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Abstract. This paper presents a theoretical investigation of nuclear spin-lattice relax-
ation time in epitaxial layers of GaAs doped by Mn ions (the concentration of the deep
acceptor Mn 3-10'7 cm™3) under optical pumping conditions at the lattice temperature of
4.5 K. Earlier experiments by the optical orientation method showed that the spin-lattice
relaxation time depends on the magnitude of the external magnetic field and reaches up to
20 seconds for this sample. Such behavior is not typical for p-type semiconductors and is
more similar to the nuclear spin system dynamics in n-type GaAs. To determine the rea-
sons for the significant difference in the spin-lattice relaxation time between p-GaAs and
GaAs:Mn, the influence of two possible nuclear spin relaxation mechanisms specific to
this material has been evaluated. It is demonstrated that the nuclear spin-lattice relaxation
under the action of fluctuating magnetic fields of paramagnetic Mn centers in GaAs does
not play a significant role. Relaxation limited by spin diffusion due to hyperfine interac-
tion with Mn holes localized on deep acceptors can make a noticeable contribution to the
relaxation rate.
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Mpoueccbl CNUH-peLIeTOYHON penakcauum asaep B GaAs:Mn
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AHHoTauus. B naHHOIT paboTe mpeacTaBIeHO TeOpeTUYeCKOoe MOJAEJIUMPOBAHUE JAUHA-
MUKM SII€PHOM CMMHOBON CHUCTEMBbl B 0ObeMHOM (GaAs, JerMpoBaHHOM MOHaMu Map-
rasua (KOHLEeHTpauus Iri1yookoro akuenropa Mn 3-10'7 cm™), B yC/IOBUSIX ONTUYECKOIO
BO30YXIEeHUs TIpU TeMIlepaType Kpucrajaudeckoi pemetku 4,5 K. PaHee skcriepuMeH-
Thl TIOKa3ajy, YTO BpeMsl CIMH-PEIIETOYHON pejakcalluu sSiep B JKCIEpUMMEHTax Io
OINTUYECKON OPUEHTALMU JEKTPOHHBIX CIIMHOB 3aBUCUT OT BEJIMUYMHBI BHEILIHErOo Mar-
HUTHOTO Tojsgd M gocturaeT 20 ceKyHn IS McciemyeMoro oopasna. Takoe ImoBeaeHUE
HETUITMYHO JIJISI OJYITPOBOJHUKOB p-TUIIA U OOJIbIIE CXOXEe C JMHAMMKON SIIepHOM Crin-
HOBOI cucteMbl B GaAs n-tuma. st ompenefneHUs] MPUYMH CYIIECTBEHHOTO OTJIMYMS
BpPEMEHUM CIUH-pelIeTouHoi penakcauuu B p-GaAs u B GaAs:Mn TpoBeneHa olleHKa
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BJUSIHUS ABYX BO3MOXHBIX MEXaHU3MOB pejakcallMy SIACPHOro CIMHA, creluduueckux
U1l MTaHHOro Marepuana. [IpoaeMOHCTpUPOBAHO, YTO CIMH-PELIETOYHAST pejlaKkcalust
saep Moj AeicTBUEM (DJIYKTYUPYIOUIMX MAarHUTHBIX MOJiel MapaMarHUTHBIX LIEHTpOB Mn
B GaAs He urpaer cyliecTBeHHOU poau. OrpaHudyeHHasi CMHOBOM Auddy3ueit peakca-
1M 32 CYET CBEPXTOHKOTO B3aUMOMAEHCTBUS C JTOKATM30BAHHBIMU Ha IITYOOKUX aKIIEMTO-
pax Mn nbIpKaMM MOXET BHOCUTb 3aMETHBI BKJal B CKOPOCTb pejlaKCalluu.

KiioueBbie cjioBa: moOIyIIpOBOAHUKU, apCEHU TaJ/UIUS, SIIEPHBINA CIIMH, CIIMHOBAS JU-
HaMUKa, CIIUH-PELIeTOUYHAas pejlaKcaliusl, ONTUUeCKash OpUeHTAIUS
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Introduction

In solids, nuclear spin-lattice relaxation time 7', defines the time of energy exchange between
the nuclear spin system (INSS) and crystal lattice. In other words, it is the time of NSS energy
relaxation.

It is known from literature that 7" in n-GaAs depends on external magnetic fields and is about
hundreds of seconds [1]. At the same time, in non-magnetic doped p-GaAs T, does not depend
on the external field and is 3 orders of magnitude less [1].

In an earlier experimental work [2], it was found that in GaAs doped by Mn ions nuclear
spin-lattice relaxation time depends on the magnitude of the external magnetic field and varies
in the range from 3 to 20 seconds in presence of optical pumping. But “in the dark” this time is
less than 1 second. This behavior is not typical for p-type semiconductors.

Mn acceptor impurity is paramagnetic at the doping concentration n, = 2.77-10"7 cm™.
Impurity centers Mn can be in two different charge configurations: the neutral acceptor
Mn® (5d + h), when a bounded hole is present, and the charged acceptor Mn~(5d), when this
hole is absent [3].

We provide a numerical estimation of the effect of two possible nuclear spin relaxation
mechanisms, that are specific for such materials. The first is relaxation due to hyperfine interaction
with holes localized on deep Mn acceptors. The second is relaxation in fluctuating magnetic fields
of paramagnetic impurities.

