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The electron spin dynamics in n-doped bulk cubic GaN is investigated for very high temperatures

from 293 K up to 500 K by time-resolved Kerr-rotation spectroscopy. We find extraordinarily long

spin lifetimes exceeding 1 ns at 500 K. The temperature dependence of the spin relaxation time is

in qualitative agreement with predictions of Dyakonov-Perel theory, while the absolute experimen-

tal times are an order of magnitude shorter than predicted. Possible reasons for this discrepancy are

discussed, including the role of phase mixtures of hexagonal and cubic GaN as well as the impact

of localized carriers. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901108]

The continuously shrinking size of elementary device

constituents like field-effect transistors has led to the enor-

mous success of modern semiconductor electronics. New con-

cepts will, however, soon be required to keep the tearing pace

of improving performance, as projected by the International

Technology Roadmap for Semiconductors. Spintronics1 as a

spin-based electronics envisions such improved device per-

formance or innovative functionality by utilizing in addition

the electron spin degree of freedom in, e.g., spin-transistors2

or spin lasers.3 A basic requirement for almost all spin-based

device concepts is to maintain a non-equilibrium electron

spin polarization. The efficient suppression of spin relaxation

is, however, a challenging task, especially at high tempera-

tures as required for applications. Possible routes to achieve

slow spin relaxation include the control over the orbital

motion of electrons via confinement4 or localization5 as well

as the choice of suitable semiconductor materials, where the

effectiveness of spin relaxation mechanisms depends crit-

ically on the semiconductor bandstructure. Generally, spin

relaxation of mobile electrons is dominated by the Dyakonov-

Perel (DP) mechanism6 in III-V semiconductors, especially

for high temperatures and n-type doping.7 DP relaxation is

caused by the combined action of momentum scattering and a

spin-orbit coupling induced spin splitting of the conduction

band occurring in semiconductors and semiconductor struc-

tures with broken inversion symmetry. The spin splitting acts

like an effective, k-dependent magnetic field XðkÞ on the

electron spins. Random momentum scattering leads to a fluc-

tuating effective magnetic field, which results in spin dephas-

ing for an electron ensemble. The magnitude of XðkÞ
increases strongly with k, making DP relaxation very efficient

for high temperatures. In the case of bulk III-V semiconduc-

tors, the conduction band spin splitting is an intrinsic material

property. Small spin splittings are expected from k � p-expres-

sions8 for weak spin-orbit coupling as witnessed by a small

valence band spin-orbit splitting Dso, and for large bandgaps

Eg. Based on these general trends, especially GaN with its

small Dso and large Eg is expected to exhibit very small spin

splittings and accordingly slow spin relaxation. The thermo-

dynamically stable hexagonal phase of GaN (h-GaN) shows,

however, fast spin relaxation due to its lower symmetry as

compared to cubic semiconductors, which leads to an addi-

tional contribution to the spin splitting.9–11 Only for the meta-

stable cubic phase of GaN (c-GaN), which can be prepared

under appropriate conditions,12 slow electron spin relaxation

was predicted13,14 and experimentally demonstrated for low

temperatures15 and in a highly degenerate sample,16 as well

as in cubic GaN quantum dots.17 There have been, however,

no experimental investigations of electron spin relaxation in

c-GaN for the regime of moderate n-type doping and

high temperatures as relevant for potential applications.

Temperature dependent measurements of electron spin relax-

ation in c-GaN as a material with presumably weak DP relax-

ation are in addition of fundamental interest to potentially

unravel other mechanisms of spin relaxation, which are other-

wise masked by fast DP relaxation in other semiconductor

materials.18

Here, we experimentally investigate electron spin relaxa-

tion in moderately n-doped bulk c-GaN up to very high tem-

peratures of 500 K by time-resolved Kerr-rotation (TRKR)

spectroscopy. We find very long spin relaxation times up to

the highest temperatures exceeding even 1 ns at 500 K.

The c-GaN epilayers investigated were grown by plasma-

assisted molecular beam epitaxy.12 A 580 nm-thick c-GaN

layer was grown on a cubic AlN barrier with a thickness of

15 nm and 30 nm for sample A and B, respectively, on top of

3C-SiC substrates. The GaN layer was Si doped to a carrier

density of nD¼ 1� 1018 cm�3 for sample A, while sample B

was intentionally undoped, resulting in a carrier density

nD¼ 1� 1017 cm�3 at room-temperature. The samples were

mounted in vacuum in a dedicated high-temperature cell

allowing for temperatures from 293 K to 500 K. A magnetic

field Bext was applied in the sample plane.

