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Electron-spin dynamics in Mn-doped GaAs using time-resolved magneto-optical techniques
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We study the electron-spin dynamics in p-type GaAs doped with magnetic Mn acceptors by means of
time-resolved pump-probe and photoluminescence techniques. Measurements in transverse magnetic fields
show a long spin-relaxation time of 20 ns that can be uniquely related to electrons. Application of weak
longitudinal magnetic fields above 100 mT extends the spin-relaxation times up to microseconds which is
explained by suppression of the Bir-Aronov-Pikus spin relaxation for the electron on the Mn acceptor.
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The spin dynamics in semiconductors have attracted
strong interest for several decades and nowadays are in the
focus of attention for spin electronics and quantum informa-
tion applications.'~* Materials with long spin lifetimes and
efficient mechanisms for controlling spin relaxation, e.g., by
weak magnetic fields, are required for these purposes. A
large amount of work has been mainly done on n-type GaAs,
where spin-relaxation times in the range of 100 ns have been
observed.’” Long spin-relaxation times in the order of mi-
croseconds have been also observed in strong longitudinal
magnetic fields B>2 T.%°

In p-type GaAs fast electron-spin relaxation on the order
of several ns or shorter takes place due to electron-hole ex-
change interaction known as Bir-Aronov-Pikus (BAP)
mechanism.'? For this reason p-type structures were out of
the focus until recent publications of Astakhov et al'' in
bulk and Myers et al.'> in quantum wells doped with mag-
netic Mn acceptors. Both groups reported surprisingly long
spin memory in p-type GaAs:Mn evaluated from Hanle mea-
surements. However the origin of this effect was interpreted
differently. In Ref. 11 it was attributed to long-lived electron-
spin memory, while in Ref. 12 to the spin dynamics of Mn
acceptors. This difference is surprising as the hole localiza-
tion at the acceptor (~1 nm) is smaller than the quantum
well width so that Ag,,n should mainly keep its bulk proper-
ties. The problem originates from the separation of contribu-
tions of the electron and magnetic acceptor spin orientations
into the polarization of the optical e—Ag,,n transition, being
present in any Mn-doped GaAs structure bulk, quantum well,
wire, or dot. In previous publications'"'? the authors used
indirect measurements such as Hanle effect under cw excita-
tion, where the g factor of the oriented particles is unknown,
as well as time-resolved Kerr rotation, where the probe beam
energy does not necessarily corresponds to the energy of the
transition contributing to the detected signal. Therefore both
methods cannot unambiguously solve the aforementioned
problem.

In this Rapid Communication we report on direct mea-
surement of the spin dynamics based on polarization- and
time-resolved studies of the photoluminescence (PL). This
enables us to measure g factor, lifetime, and spin-relaxation
time at the e-Ag,,n optical transition energy. From spin quan-
tum beats with a frequency corresponding to the electron g
factor we conclude that the long spin-relaxation time in bulk
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GaAs:Mn is related to the electrons and not the magnetic
acceptors. A rather weak longitudinal magnetic field B of
about 100 mT stretches 7g by a factor of 50 from 20 ns to
1 ws, much longer than previously reported for spin-
relaxation times in bulk GaAs subject to weak magnetic
fields. This result is interpreted as suppression of the BAP
spin-relaxation mechanism for the magnetic Mn acceptor.
The data are consistent with time-resolved Faraday rotation
measurements.

The investigated sample was grown by liquid phase epi-
taxy on a (001)-oriented GaAs substrate. The thickness of the
GaAs:Mn layer is 36 um and the concentration of Mn ac-
ceptors is 8 X 10'7 cm™. The acceptors are partially com-
pensated by residual donors.!! The PL spectrum of this
sample in Fig. 1(a) consists of the exciton (X) and donor-
acceptor (D°-AY,) emission lines.

For Faraday (Kerr) rotation measurements two synchro-
nized mode-locked Ti:Sa lasers operating at independently
variable wavelengths were used as sources of pump and
probe pulses. The lasers emitted pulses with 1 ps duration
and 2 nm spectral width at a repetition frequency of 76 MHz.
The sample was held in a split-coil cryostat for magnetic
fields B=7 T. The laser beams were directed along the
sample growth axis (z axis) and the magnetic field was ap-
plied perpendicular to it, B 1 z (Voigt geometry). To exclude
dynamic nuclear polarization, the helicity of the pump beam
was modulated with a photoelastic modulator at 50 kHz fre-
quency. The rotation angle of the linearly polarized transmit-
ted (reflected) probe pulse was homodyne detected with a
balanced photodiode and a lock-in amplifier.

