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Optical power-driven electron spin relaxation regime crossover in Mn-doped bulk GaAs
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We demonstrate tunability of the electron spin lifetime in Mn-doped GaAs by purely optical means. The
observed behavior stems from a crossover of the electron spin relaxation rate with increasing excitation density,
first decreasing due to the exchange interaction of Mn bound holes with Mn ions, and then increasing again
as the valence band is populated and Bir-Aranov-Pikus relaxation sets in. On this account, we explain the
complex spatial spin polarization profiles emerging from inhomogeneous optical excitation, which are the result
of the combined action of this nonmonotonic spin relaxation characteristics and the intricate photocarrier decay

dynamics.
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I. INTRODUCTION

The observation of spin relaxation times in excess of 100 ns
of minority electrons in p-type GaAs:Mn has recently renewed
the interest in this material system [1-4]. Nonmagnetic
p-type GaAs exhibits rapid electron spin relaxation by the
Bir-Aranov-Pikus mechanism [5], and because of this p-type,
GaAs is generally not considered very attractive for possible
spin-based application schemes [6]. The massive enhancement
of the electron spin lifetime by p doping with magnetic
impurities thus opens a new perspective for p-type systems [1].

The relaxation time prolongation arises from very rapid hole
trapping by ionized acceptor states [7] and the antiferromag-
netic exchange interaction between Mn ions and Mn-bound
holes. In this situation, the spin orientation of the hole spin
is locked and the photoexcited electrons cannot relax their
spin via scattering with free or bound holes. For sufficiently
high excitation densities, the fluctuating fields of ionized
magnetic impurities are further compensated and electron spin
relaxation is drastically slowed down (tg > 150 ns).

The overall electron spin dynamics in such a system is
quite complex, mainly because of the minority nature of
the electrons. Due to the complete absence of electrons in
equilibrium, the decay dynamics of the electrons (rather than
the spin relaxation itself) may be limiting the observable
spin lifetimes. As the electron lifetime also crucially depends
on the exact details of sample composition and excitation
conditions [7], necessary to generate an electron population
to begin with, an intricate dependence arises between the
population of electronic reservoirs and the resultant spin decay
mechanisms. This in return provides an additional degree of
freedom to drive the spin dynamics.

In this paper, we show how spin relaxation can be tuned
from fast to slow and back to fast in GaAs:Mn purely by
standard optical means. In a sample, which at low excitation
density shows the spin lifetime enhancement discussed above,
we demonstrate that strong photo excitation can saturate the
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Mn acceptors, leading to a sizable population of free and
exciton bound holes. In this regime, the average electron
lifetime is radically decreased and efficient spin relaxation sets
in again by the Bir-Aronov-Pikus mechanism (BAP), both of
which result in a very rapid drop of the spin lifetime. We show
that an appropriate choice of the intensity profile of the optical
excitation enables optical writing of a spin ring structure.

II. MINORITY CARRIER SPIN LIFETIME REGIMES

For the purposes of this report we restrict our measurements
to the same sample that was extensively studied in previous
work [1]. The main findings have been reproduced for a range
of samples of the same material class. The sample was grown
by metal organic vapor phase epitaxy (MOVPE) on a (001)
oriented GaAs substrate. The GaAs:Mn layer has a thickness
of 36 um and a concentration of Mn acceptors of Ny, =
8 x 10" cm™3. The sample is partially compensated, mostly
due to unintentional carbon co-doping and Mn interstitials [8].

We start out by identifying the relevant electronic reser-
voirs by means of standard continuous wave (cw) photolu-
minescence (PL) spectroscopy. All experiments have been
performed in a confocal PL geometry using a He bath cryostat,
which is placed between a pair of Helmholtz coils that provides
magnetic fields up to 200mT. A diode laser at 1 = 785 nm
(1.58 eV) is used as a source and high excitation intensities are
achieved by focusing the laser spotto 18 um (i) by an infinity
corrected microscope objective (NA = 0.14, f = 40 mm),
which results in power densities up to 2.5 W cm~2. This is
about two orders of magnitude higher than the excitation power
density in previous studies [1,3]. Intensities are tuned by neu-
tral density filters to maintain clean beam properties. Spectral
resolution is obtained by a standard 1000 mm focal length
Czerny-Turner-monochromator equipped with a 1200 mm™!
grating and a gateable avalanche photo diode. All data shown
in this work have been taken at 8 K in He exchange gas.

