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Dynamics of electron-nuclear spin system in GaAs:Mn epitaxial layers
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Abstract. In this paper we present experimental study of electron-nuclear spin dynamics
in GaAs bulk layers doped with Mn ions at temperature 4.2 K. The electron spin dynamics is
experimentally investigated by measuring the degree of polarization of photoluminescence in
a transverse magnetic field (Hanle effect) and the recovery of the electron spin polarization
in a longitudinal magnetic field (polarization recovery curve). To study nuclear spin dynam-
ics, we use two-stage experimental protocol including optical cooling of nuclear spin system
and measuring change of the polarisation degree of photoluminescence in different transverse
magnetic fields. We show dependence of electron spin relaxation times on excitation power
for three samples with different concentrations of shallow donors and acceptors. Electron spin
relaxation times have been obtained as at the exciton transition as at the deep acceptor Mn
transition. Also we show dependence of nuclear spin-lattice relaxation times T1 on value of
external transverse magnetic field.
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AMHaMMKaA 3/IeKTPOHHO-A4ePHOH CNMMHOBOW CUCTEMbI
B 3NUTaKCcHanbHbIX cnoax GaAs:Mn

B.C. bepanukos '™, M.C. KysHeuosa ', K.B. KaBokuHn ', P.1. [I>knoes?
1 CaHKT-MNeTepbyprckuii rocyAapcTBeHHbIN yHUBepcuTeT, CaHKT-INeTepbypr, Poccus;
2 OU3MKO-TEXHUYECKUI UHCTUTYT UM. A.®. Nodde PAH, CaHkT-MeTepbypr, Poccust
™ vladimir.berdnikov.00@mail.ru

AnHotamuga. B HacTosmeir paboTe TIpenCcTaBIeHO 3KCIIEPUMEHTAJIbHOE WCCIIeI0BaHNE
IUHAMWKH JIEKTPOHHO-SIIEPHOM CITMHOBOM CUCTEMBI B 00BbeMHBIX CI0SIX GaAs, IeTUPOBAHHOTO
noHamu Mn mnpu temmeparype 4,2 K. IlomydyeHa 3aBUCHMMOCTh BpeMEH BIIEKTPOHHON
CIMHOBON peakcaly OT MOIIHOCTU ONTUYECKOM HAaKaukKu IJIsl TpeX 00pa3loB ¢ pa3IuyHOM
KOHLIEHTpallMeil MeJKUX JOHOPOB U aKUEenNTopoB. BpemMeHa 3JIeKTpOHHON CIMHOBOM
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peJaKkcaliy OIpenesIMCh KaK IS 9KCUTOHHOTO Tepexona, TaM U IJIs Iepexona rIy0oOoKOoro
aKkienTopHoro leHTtpa Mn. IlogydyeHa 3aBUCHMMOCTb BpeMEH SIACPHOU CIIMH-pPEeLIeTOUYHOM
penakcauuy T1 OoT BeJIMYMHBI BHELIHETO MOIMEPEYHOr0 MAarHUTHOTO TOJIs.

KiroueBbie clioBa: ITOJYIIPOBOOHUKM, ApPCeHUI TaJINsI, CIIMH, CIIMHOBas IWHAMUKA,
CIIMHOBAS peJlakcalus, onThudecKas opueHTauus, apdexT XaHie, Moaspu3alus
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Introduction

The idea of using spin states of carriers for processing and storing information has been actively
discussed in recent decades. It is important for spintronics to study the characteristics of an
electron-nuclear spin system, such as electron and nuclear spin relaxation times.

GaAs is a well-studied semiconductor, but adding a magnetic impurity of Mn leads to
unexpected results. In Mn-doped GaAs one can see suppression of the Bir-Aronov-Pikus spin
relaxation mechanism, which is significant in regular p-type GaAs [1,2].

In this paper, we present measurements of electron spin relaxation times t_as function of
excitation power for 3 samples with different concentrations of impurities. Also in this work we
have obtained the dependence of the nuclear spin relaxation times 7, on the external magnetic
field.

Structures and Methods

The sample under study consists of 36-um layers of bulk GaAs:Mn grown by liquid-phase
epitaxy on a (001)-oriented GaAs substrate. Samples are doped with Mn ions. Shallow donors
and acceptors are also present. Parameters of doping concentrations are shown in Table.

Table

Concentrations of Mn acceptors and the difference in concentrations
of shallow donors and acceptors for different samples

Sample N,10"cm® | N —N -10"” cm™
Sample 1 2.77 3.44
Sample 2 3.6 -0.33
Sample 3 1.2 0.03

Notations: N, , N, and N are the concentrations of Mn and shallow donors and acceptors , respectively.

Electron spin dynamics is experimentally investigated by measuring the degree of polarization
of photoluminescence (PL) in a transverse magnetic field (Hanle effect) and the recovery of the
electron spin polarization in a longitudinal magnetic field (polarization recovery curve, PRC).
Electron spin polarization is created by circularly polarized continuous wave excitation using
Ti:Sapphire laser operating at 800 nm. Excitation beam is focused on the sample to the 300-um
diameter spot. To avoid the effect of nuclear spins to electron spin dynamics, the polarization
helicity of the excitation has been modulated at the frequency 50 kHz. To create the transverse
to optical pump magnetic field we use the electromagnet installed outside the cryostat. Pairs of
Helmholtz coils create longitudinal magnetic fields with magnitude up to 30 mT.
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4 Bulk properties of semiconductors

Spin relaxation time of electron t_and lifetime of optically excited electrons t are obtained
by measuring the series of the Hanle curves and polarization recovery curves. The dynamics of
the average electron spin in Voigt geometry manifests itself in the magnetic-field dependence of
degree of circular polarization of luminescence [1]:

> :(HTJ (1+(8/B,.)")