For time-resolved PL measurements we used a Ti:Sa laser
combined with a pulse picker by which the pulse separation
was extended to 1.3 us. The energy of the circularly polar-
ized excitation photons was tuned to fw,,.=1.56 eV,
slightly above the GaAs band gap. The sample was mounted
in a He-bath cryostat and magnetic fields up to 0.2 T were
applied in Voigt or Faraday geometry using an electromag-
net. The PL signal was dispersed by a single monochromator
with 6.28 nm/mm linear dispersion and detected with a
streak camera allowing for a time resolution down to 50 ps.
PL detection with either o* or o™ polarization after o* exci-
tation was selected by rotating a A/4 plate with a subsequent
Glan-Thomson prism. The degree of circular polarization
was determined as p.=(I,—1_)/(I,+1_), where I, and I_ are
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FIG. 1. (Color online) (a) PL spectrum of GaAs:Mn under mod-
erate excitation with pulse power P=1 uJ/cm?. (b) Top: Kerr ro-
tation at exciton resonance i, =% w,..p.=1.516 eV for degen-
erate pump probe. Mid and bottom: two-color FR with pump at
1.520 eV and probe at 1.406 eV. (c) Larmor frequency in FR vs
magnetic field. Line is linear fit to the data. (d) Resonant spin am-
plification in FR measured for pump-probe pulse delay —640 ps

[see arrow in (b)]. Dashed curve is Lorentzian fit of central peak.

the 0" and o~ polarized PL intensities, respectively. For all
experiments the temperature was kept at 7=8 K.

First, we discuss results of time-resolved Faraday (Kerr)
rotation. The typical signals in Fig. 1(b) show oscillations
with a decreasing amplitude with increasing delay
between pump and probe. The signal is proportional to the
time evolution of the z projection of the photoinduced aver-
age spin which can be well described by the form
cos(Q 1)exp(~t/T5). Here T, is the dephasing time of the
spin ensemble and Q; =guzB/# is the Larmor frequency,'?
where up is the Bohr magneton and g is the g factor. The
value of |g|=0.43+0.01 as determined from a linear fit to
the Q,(B) dependence measured for the DAY, transition
[see Fig. 1(c)] is identical with the electron g factor in GaAs.
This allows us to assign the measured signals to optically
oriented electrons. The photogenerated holes rapidly lose
their spin due to the complex valence-band structure and
therefore give no contribution to the long-lived spin
dynamics." We do not find any evidence of a Mn-acceptor
spin orientation, which would give rise to oscillations with
frequencies corresponding to g,0=2.74 and g,-=2.02 for the
neutral and ionized Mn acceptor, respectively.'+!3

For degenerate Kerr rotation, where the energies of pump
ho and probe fiw,,,,, coincide, signal is detected only

pump
close to the exciton (X) resonance [upper curve in Fig. 1(b)],
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decaying with the exciton lifetime 74y=3 ns (Ref. 16) and
oscillating according to |g|=0.43. In two-color Faraday rota-
tion (FR) the pump laser excites free carriers at the band
edge of GaAs (fiw),,,=1.520 eV), while the probe at the
DO-AY, energy (hw,,p.=1.406 eV) propagates through the
sample without significant absorption. For weak magnetic
fields B=500 mT the signal decays on a much longer time
scale compared to the exciton as one can see from the strong
signal at negative delays. We measured its decay time 75 by
the resonant spin amplification (RSA) technique,’ in which
the FR signal was detected as function of magnetic field at a
fixed negative delay of =640 ps [Fig. 1(d)]. The central RSA
peak is fitted by a Lorentzian, whose half width at half maxi-
mum B;,=1.6 mT gives T5=fi/gugB;,~17 ns. The
dephasing rate in the limit of low magnetic fields 1/75 cor-
responds to the inverse spin lifetime 1/7¢=1/7¢+1/7, where
7 is the electron lifetime. The long dephasing time of T,
~17 ns indicates that the spin lifetime is related to long-
lived electrons, which eventually recombine with acceptor
bound holes. However the FR spectral dependence on the
probe pulse energy does not allow to attribute the signal to a
certain optical transition unambiguously, e.g., e-AgM, be-
cause the form of the signal remains the same for 1.4
<hwp,op.<1.5 €V. In addition the spin lifetime 7'y depends
on both 7and 7g, and for determining 74 one needs to know
7.