For the TRKR measurements, the setup as described in

Ref. 19 was used. The energy of pump and probe beam was

set to the maximum of the TRKR signal, shifting from

3.206 eV at 293 K to 3.113 eV at 500 K. The average power

of pump and probe beam was 10 mW and 1 mW, respec-

tively, for a pump spot of 100 lm diameter on the sample

surface.
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Figure 1(a) shows exemplarily TRKR transients of sam-

ple A for temperatures up to 500 K in an external magnetic

field of Bext ¼ 0:1 T. The transients already indicate slow

spin relaxation up to 500 K as oscillations due to spin Larmor

precession around the external magnetic field are still visible

even after 2 ns. The transients are well fit by damped cosine

fits of the form ½A1 expð�t=scÞ þ A2� expð�t=ssÞ cos½xLðt�
t0Þ� with sc as a carrier lifetime. The fits give the spin relaxa-

tion time ss and the Larmor precession frequency xL ¼
gelBBext=�h with the Land�e-g-factor ge. The extracted ge-fac-

tor is compatible with the literature value20 of ge ¼ 1:95 for

electrons in c-GaN, and it is found to be almost temperature

independent and identical for both samples (not shown), indi-

cating weak spin-orbit interaction.

The temperature dependence of spin relaxation as the

main point of this work is shown in Fig. 1(b). The spin relax-

ation times of both sample A and B exhibit a very similar

temperature dependence, characterized by a monotonic

decrease for increasing temperature. Overall, we find very

long spin relaxation times despite the high temperatures,

even exceeding 1 ns at 500 K for sample A. In the following,

we will compare the experimentally found spin relaxation

times to theoretical predictions, starting with the DP mecha-

nism as the generally dominating mechanism in bulk III-V

semiconductors.

The main driving force of DP relaxation is the spin-orbit

induced conduction band spin splitting, which is given by

the Hamiltonian Hsoc ¼ �h
2
XðkÞ � r, with r as the vector of

Pauli spin matrices. XðkÞ is in analogy to the Zeeman-

Hamiltonian for electrons in an external magnetic field read-

ily interpreted as an effective, k-dependent magnetic field.

The effective magnetic field XDðkÞ for cubic semiconductors

with zincblende structure is given by the cubic k3-

Dresselhaus21 term

XD
i kð Þ ¼ 2ce

�h
ki k2

iþ1 � k2
iþ2

� �
; (1)

with i ¼ x; y; z and ce as the spin splitting constant.

In the most basic approach to Dyakonov-Perel relaxa-

tion, the tensor cij of spin relaxation rates is simply obtained

by22

cij ¼
1

2
dijhX2i � hXiXji
� �

sp ; (2)

with the overbar denoting the angular average of k, h…i
denoting the energetic average over the electronic momentum

distribution, and sp as the averaged, effective momentum

scattering time.

Here, the electronic momentum distribution can be

approximated by a Boltzmann distribution as the Fermi tem-

peratures TA
F ¼ EA

F=kB ¼ 282 K and TB
F ¼ 61 K for sample A

and B, respectively, are below the lattice temperature for the

investigated temperature range. Carrying out the correspond-

ing average, an isotropic spin relaxation tensor with the rate

cs ¼ 1=ss ¼ 16c2
em�3ðkB TÞ3sp=�h8 (3)

follows. The averaged, effective momentum scattering time

sp has to be known for a comparison of the prediction of

Eq. (3) to the experimental spin relaxation times ss. As sp

could not be determined by transport measurements due to

the highly conductive substrates, we model ssim
p ¼ lsim

totalm
�=e

via the transport mobility lsim
total, which combines the mobilities

ldisl due to scattering by dislocations,23 lpop due to scattering

with polar optical phonons,24 ldp due to acoustic phonon de-

formation potential scattering,25 lii due to scattering with ion-

ized impurities,26 and lpe due to piezoelectric scattering27 via

Matthiessen’s rule 1=lsim
total ¼

P
i 1=li. Figures 2(a) and 2(b)

show the simulated temperature dependence28 of the total

transport mobility lsim
total and the contributions of the individual

scattering mechanisms for samples A and B, respectively,

where we use a dislocation density ndisl ¼ 5� 109 cm�2 typi-

cal for the thickness of the investigated samples.29 Figures

2(c) and 2(d) demonstrate the influence of different disloca-

tion densities from ndisl ¼ 2� 109 cm�2 up to 2� 1010 cm�2

on the mobility. These dislocation densities cover the range

found for c-GaN on SiC29 and result in a variation of the total

mobility by approximately a factor of two around the mobility

for the typical dislocation density. Overall, the simulated total

mobility agrees well with experimental values for the mobil-

ity in c-GaN.30–32 Scattering by polar optical phonons and by

dislocations is found to clearly dominate in the investigated

temperature range, with polar optical phonon scattering being

dominant for temperatures T> 350 K.