The results of the PL experiments are summarized in Fig. 1.
In the vicinity of 1.51 eV, we observe donor and acceptor
bound excitonic transitions that have merged into a single
asymmetric band, as is typical for a material of this doping
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FIG. 1. (Color online) (a) PL spectra evolution as function of
excitation power densities (from 20 (black) to 2500 W cm~2 (red). The
luminescence is increasingly dominated by the excitons. (b) Ratio of
the integrated intensities of the excitonic transitions to Mn-impurity
related transitions as a function of excitation power. Grey shaded data
points are adapted from Ref. [1], other colors correspond to (a). (c)
Representative Hanle data recorded at 1.41 eV for excitation inten-
sities of 20 (black), 400 (brown), and 2000 (red) W cm~2. (d) Evo-
lution of the Hanle half-width as a function of excitation density.

density [9]. At about 1.49 eV, we observe a weak band,
which is indicative of co-doping by carbon acceptors [10].
Centering around 1.41 eV, we identify the Mn-characteristic
luminescence band that consists of (e,AY; ) and (D% AY, )
transitions, which are not resolvable individually [11]. In
accordance with our previous work [1], the measurements
confirm the trend of increasing spectral weight of the excitonic
luminescence with increasing excitation power [see Fig. 1(b)].

We now turn to an investigation of the spin dynamics,
employing the Hanle effect in Voigt geometry [12]. We use
standard optical orientation to generate a nonequilibrium spin
density. Earlier experiments have shown that the polarization
signal of the AR/IH line in a transverse magnetic field can be
unambiguously attributed to the electron spin in a bulk material
as ours [3]. To avoid optical orientation by the nuclei and to
suppress Overhauser fields, we use a photoelastic modulator
to change the sign of the excitation from o* to o~ helicity
with a frequency of 50 kHz. Using a quarter-wave plate/Glan-
Thomson-prism assembly in the detection path, we measure
the intensity 17 (I7) of the o+ PL after the o+ (0 ~) excitation
with a gateable photon counter. The spin polarization S, is
proportional to the polarization P of the luminescence, which
can be calculated according to P = (I — 1) /(I + I7).In
this configuration, the response of the photoinitialized spin
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polarization Sz(0) to an applied transversal magnetic field in
the absence of diffusion follows the relation [12]

Sz(0)
14 (0. Ts)?
with w; the Larmor frequency. The width of the Lorentz

shaped Hanle curve is therefore reciprocal to the spin lifetime
T, which itself is given by

Sz(B) = (xP(B)) ey

gl =t 4+, 2

in which t; is the electron spin relaxation time and t; is the
electron lifetime. We will show later that the spatial intensity
profile of the PL proves lateral diffusion to be negligible,
which is a consequence of the small low-temperature electron
mobility in highly doped bulk GaAs. Vertical diffusion inside
the sample may occur, but probing at the energy of the deep
Mn acceptor allows us to use the Hanle width as a tool for
determining the electron spin lifetime even in this case [13].
Further, fast exchange scattering between electrons of all
involved electronic reservoirs ensures that the level of spin
polarization is kept equivalent for exciton bound electrons and
band electrons [14,15].

Representative Hanle curves are given in Fig. 1(c). For an
excitation power density around 10 W cm ™2, we reproduce the
previous result of a remarkably long spin relaxation time s [1],
which is caused by the hole spin locking to the spin of the Mn
acceptor and the concomitant suppression of the fluctuations
of the localized magnetic moments. As the power density
is increased, we observe a strong broadening of the Hanle
curves, corresponding to a drastic decrease of the electron
spin lifetime. The overall evolution of the latter is summarized
in Fig. 1(d).

We attribute the drastic increase in the HWHM of the curves
to two accompanying processes, each of which is responsible
for the shortening of one contribution to Ts. To quantify our
interpretation, we employ in the following a recently published
model of the recombination dynamics in a sample such as
ours [7]. Without going into the details (for which the reader
is referred to the original work), we briefly summarize the
fundamental ideas.

It is well understood from time-resolved PL studies that
there is a pronounced dependence of the reservoir populations
and their decay dynamics on the excitation conditions. This
is due to the two competing recombination channels for
photoexcited electron-hole pairs.