Time-resolved measurements of the total PL intensity
I(1)=1,+1_ and polarization degree p.() allow us to deter-
mine both 7 and 7g exactly for the optical e-Ag,,n transition
energy. The intensity is related to the population decay 1(¢)
cexp(—t/7), while p ()=p.(0)exp(-t/ 75) gives direct access
to the spin dynamics of oriented electrons. Moreover, in
transverse magnetic field the carrier g factor can be deter-
mined from the oscillations of p.(f), similar to the pump-
probe experiment.!” Transients measured at B=0 and 11 mT
in Voigt geometry are shown in Fig. 2. From I(¢) and p.(7) at
zero magnetic field we find 7=110 ns and 7g=23 ns. These
values give T5=19 ns, which is in good agreement with the
value obtained from FR. We do not observe a dependence of
these times on excitation power up to a moderate pulse in-
tensity P=1 uJ/cm?.

In transverse magnetic field we detect pronounced oscil-
lations of the circular polarization degree [Fig. 2(b)], which
can be well fitted by p.(1)=p.(0)cos(Q;r)exp(~t/75). The
Larmor frequency dependence on magnetic field in the inset
gives an electron g factor of |g|=0.42 + 0.02. The initial elec-
tron spin is S,(0)=p.(0)=0.2, which is close to the maxi-
mum value of 0.25.! In agreement with the FR, we therefore
conclude from the PL data that the long-lived spin dependent
signal is contributed solely by donor-bound electrons.

Further insight in the spin dynamics is obtained from ex-
periments in Faraday geometry, where the electron-spin re-
laxation is typically suppressed with increasing magnetic
field.! For GaAs:Mn we observe strong changes already in
weak fields, see Fig. 3(a) and 3(b). The longitudinal electron-
spin-relaxation time 7 increases from 20 ns at zero field up
to 1 ws at 140 mT, as shown by the magnetic fields depen-
dence of 75 in panel (b).

Before discussing the data let us consider the four main
mechanisms responsible for electron-spin relaxation. Two of
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FIG. 2. (Color online) (a) PL transients of DO-AZO\,M emission line
under o excitation at 1.560 eV measured for o (solid line) and o~
(dashed) polarization at B=0 and 11 mT in Voigt geometry. The
laser apparatus function is shown by the dotted curve. (b) Time
evolution of circular polarization degree. Solid lines are fits. Inset
shows precession frequency (); as function of magnetic field. Line
is linear fit with |g|=0.42 +0.02.

them related to spin-orbit interaction, the Elliot-Yafet and
Dyakonov-Perel’ mechanisms, are not relevant for our case
since the electrons are bound to donors at low temperatures.
The hyperfine interaction of the electron with nuclear spins
can provide relaxation times in the microsecond range for
donor concentrations of 10'® cm™ (Ref. 18) and thus is
much longer than the typical times due to electron exchange
interaction with holes bound to acceptors. This Bir-Aronov-
Pikus mechanism dominates in samples with acceptor con-
centrations exceeding 107 ¢cm™3.10

The suppression of spin relaxation by a longitudinal mag-
netic field can be described in the motional averaging model
by

To= 11 + (B/B.)*]. (1)

Here B.=%/[(g40—g)up7,] and 7. is the correlation time dur-
ing which the random field resulting in spin relaxation can be
considered as constant."'° The regular change in the random
field due to hole spin precession in the external field is taken
into account through the neutral acceptor g factor g4o in the
expression for B.. The spin-relaxation rate at zero magnetic
field is given by
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FIG. 3. (Color online) (a) Time-resolved circular polarization
degree of DO-ARM emission line for different longitudinal magnetic
fields at P=0.2 uJ/cm? Lines are exponential fits. (b) Spin-
relaxation time 7'§ as function of magnetic field in Mn-doped
sample. Line is fit with Eq. (1). (c) and (d) same as (a) and (b) for
DO-A% . line in GaAs:Ge sample measured at P=1 uJ/ cm?,

2,

=73 W (2)
The rms value of the electron-spin precession frequency w;
in the random field characterizes the field strength. The ex-
perimental data in Fig. 3(b) can be well fitted by Eq. (1), as
shown by the solid line, except for the data point at B=0.%
We find from this fit 7¢=70 ns and B.~45 mT, which is
close to the continuous-wave Hanle data for moderate pump
intensities which give 7¢=160 ns.!! Assuming the acceptors
are neutral, i.e., g40—g=3.16, we find 7.~ 80 ps.