Figure 3(a) compares the product ss � ssim
p of the experi-

mentally determined spin relaxation time ss and the modeled

momentum scattering time ssim
p to the predicted inverse aver-

aged effective magnetic field 1=hX2
effi � �h8=ð16c2

em�3k3
BT3Þ

according to Eq. (3) on a double-logarithmic scale for differ-

ent values of the dislocation density ndisl. For the spin splitting

constant ce, the values ce¼ 0.84 eV Å3 and ce¼ 0.235 eV Å3,

respectively, are used, corresponding to the spread of the theo-

retical values available from tight-binding calculations.14,16,33

FIG. 1. (a) Normalized time-resolved

Kerr-rotation transients for tempera-

tures between T¼ 320 K and 500 K for

sample A in an external magnetic field

Bext ¼ 0:1 T. (b) Temperature depend-

ence of the spin relaxation time ss for

samples A and B at Bext ¼ 0:1 T.
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While the slope of the temperature dependence is well repro-

duced, the predicted spin relaxation times are approximately

one order of magnitude longer than the measured times even

for the extreme assumption of the largest value for ce and the

longest momentum scattering time ssim
p corresponding to the

smallest dislocation density.

Though Eq. (2) has been successfully applied to the

description of spin relaxation in GaN,9–11,19 it is based on

substantial approximations, neglecting, e.g., the different

efficiencies and the energy dependence of the various mo-

mentum scattering mechanisms. A refined description of

Dyakonov-Perel relaxation was given by Pikus and Titkov8

starting from the energy dependent spin relaxation rate

~cPT
ij ¼ ðdijX

2 � XiXjÞ
X

i

ðci
3=~s

i
pÞ

� ��1
; (4)

summing over the energy dependent momentum scattering

times ~si
p of the different scattering mechanisms weighted by

their efficiency factors ci
3. Carrying out the angular average

and using again a Boltzmann distribution for the electron

momenta, the spin relaxation rate

cPT
s ¼

8c2
e m�kBTð Þ3

�h8

X
i

1

Qisi
p

 !�1

¼ hX
2
effi
2

spQð Þtotal
(5)

follows, with hX2
effi as defined above, ðspQÞtotal

�ð
P

i 1=s
i
pQiÞ�1; si

p¼h~si
pEki=hEki and8 Qi¼16½�þð7=2Þ�

½�þð5=2Þ�=ð35ci
3Þ as efficiency coefficients, which have been

introduced assuming a power law ~sp/E�k for the individual

scattering mechanisms. The above simulations of the mobility

allow to identify the contributions from the different scattering

mechanisms and to weight them with their corresponding effi-

ciency factor. In the following, only scattering by polar optical

phonons and by dislocations is considered according to the

above discussion of the importance of the individual scattering

mechanisms. The efficiency factor cpop
3 ¼11=6 gives Qpop�3

for scattering by polar optical phonons,34 while we find

Qdisl¼32=21 for scattering by the charge field of a dislocation

FIG. 2. Simulated temperature depend-

ence of the total transport mobility lsim
total

and the individual contributions to the

mobility for a dislocation density

ndisl ¼ 5� 109 cm�2 and a carrier con-

centration of (a) nD ¼ 1� 1017 cm�3

and (b) nD ¼ 1 �1018 cm�3. Simulated

temperature dependence of the total

transport mobility lsim
total for different dis-

location densities ndisl from

2� 109 cm�2 to 2� 1010 cm�2 for (c)

nD ¼ 1� 1017 cm�3 and (d) nD

¼ 1� 1018 cm�3.

FIG. 3. (a) Temperature dependence of

the product of spin relaxation time ss

and the simulated momentum scatter-

ing time ssim
p for samples A and B for

different dislocation densities ndisl. The

solid lines show the inverse averaged

effective magnetic field 1=hX2
effi for

different values of the spin splitting

constant ce. (b) Temperature depend-

ence of the product of spin relaxation

time ss and the simulated momentum

scattering time ðspQÞtotal weighted

by the efficiency coefficients for

sample A for a dislocation density

ndisl ¼ 5� 109 cm�2. The solid line

shows the inverse averaged effective

magnetic field 2=hX2
effi for ce

¼ 0:84 eV Å
3
.
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using35 cdisl
3 ¼6 and ~sdisl

p /E
3=2
k . The comparison of the prod-

uct ss �ðspQÞtotal to 2=hX2
effi as predicted by Eq. (5) shows a

slight improvement as compared to the simple approach of

Eq. (3) [cf. Fig. 3(b)]. The experimental spin relaxation times

are, however, still almost an order of magnitude shorter than

theoretically predicted.