T

N

where B, =%/(gu,)T " is the characteristic field that gives inverse electron spin lifetime

T;l = t;] +1', and B is the value of the external transverse magnetic field.

To get initial polarization p,, we model data from experiments in Faraday geometry with the
following expression [3]:

p, = b rz:ts[l+(B/Bc)2], ()
I+ i

TS

where B is the correlation field (fitting parameter), and B is the value of the external longitudinal

magnetic field.

Optical orientation and the Hanle effect form the basis for experiments to study electron-nuclear
spin dynamics. To investigate the nuclear spin relaxation time, we use two stage experiment. At
the first stage the nuclear spin system is cooled due to hyperfine interaction with polarized electron
spin and application of the longitudinal magnetic field B, = 3 mT. At this stage the Overhauser
field B, is generated. At the second stage the field B, is turned off and certain transverse magnetic
field B_with magnitude range from 0.1 mT to 40 mT is turned on.

Precession of the electron spin in the total effective transverse magnetic field B = B, results
in the following time dependence of the PL circular polarization degree [4]:
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where p, and B, ,, are parameters extracted from the analysis of the 50 kHz modulated Hanle
curve at the same excitation power; ¢ is the laboratory time; b is the effective field appeared due
to dynamic nuclear polarization during the optical pumping at the second stage.

Results and Discussion

Firstly, we measure photoluminescence spectra at different excitation power from 0.01 mW
to 20 mW. For clarity, only spectra for Sample 1 are presented in Fig. 1, a. The energy of
excitation is 1.55 eV. There are peaks corresponding to energy transitions shown in Fig. 1, b with
black arrows. We can see a wide Mn-related band with peak at the energy 1.41 eV (labeled as
Mn band). The peaks at the 1.51 eV and 1.49 eV correspond to free and donor-bound excitons
(labeled as X) and conduction-band-acceptor transitions (labeled as Ac) respectively.

Below a threshold value of excitation power, P, = 1 mW, the X peak is absent, while the Mn
band is still visible in the spectra. It also can be seen in inset of Fig. 1, @, which demonstrates the
ratio /,/I,, of X and Mn intensities.

Fig. 2, a demonstrates results of analysis of experimental data of series Hanle curves and PRC,
measured for 3 samples from Table. These results are presented for energy of detection 1.41 eV
(corresponding to electron recombination with hole at Mn acceptor). In each case the spin
relaxation time increases with increasing the excitation power until some value which matches
the value P, = 1 mW that we have seen from the analysis of PL spectra. The values of the spin
relaxation time in GaAs:Mn are 2 orders of magnitude greater than in p-GaAs, similar to [3].
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Fig. 1. Photoluminescence spectra of Sample 1 at different excitation powers. Intensity is shown in
logarithmic scale. Inset shows the ratio of X and Mn peak intensities depending on excitation power (a).
Energy diagram of GaAs:Mn (b)

All measurements were also performed at the energy of detection 1.51 eV (free and donor
bounded excitons). As evident from comparison in Fig. 2, b, the behavior of electron spin
relaxation time measured at energies 1.41 eV and 1.51 eV is strongly different. The value of
electron spin relaxation time measured for energy 1.51 eV monotonously decreases with the
increase of excitation power. This difference is a clear indication that it is the Mn impurity which
causes such unexpected behavior of spin relaxation time.
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Fig. 2. Spin relaxation time of electrons vs excitation power for 3 samples (a). Dependences of spin
relaxation time on excitation power at different energy of detection for Sample 1 (red points correspond
to at Mn peak, blue points to X peak) (b). Solid lines are spline fits plotted as guides to the eye

To study nuclear spin dynamics, we measured the time dependences of the PL polarization in
the two-stage experiment at different values of the transverse magnetic field. As seen from Fig. 3.
the degree of circular polarization of luminescence drops at the moment of field switching. Then
we can see partial recovery of the polarization with time.

Curves were modelled with Eq.3, where B, and 7| are fitting parameters. Thus, we obtained
the Overhauser field B, and nuclear spin relaxation time 7, as functions of external transverse
magnetic field. Results are presented in Fig. 4, a, b, respectively.

The Overhauser field increases with growing external magnetic field from 27 mT to 60 mT.

Spin-lattice relaxation time depends on external field and rises from 3 s at small magnetic field
B_to 20 s in saturation. This value is 2 orders greater than in nonmagnetic doped p-GaAs [5].
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Fig. 3. Degree of circular polarization of luminescence in two-stage experiment for Sample 1. Cooling
time A7 = 600 s, excitation power P, = 3 mW. Curves are presented as waterfall
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Fig. 4. Dependences of Overhauser field (¢) and nuclear spin relaxation time (b) on the external
transverse magnetic field for Sample 1

We suppose that it is related to suppression of quadrupole nuclear relaxation. However the
mechanisms of nuclear spin-lattice relaxation in GaAs:Mn requires further investigation.

Conclusion

We have confirmed that electron spin relaxation time in epitaxial layers of GaAs:Mn demonstrate
an unusual behavior compared to nonmagnetic doped p-GaAs. It can be explained by suppression
of Bir—Aronov—Pikus spin relaxation mechanism.

Spin-lattice relaxation time in GaAs:Mn demonstrates the behavior untypical for p-type GaAs.

A two-stage experiment does not allow us to confidently determine the nuclear spin relaxation
time T1 because of the effects of optical pumping during the measurement stage. To verify our
results, a three-stage experiment including “dark times” [5] needs to be used. In this experiment,
different time periods without optical pump are added between optical cooling and measurement
stages.
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