d) together with Gaussian fits for 7, = 8
and 30 K. The shape of the spin packets remains Gaussian
for all examined times. For the shortest delay of 13 ps the
(1/e) half-width of the spin packet coincides with our optical
resolution o &~ 2.2 um. The diffusive spreading of the spin
packet with increasing delay is clearly observable for both
lattice temperatures. Careful inspection of Figs. 2(c) and 2(d)
for long delays further reveals a stronger increase of the
Gaussian width at high lattice temperature. This reflects
the expected increase of the spin diffusivity with rising
temperature.22

In Figs. 3(d)-3(f), we plot wsz(At) for increasing 7, which
we obtained from the Gaussian fits of the single-pulse spin
polarization profiles. For all examined lattice temperatures
we observe a strong deviation of wf(At) from the linear
dependence on Af, which is expected for a constant spin
diffusivity D;. With increasing time the wSZ(At) curves are
sublinear, reflecting a transient decrease of the spin diffusivity
Dy(Ar). This transient decrease is strongest for 7, = 8 K and
becomes less pronounced with increasing lattice temperature.

In contrast, we find that for all examined temperatures 77,
the expansion during the first 100 ps is well described by the
same diffusion coefficient DMt ~ 70 cm? s=! as indicated
by dashed lines. For long delays At 2 800 ps, the expansion
is quasilinear with At, indicating that D;(At) has approached
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FIG. 4. (Color online) (a) Lateral steady-state electron spin
polarization profiles obtained for cw excitation at 7, ranging from 8
to 35 K (gray markers). Solid red lines are best fits from a modified
diffusion model (see text). (b) Temperature dependence of the spin
relaxation time t,(7.). (c) Intrinsic spin diffusivity DB(TL) (gray
markers). The dashed gray line is a linear fit for 7;, > 12 K. Red short
dashed lines indicate the initial diffusivity and effective temperature
of the spin packet at At = 0 ps (see text).

a respective equilibrium value, which is found to increase
with Ty

In the remaining part of this manuscript, we will demon-
strate that the observed decrease of Dy(At) is consistently
explained by considering the influence of the transient cooling
of hot photocarriers on the spin diffusion coefficient: The
Apump A 7800 A pump pulse excites photoelectrons with a
mean excess energy of E ~ 60 meV.?* This deposition of
excess energy in the electron system leads to a strong heating
of the electrons and results in an electron temperature 7,, which
can significantly exceed the lattice temperature 77 .>>2® Owing
to the high initial kinetic energy of the spin-polarized electrons
the spin diffusion coefficient will be strongly enhanced for
short delays. For increasing At energy relaxation of the hot
carriers takes place. This leads to the observed decrease of
Dg(At) down to the intrinsic value D?(TL) for the respective
lattice temperature.

C. Time-dependent hot carrier effects on electron spin diffusion

We first use cw Kerr microscopy to determine this intrinsic
temperature dependence of the spin diffusion coefficient.
In Fig. 4(a), we show lateral steady-state spin polarization
profiles for increasing lattice temperatures together with best
fits derived from a diffusion model. A detailed description
of the cw measurements and the diffusion model is given
in Appendix. From these fits, we obtain the temperature
dependence D?(TL), which is shown in Fig. 4(c). We find that
D?(TL) monotonically increases with rising temperature. For
T, > 12 K, we observe that this increase of the spin diffusivity
is approximately proportional to the lattice temperature, i.e.,
DY~ Ty.
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We now use this DS(TL) dependence for the interpretation
of our time-resolved measurements. We first consider the very
fast initial expansion of the electron spin packet. For At <
100 ps, we found that the expansion rate is independent of
the lattice temperature and corresponds to a spin diffusivity
Dinitial & 70 ¢m? s~

Comparison with the intrinsic temperature dependence
of the spin diffusivity D?(TL) allows for an estimation of
the initial photocarrier temperature. From a linear extrap-
olation of D?(TL) for T, > 12 K shown in Fig. 4(c), we
can estimate an initial electron temperature 7," ~ 58 K
for very short delays At < 100 ps after the pump pulse.?’
The observed value of DMt jg constant for all examined
T, because the initial kinetic energy of the electrons (and
hence the initial electron temperature) is solely determined by
the large excitation excess energy Ex and does not depend on
the lattice temperature.

Our estimate 7,""! ~ 58 K is in good agreement with
transient electron temperature calculations, which consider
the energy relaxation by emission of optical and acoustical
phonons.?*?8 For an initial photoelectron excess energy Ex =
60 meV, we calculate an electron temperature 7, = 56 K
for a delay Ar = 13 ps for which we measure the first
S,(r) profile. Comparable initial electron temperatures have
also been obtained previously from picosecond time-resolved
photoluminescence spectroscopy studies of photocarrier ther-
malization in bulk GaAs.”

The temporal evolution of the electron temperature profile
T.(At,r) following the short localized excitation by the
pump pulse is governed by energy relaxation by emission of
phonons, heat conduction in the electron system, and possibly
impact ionization of donor-bound electrons.’?%3% An exact
quantitative treatment of this problem is beyond the scope of
this work. Instead, we characterize the electron spin packet
by an effective temperature T, In a first approximation, we
model the thermal relaxation of the electrons constituting the
spin packet by Newtonian cooling with a rate (8 Ty/dAt) ~
(Tog — T1), i.e., T will approach T;, exponentially for long
delays.