For comparison we have measured a typical p-type
GaAs:Ge sample with comparable concentration of nonmag-
netic Ge acceptors of 6 X 10'7 ¢m™ (lower panels in Fig. 3).
The PL transients of the donor-acceptor emission line give a
decay time 7=~3.3 ns. The PL circular polarization decays
with 7¢=4.7 ns at B=0, showing no significant change for
B<200 mT. With increasing field it increases, and 7
reaches 30 ns at B=3 T.2! A fit according to Eq. (1) gives
B.,~1.5 T. With g,=0.7 for Ge,”> we find 7,~7 ps, which
is significantly shorter than in Mn-doped GaAs. Using Eq.
(2) we find that w; is about 100 times larger in GaAs:Ge than
in GaAs:Mn.

The exchange interaction energy between the electron
spin S and total magnetic moment of the neutral Mn acceptor
F is Hy=—a(S-F), where ay depends on the exchange con-
stant AAgd : and the overlap of the electron and acceptor hole
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wave functions.!! The extension of the donor-bound electron
given by the Bohr radius ap is much larger than the Mn
acceptor. Therefore the precession frequency of the electron
spin in the effective magnetic field of the Mn acceptor,
which is located at a distance R from the donor, is
c?)f:AA(XMF exp(—=2R/ag)/h. By averaging (...) over the
donor-acceptor distances one obtains

i AngF(m 1) AR
W= 52 exXp{ — E . (3)

The Mn-acceptor ground state corresponds to the antiparallel
configuration of the hole and Mn spins with angular momen-
tum F=1. It follows from Eq. (3) that w? depends not only
on the exchange constant A a0 but also on the dlstrlbutlon of

the impurities. In case of a nonmagnenc acceptor wf is given
by the same Eq. (3), the exchange constant AAO and mo-
mentum F, however, has to be substituted by the electron-
hole exchange energy A, o0 and the total angular momentum
of the hole J=3/2.1

As mentioned, a)jzr differs by two orders of magnitude in
Ge- and Mn-doped samples. Two reasons may be responsible
for its strong decrease in GaAs:Mn. The first is the antifer-
romagnetic coupling between the hole and Mn spins, which
reduces A0 and F compared with the nonmagnetic Ge
acceptor.“ﬂ”"l“he second is related to the larger average dis-
tance R between donors and acceptors in GaAs:Mn as com-
pared to GaAs:Ge with similar doping concentration. This is
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supported by a factor 30 difference in the emission decay
times measured for the D°-A° transitions.

The correlation times 7, also differ strongly in Ge- and
Mn-doped samples. For electrons localized on shallow do-
nors, 7. is determined by either the electron-spin hopping
time between donors or by the spin-relaxation time of the
hole bound to an acceptor, whichever is the shorter one. For
a donor concentration of 10'® cm™ the electron hoping time
is on the order of 10~100 ps.!®!° Therefore we conclude that
the short correlation time of 7.=~7 ps in GaAs:Ge is mainly
due to hole spin relaxation. In contrast, the long 7.~80 ps
in GaAs:Mn suggests that the spin relaxation of the Mn ac-
ceptor occurs on a time scale comparable or longer than the
spin hopping time. The reason for this difference is the
strong spin coupling of the hole with the Mn spin.

In conclusion we have shown that the long spin-relaxation
time exceeding 20 ns in GaAs doped with Mn is related with
electrons. The long correlation time leads to the small exter-
nal magnetic fields required to suppress the Bir-Aronov-
Pikus mechanism, which controls the spin dynamics of
bound electrons. An important role plays also g factor of the
hole bound to the acceptor which is almost four times larger
in GaAs:Mn as compared with nonmagnetic GaAs. These
features allow us to extend the electron-spin-relaxation time
up to 1 us in weak longitudinal magnetic fields in the 100
mT range.
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