In the following, we will discuss possible reasons for the

observed discrepancy between the experimentally found spin

relaxation times and the predictions of DP theory as pre-

sented above. One obvious reason for the overestimation of

spin relaxation times by DP theory could be a too small

value of the spin splitting parameter ce. We note that the

determination of ce is notoriously difficult, as is well-known

also for the case of the thoroughly studied GaAs,36 and no

experimental value for ce is available for c-GaN. The avail-

able theoretical values14,33,37 for ce show considerable scatter

from ce¼ 0.235 eVÅ3 to 0.84 eVÅ3, with, however, a tend-

ency to smaller values of ce for increased accuracy of the cal-

culations.33 A too small value of the simulated mobility

could also account for the gap between the experimental and

the predicted spin relaxation times. The simulations seem,

however, to rather slightly overestimate the mobilities as

compared to available experimental values in c-GaN.30–32

Another possible reason for the observed discrepancy is the

assumption of an ideal, homogeneous bulk c-GaN crystal in

the prediction of ce and the above discussion of DP relaxa-

tion. The real microstructure of c-GaN layers prepared under

conditions completely analogous to the investigated c-GaN

samples is, however, highly complex with possibly large

impact on the spin dynamics.29,38 Stacking faults on {111}

crystallographic planes lead to inclusions of the thermody-

namically stable h-GaN phase in the c-GaN matrix, with

increasing hexagonal content for increasing layer thickness.

Moreover, c-GaN epitaxial films on 3 C-SiC substrates show

distinct anti-phase domains (APD) with different h-GaN con-

tent in the two types of APDs.38 An influence of this phase

mixture on the spin relaxation can be expected, e.g., by the

polar faces of the h-GaN inclusions acting as a random

Rashba field similar to the random Rashba field of dopant

ions.39 In addition, the very effective DP spin relaxation in

the polar h-GaN inclusions9–11 might contribute to the

observed spin relaxation via thermally activated scattering

between the cubic and hexagonal phases. Furthermore, pho-

toluminescence and micro-Raman measurements indicate in-

homogeneous microstrain distributions in the c-GaN

layers.31,38,40 Such microstrain variations might contribute to

spin relaxation via strain-induced conduction band spin

splittings.41

In general, also the Elliott-Yafet (EY) and the Bir-

Aronov-Pikus (BAP) mechanism contribute to the spin relax-

ation of mobile electrons.42 The spin relaxation time due to

the EY mechanism can, however, be estimated by expres-

sions27,42 for the long-range part to be on the order of ls in

c-GaN. The EY mechanism does therefore not contribute

significantly to spin relaxation in c-GaN. The BAP mecha-

nism requires substantial hole concentrations and is gener-

ally found to be ineffective for n-doped samples at elevated

temperatures.7,42 Hence, it is not expected to play a role in

the investigated c-GaN samples. Spin relaxation of localized

electrons via the hyperfine interaction (HF) with nuclei

could, however, be important here, with efficient spin

exchange between the localized and mobile electrons leading

to spin relaxation also for the system of mobile electrons.19

Such HF mediated spin relaxation was just recently demon-

strated in c-GaN at low temperatures.43 Electrons deeply

localized at states like deep defects or donor states with an

activation energy30 of 160 meV and 600 meV, respectively,

in c-GaN might, however, certainly contribute to spin relaxa-

tion even at the high temperatures investigated here. The

magnetic field dependence of the spin relaxation rate cs of

sample A at room temperature supports this point, as it

shows a weak cs / Bext dependence (not shown) as being

typical for the spin relaxation of localized electrons.19

In conclusion, we investigated electron spin relaxation

in moderately n-doped cubic GaN at very high temperatures

up to 500 K. We find extraordinarily long spin relaxation

times even exceeding 1 ns at 500 K, making cubic GaN a

highly interesting material system for possible spintronics

applications. The temperature dependence of spin relaxation

is in qualitative agreement with Dyakonov-Perel theory,

which, however, predicts an order of magnitude longer spin

relaxation times. Possible reasons for this discrepancy are

discussed, including the role of hexagonal GaN inclusions

and of localized electrons.
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