Motivated by the linear dependence of D? on temperature
observed in Fig. 4(c), we then approximate the transient spin
diffusion coefficient by

Dy(At,Ty) = DUTL)[1 + Arexp(—At/z.)]. &)

The cooling constant . characterizes the time scale on which
the effective temperature T, of the spin packet decays to the
respective lattice temperature 7. Following the cooling of the
spin packet, for increasing delay the spin diffusivity D;(At)
approaches the equilibrium value DY for the respective lattice
temperature 7;, which we independently determine from cw
spectroscopy. The transient enhancement amplitude A; is a
measure for the influence of the high initial kinetic energy of
the photocarriers on the spin diffusivity. It is determined by
the boundary condition Ds(At = 0 ps) = D@ Jeaving the
cooling time constant 7. as the only free parameter.

We use a transient finite element method (FEM) solver to
obtain the solution of the spin diffusion Eq. (1) for the time-
dependent spin diffusivity D;(At#,T;) described by Eq. (5).
Excitation by the short pump pulse is modeled by a Gaussian
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source term g(At,r) = goexp(—rz/ooz)exp(—At2/t;). The
spatial extent of the source term is determined by our optical
resolution o9 = 2.2 um. A pulse length 7, = 2 ps is used in
the simulations. For the spin relaxation time t,(7;) we use the
values shown in Fig. 4(b), which we independently obtained
from standard cw Hanle-MOKE measurements. From the
FEM solution of our model,we then extract the squared
Gaussian (1/e) half-width w?(At).!

Variation of 7, and comparison of the numerical results with
the experimental data allows us to determine the unknown
cooling decay time. In Figs. 3(d)-3(f) we show the w?(At)
curves obtained for 7, =400 ps from our model together
with the experimental data. Very similar cooling times have
been observed previously in time-resolved exciton diffusion
experiments for GaAs quantum wells.!? For all examined
lattice temperatures 7; we find good quantitative agreement
between the experimental data and the numerical results for
this value of 7.. The resulting time-dependent spin diffusion
coefficient D(At) used for the respective calculation is shown
in Figs. 3(a)-3(c). For comparison, we also show by dashed
lines the intrinsic spin diffusivity DS for the respective lattice
temperature, which is approached for long delays.

IV. CONCLUSIONS

In conclusion, we have used picosecond Kerr microscopy
to image the expansion of optically excited electron spin
packets by spin diffusion in bulk GaAs. The time-resolved
measurement of the Gaussian width of the spin packet allows
us for the first time to directly observe the influence of
pump-induced photocarrier heating on electron spin diffusion.
By comparison with accompanying cw Kerr microscopy
measurements we are able to draw the following physical
picture: For very short delays after the pump pulse, spin
diffusion is very fast and the high initial diffusivity is solely
determined by the initial kinetic energy of the photoexcited
electrons. With increasing delay thermal relaxation of the
hot photocarriers takes places. The cooling of the electron
population down to the lattice temperature by both phonon
emission and heat conduction in the electron system is found
to happen on a time scale t. = 400 ps. This transient reduction
of the kinetic energy of the electrons is reflected by a strong
decrease of the spin diffusion coefficient with increasing
time. For long delays At > 7., the influence of photocarrier
heating vanishes. The expansion of the spin packet is then
observed to take place with the rate expected from the intrinsic
spin diffusion coefficient, which we independently determined
from cw Kerr microscopy.
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APPENDIX: STEADY-STATE ELECTRON SPIN DIFFUSION

We determine the intrinsic temperature dependence of the
electron spin diffusion coefficient D?(TL) from standard cw
excitation Kerr microscopy.”?>*> We therefore measure line
cuts of the steady-state spin polarization profile S,(r) for
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T;. between 8 and 35 K, which are shown in Fig. 4(a). We
employ a modified spin diffusion model to extract the intrinsic
temperature dependence D?(7;) from these line cuts.

The modified diffusion model is discussed in detail in
Ref. 22. Similar to the transient case, optically excited
steady-state spin diffusion is strongly influenced by pump-
induced carrier heating. In the framework of the modified
diffusion model, a local enhancement of the electron spin
diffusivity close to the pump spot caused by hot photocarriers
is considered by a spatially varying diffusion coefficient

Dy(r,Ty) = DXT)[1 + Apexp(—r/op)].  (AD
The magnitude of the local diffusion enhancement by car-
rier heating is characterized by the amplitude Ap. This
enhancement amplitude is a measure for the tempera-
ture difference between the electron system and the lat-
tice. The local enhancement of Dy(r) decays on a length
scale described by op: D,(r) reaches the intrinsic value
DY(Tp) for distances far away from the pump spot for
which the electron system and the lattice are in thermal
equilibrium.3*-33
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In analogy to Ref. 22, we use the finite element method
(FEM) to numerically solve the modified steady-state electron
spin diffusion equation®!-2%3?

VA (Dy(r)V, S,(r) — 7, 'S,(r) + g(r) = 0

for the spatially varying diffusion coefficient D,(r). Optical
spin excitation is modelled by a Gaussian source term g(r) =
goexp(—r?/Az) with an (1/e) half-width A, = 1.4 um (our
optical resolution for cw excitation). The spin relaxation time
7,(Ty) entering the diffusion model has been determined
previously?? by standard cw Hanle-MOKE spectroscopy’-**
and is shown in Fig. 4(b).

The best fits obtained from the modified diffusion model
are shown in Fig. 4(a). In accordance with Ref. 22, we find
good agreement with the experimental data over the whole
examined temperature range for an enhancement decay length
op & 7 um. The enhancement amplitude systematically de-
creases from Ap ~ 6at Ty =8 KtoAp ~0.7atT, =35K.
This decrease demonstrates the vanishing influence of pump-
induced electron heating at high lattice temperatures for
which the electron system and the lattice approach thermal
equilibrium.3*-3
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