Theoretical model

Spin precession in random fluctuating magnetic fields leads to spin relaxation. Fluctuating
spins of Mn acceptors may be the reason for appearance of such fields in GaAs:Mn. The spin-
lattice relaxation time can be found using the following expression:

_ 1
L= —<Y>2 G

where (y) is the mean gyromagnetic ratio of isotopes with non-zero magnetic moment; (B?) is the
mean square of magnetic field fluctuation, and t_ is the correlation time of this field. To estimate
the efficiency of this mechanism, we need to calculate these values.

Firstly, we calculate an averaged gyromagnetic ratio, taking into account the abundance of
magnetic isotopes in the GaAs sample using a weighted average:
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Secondly, we estimate the magnitude of fluctuating magnetic fields using the classic dipole-
dipole interaction model. Every Mn acceptor with a non-zero magnetic moment creates a
magnetic field that can be found as:

Loy (L (TF)F
B="M|1-3
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where p,, - is the nuclear magnetic moment of Mn, / is the total spin, and r is the radius-vector

from the acceptor. Since this field is random, its mean value is zero. But the square of the
fluctuation differs from zero: o,
2 HZM 2 (1 'F)
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To get the mean square of the field produced by Mn centers in a spherical layer with thickness
dr and radius r at the center of the corresponding sphere, we need to average it by angle:
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where 0 is the angle between radius-vector and nuclear spin, and n,,. is the concentration of Mn
acceptors.

To get the mean squared fluctuation at the center of the sphere with radius R, produced by

all Mn centers outside the sphere, we need to integrate this value from R to infinity as shown in
Fig. 1:

2 @ Snui/lnnMn 8nu§4nnMn
<BR>_.[R 0 dr= T (6)

The magnetic moment of the Mn acceptor can be found as p,, =.//(/+1)gu,, where 7 is the
total moment, g is the g-factor, and p, is the Bohr magneton.

Let Mn doping centers distribution obey
the Poisson statistics. Then the probability that
there are £ Mn atoms in the spherical volume
with radius R, can be calculated as:

P (V) e, (7)
k!

4 .
where (N) =§nR,ann is the average number of
Mn atoms inside this volume. Let us take the

radius of the sphere, where other Mn atoms are
absent with 90% probability, as the lower limit

of integration:
—3In (0.9)
R=3—"—=. (8)
Fig. 1. Diagram of integration limits: 4y,
r, is the center of the sphere; Therefore, we can estimate the mean
R is the radius of the sphere square of the fluctuating magnetic field as
Gradient shading shows the decreasing effect from BIZe =3.37-10"° 7?2 in the case when all Mn
distant Mn acceptors acceptors are in the neutral configuration Mn°,

and <B§>7=7.69-10‘1° T* in the case of the
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charged configuration Mn~. Furthermore, we obtain corresponding values of the root-mean-
square field fluctuation: BY  =0.18-10" T and B, =0.28-10" T.

The last component needed for calculation of 7' is the correlation time of the fluctuating field.
For the neutral acceptor Mn°, the correlation time t_is determined by the spin lifetime of holes.

It can be estimated from electron spin resonance (ESR) spectra using the following expression:
1

) 9
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where AH° = 0.02 T [4] is the half width at half maximum (HWHM) of the corresponding
resonance. Thus, t = 1 ns. Similarly, according to HWHM value of Mn" resonance:
AH™ = 0.0028T [5], so one can get the correlation time of charged acceptor T_~ 12 ns.

Before we complete the calculation of T, we need to check the condition (y)B =t <<1. It
means that the precession angle of nuclear spin in the fluctuating magnetic field of Mn acceptors
during the correlation time is small. In our case, the product (y)Bmea T_ is about 1076 .

Finally, the estimated spin-lattice relaxation time due to random fields of neutral acceptors is
of the order of 30000 seconds. At the same time, T time for relaxation by charged acceptor fields
is about 1200 seconds. Both values of 7' significantly exceed experimental data (3—20 s).

Another mechanism of nuclear spin relaxation in GaAs:Mn is hyperfine interaction with holes,
localized at deep acceptors Mn. Since Mn impurities play the role of polarization “killer” centers,
this channel of relaxation should be limited due to the finite spin diffusion rate to these centers.
The efficiency of this mechanism can be estimated using the Khutsishvili — De Gennes formula
[6—7]: 1

1, = .
4nNbD
where N is the number of impurity centers per unit volume, b is the effective radius of hyperfine
interaction, and D is the nuclear spin diffusion coefficient. We use n, for N, hole localization
radius at Mn acceptor r,, = 1 nm for b [3], and take the spin diffusion coefficient in GaAs,
D =105 m?%s.
Substituting the values, one can get 7|, = 29 seconds. This value is close to the experimentally
measured 7', but still exceeds it.

T

(10)

Conclusion

We carried out a theoretical estimation of the spin-lattice relaxation time of nuclei in epitaxial
layers of GaAs doped by Mn ions. The calculation is based on experimental data and considers
two possible relaxation mechanisms.

We conclude that the spin-lattice relaxation of nuclei under the action of fluctuating magnetic
fields of paramagnetic Mn centers in GaAs does not play a significant role. Relaxation limited by
spin diffusion due to hyperfine interaction with Mn holes localized on deep acceptors can make
a noticeable contribution to the relaxation rate, but most likely it is combined with quadrupole
relaxation under the action of electric fields created by the charge fluctuations of impurities. Also,
additional investigations of spin diffusion effect could help explain the dependence of 7' time on
the magnetic field.

To provide quantitative estimation of efficiency of the latter mechanism, additional experimental
data are required, such as the temperature dependence of 7. We suggest this as a possible
direction for further investigations of the electron-nuclear spin system of GaAs:Mn.
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