First, charge carriers can recombine directly through
excitonic transitions, which happen on the time scale of the
radiative exciton lifetime tx. Second, holes can be captured
by charged acceptors and the remaining electrons subsequently
recombine with the neutralized impurities.

For a quantitative description of the latter we use a model
based on Shockley-Read-Hall recombination [16,17], in which
the capture time T, ;, 7 Of a charge carrier i by an impurity J
is given by the thermal velocity vy, ;, the number of available
trapping centers N, and the cross section of the trapping center
gi.J:

1

=0, v, Ny. 3)
fcap,i,l
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While this expression is rather simple, the solution for the
capture time T, Of a single charge carrier is fairly complex
due to the large number of different recombination centers in
the sample that have to be considered for realistic modeling.

The decay of the exciton population dny /dt directly cou-
ples the excitonic recombination dynamics to the occupation
of the available electron reservoirs by

dnx(t) _onx()
FT Gx(1) -

nx (1)
Tcap,i.](t)

“
iJ
with G x being a generation term.

Quantitative modeling of the exciton decay time thus
requires solving the full set of coupled rate equations in
order to obtain its temporal evolution and its excitation power
dependence, which includes excitons, free band electrons and
holes, shallow donors, carbon, and manganese acceptors.

For the cw situation of this work, G is obviously propor-
tional to the excitation power density and temporally constant.
We then obtain the photoexcited electron density n, by adding
up the populations of all possible reservoirs in which electrons
may reside before recombination, i.e., band states, excitons,
and donor bound electrons. In Fig. 2(a), we show the resulting
nonlinear increase in n, with increasing excitation power.

Using the continuity equation for carrier concentrations in
excited semiconductors, we can finally obtain the averaged
electron lifetime t; from n, by [18]

ne

T, = —. (5)

Spin Lifetime (ns)
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FIG. 2. (Color online) (a) Population densities of electronic
reservoirs as a function of the excitation density modeled from PL.
Indicated are the overall electron density 7., the added density of
free and exciton-bound holes n;, (as only these contribute to BAP
relaxation), and the density of available ionized Mn acceptor states.
The vertical line marks the transition from dominating hole capture
by acceptor states to dominating hole decay by excitons, assigning
the onset of a sizable hole population capable of BAP scattering.
(b) Evolution of the electron spin lifetime T with excitation density.
Grey dots mark previously published data points [1]. For details of
modeling see text.
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Taking everything together and comparing the evolution
of the spin lifetime 75 with the charge carrier populations in
Fig. 2, we directly see that the onset of the decrease of Ty
is determined by the decrease in t;. Moreover, this happens
right in the regime in which we identify a distinct kink in the
evolution of n,.

Both observations are straightforward to understand. In the
low excitation limit, photoholes are rapidly captured onto
empty acceptor states that are available due to the partial
compensation of the sample. As such, long-lived Mn-impurity
related transitions [(e,A&n) or (DO,A&n)] are prevalent and
only a negligible number of exciton transitions occur, so the
electron lifetime in this regime is long.

As the excitation density is increased, the acceptor states are
gradually driven towards saturation. The residual holes then
start recombining as excitons which accordingly gain sizable
spectral weight, as can be seen in Fig. 1(b). Since the excitonic
lifetime ty is short compared to Mn-impurity related decay
times, the average electron lifetime decreases.

Our model further yields the density of free and exciton-
bound holes, the sum of which is also shown in Fig. 2(a).
[19] As a sizable population of nonlocalized holes becomes
available, BAP relaxation starts setting in, which further
accelerates the spin decay. The relaxation rate by the BAP
mechanism can be approximated by

1

TS,BAP

= Uth,eOchllh (6)

with o,, the scattering cross section of electrons with holes [6],
and n;, the combined density of free and exciton bound holes.
By extracting the number of holes in these two reservoirs
from the experimentally calibrated rate equations (see above),
we are finally in a position to quantitatively model the
overall evolution of the electron spin lifetime 7. The thermal
velocity of the electrons vy . is taken to be a constant at
25 K. Previous studies demonstrated that even for the strong
pumping conditions used in this work, the electron temperature
will not increase much further as the emission of optical
phonons at electron temperatures above this value is enhanced
and provides a very effective cooling channel [20].

Taking the values for the spin lifetime T resulting from
the modeled t; and 75 gap as well as the values for 75« and
comparing them to our experimental data, we find excellent
agreement as is shown in Fig. 2(b). [21]

III. SPATIAL SPIN POLARIZATION PROFILES

The nonmonotonic dependence of the spin lifetime on
optical intensity has strong implications on the spatial pattern
of the spin profile upon local excitation. The nonhomogenous
excitation power profile of a tightly focused laser beam directly
translates into a spatially dependent spin polarization profile.
We demonstrate by means of spatially resolved PL that the
resulting spin pattern is well described by our above model,
corroborating the validity of our analysis.

The Gaussian intensity profile of the laser beam results in a
power density at the center of excitation which is several orders
of magnitude stronger than in regions some 10 um away from
the center. Following the trend shown in Fig. 2(b), we expect
very different spin lifetimes in these regions.
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FIG. 3. (Color online) (a) Detection scheme to measure spatially and polarization-resolved PL. (b) Spectrally integrated lateral PL intensity
profile (black) compared to laser excitation profile (red). (c) Measured local PL polarization at 1.41 eV (black dots, Pexe max = 200W cm™?)
and modeled polarization profile in red line in case of medium excitation power. The excitation intensity profile is indicated in grey dotted
line. (d) Same as in (c) but with a peak power density of 5000 W cm~2. (¢) Modeled polarization profile with peak excitation power density
P... = 100W cm™2, which means a thirteen fold increase compared to (d). (f) Two-dimensional lateral polarization profile according to the
model used in (e). Color encoding links yellow to high and blue to low values for polarization.

In order to measure the local spin polarization, we insert
a pair of confocal lenses in the detection path with a fixed
pinhole (d = 10 um) placed in their common focal plane [see
Fig. 3(a)]. Lateral scanning of the lens in front of the pinhole
displaces the image of the sample surface in the common focal
plane. We can hence control the area of the sample surface of
which luminescence is transmitted through the pinhole and
finally detected, which enables us to map the polarization
profile.

We do not observe spatial photocarrier diffusion in the
studied excitation power regime, as is evidenced by the spatial
overlap of the integrated PL profile with the profile of the
excitation laser [Fig. 3(b)]. We can thus validate the premise
of omitting diffusion in the spin decay modeling.

The resultant local PL polarization profile of the focused
excitation beam is shown in Fig. 3(c). The intensity is chosen
to maximize the polarization at the center of excitation.

We can model the observed spatial pattern by translating the
local excitation power density into a local spin lifetime 7s(x)
and charge carrier lifetime 77 (x) according to Fig. 2. The final
convolution of the resulting local polarization profile [12]

Ts(x)

P(x) x )

(N

with the apparatus function of the pinhole reproduces the
measured profile well and is also shown in Fig. 3(c). It is
worth noting that the actual spin polarization is twice as large
as the optical polarization due to optical selection rules [12].
The model correctly predicts the spatial evolution of the
spin profile with increasing excitation density as is shown
in Fig. 3(d). The stronger excitation translates into a further

reduced spin lifetime at the center of excitation that is framed
by a symmetric region of long spin lifetimes, which then again
decreases for larger distances. This is in clear contrast to
Fig. 3(c), in which the low excitation intensity only yields
a plateau of high polarization.

While we cannot experimentally access higher excitation
densities, our model predicts a great deal of tunability of the
achievable spin pattern, as is shown in Figs. 3(e) and 3(f).
Upon very hard pumping, it is possible to shift the region
of high polarization away from the center of excitation and
increase the contrast between the center of the ring and the
region of high spin polarization. Further, in this regime, one
can completely remove the spin information locally by purely
optical means.

IV. CONCLUSION

We demonstrate that photopumping of partially compen-
sated Mn-doped p-type GaAs enables a regime crossover in
the minority electron spin lifetime. Extending the previously
observed rise in tg for low excitation density to the high-
density regime, we observe the onset of very fast electron
spin relaxation, the position of which is determined by the
degree of compensation. The decrease in Ty arises from the
complete neutralization of the Mn acceptor reservoir, which
results in a reduction of minority electron lifetime by then
predominant excitonic recombination and concomitant BAP
relaxation.

The plateau of the long electron spin lifetime can be
translated into a spatially varying spin polarization degree
for strongly focused optical excitation, as evidenced by the
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comparison of spatially resolved experiments and our model
calculations. This allows for pure optical modulation of
spatially nonmonotonic spin polarization profiles within the
material.
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