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Temperature dependence of electron spin relaxation in bulk GaN
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The electron spin dynamics in n-type wurtzite GaN is studied by time-resolved Kerr rotation for tempera-
tures from 80 to 295 K and magnetic fields up to 1 T. The temperature and magnetic field dependence of the
spin-relaxation time are in good agreement with D’yakonov-Perel’ theory. We present an analytic expression
for the spin-relaxation tensor for semiconductors with wurtzite structure that also includes the interference of

Rashba and Dresselhaus contributions.
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Spin phenomena in semiconductors have raised enormous
interest in the last years, both from a fundamental point of
view as well as for possible applications.' The central
mechanism for spin-related effects in semiconductors is spin-
orbit coupling (SOC). It allows for, e.g., the controlled ma-
nipulation of spins, but is at the same time also the main
reason for spin relaxation in most of the III-V semiconduc-
tors, especially at elevated temperatures. Therefore, a thor-
ough understanding of SOC is essential. For semiconductors
with zinc-blende structure, and here in particular for GaAs, a
detailed knowledge about SOC is already achieved.*> In
contrast, the knowledge about SOC in the emerging class of
wide-gap semiconductors with wurtzite structure is still ru-
dimental. Among these materials, GaN is intensively studied.
Besides its potential for optoelectronics®’ and for high-
frequency and high-power electronics,® also its spin-related
properties put GaN into the focus of intense research. Pre-
dictions of above room-temperature ferromagnetism in rare-
earth- or transition-metal-doped GaN (Refs. 9 and 10) as
well as the weak SOC as compared to, e.g., GaAs make GaN
a promising material for spintronics. Also from a fundamen-
tal point of view, the investigation of SOC in wurtzite mate-
rials is highly interesting as the crystal structure and symme-
try strongly influence SOC.

The main manifestation of SOC in GaN is a spin splitting
of the bands due to the inversion asymmetry of the crystal
lattice. This spin splitting, which acts like an effective mag-
netic field (k) on the electron’s spin, depends on the elec-
tron’s momentum K and is the basis for the D’yakonov-Perel’
spin-relaxation mechanism.!! The electron spin dynamics
gives therefore insight into SOC in GaN. However, it has
been studied only rarely in bulk wurtzite GaN,'>!* and sys-
tematic studies for temperatures above 80 K are missing so
far. Here, we investigate the electron spin dynamics and re-
laxation in bulk GaN by time-resolved Kerr rotation (TRKR)
spectroscopy'#!> in the temperature range from 80 to 295 K
and external magnetic fields up to 1 T.

The samples studied are 2-um-thick GaN epilayers grown
by molecular beam epitaxy on a 0.25 um AIN/0.25 um
GaN stress mitigating layer on top of a 44 nm AIN nucle-
ation layer on Si(111) substrates.'®!” Sample A is Si n-doped
with a doping level of 2.2X 107 ¢cm™3, while sample B is
intentionally undoped with a very low typical residual back-
ground doping of <5X 10" cm™.
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PACS number(s): 78.47.D—, 72.25.Rb, 78.66.Fd

For the TRKR experiments, the output of a femtosecond
mode-locked Ti:sapphire laser with a repetition rate of 80
MHz was frequency doubled by a beta barium borate crystal
and split into pump and probe beam. The circularly polarized
pump pulses were focused down to a spot with a diameter of
about 60 wm on the sample surface and created a spin-
polarized electron ensemble. The temporal evolution of the
spin polarization was followed via the Kerr rotation of the
linearly polarized probe beam that was time delayed by a
mechanical delay line and focused to the same spot as the
pump beam. The energy of pump and probe pulses was var-
ied from E=3.460 eV at 80 K to E=3.404 eV at 295 K to
account for the temperature induced shift of the band gap.
The average pump power was kept at 4 mW, corresponding
to an estimated density of 7.,.=1X10'® cm™ photoexcited
carriers, the probe beam power was 400 uW. The samples
were mounted in a cold-finger cryostat at temperatures be-
tween 80 and 295 K. An external magnetic field B, up to 1
T was applied in the sample plane.

Figure 1 shows TRKR transients for the n-doped sample
A for temperatures from 80 to 295 K in a magnetic field
B.=1.05 T. The transients show a fast initial decay, an os-
cillatory behavior if an external magnetic field B, is ap-
plied, and a temporal decrease in the TRKR signal ampli-
tude. These three features, that persist at all temperatures,
will be addressed in the following.
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FIG. 1. TRKR transients for sample A in a magnetic field
B =1.05 T and temperatures from 80 to 295 K.
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FIG. 2. (Color online) (a) TRR and TRKR transients for sample
A at T=150 K. (b) Temperature dependence of the carrier lifetime
7, of sample A (dots) and sample B (triangles). (c) TRKR transient
(black line) of sample A at 7=80 K and B.,,=1.05 T with fits by
the function [A; exp(—t/7,)+A,]exp(—t/ 7;)cos[ w;(t—1y)] (red line)
and a damped cosine A exp(—t/7y)cos[w;(t—1y)] (blue line). The
insets show the time range from r=-10 ps to 125 ps and from
t=750 ps to 1000 ps, respectively, in more detail.

The fast initial decay becomes highlighted by its steep
slope in a semilog scale plot [black line in Fig. 2(a)], where
it lasts up to =35 ps, before the decay slows down. This
rapid initial decrease in the TRKR signal is caused by the
decay of the carrier density as is demonstrated by the very
good match between the TRKR signal and the time-resolved
reflectivity (TRR) [red line in Fig. 2(a)] as a measure of the
carrier density. A possible signature of the very fast excitonic
spin relaxation, that occurs on a subpicosecond time scale in
GaN,'319 is temporally not resolved in our measurements. A
carrier lifetime 7. was extracted from a single exponential fit
of the form A exp(—t/7.) to the TRR transients. The carrier
lifetime is only weakly temperature dependent and for both
samples always shorter than 27 ps [Fig. 2(b)]. Therefore, the
TRKR signal at times later than =50 ps is for the whole
temperature range solely attributed to electrons in the con-
duction band, and we will concentrate on the electron spin
dynamics at these later times in the following.

The TRKR signal oscillates with time if an external mag-
netic field B, is applied in the sample plane [cf. Fig. 1] with
increasing oscillation frequency for increasing B.,,. These
oscillations are caused by the Larmor precession of the elec-
tron spins around the external magnetic field with the Larmor
precession frequency

wL=gluBBext/h7 (1)

where wp is the Bohr magneton and g the Landé g factor.
The temporal decay of the TRKR signal directly reflects
the electron spin relaxation. The corresponding spin-
relaxation time 7, was determined from exponential decay
fits of the form [A, exp(—t/7.)+A;|exp(~t/ TS) to the zero-
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FIG. 3. (Color online) Temperature and magnetic field depen-

dence of the spin-relaxation time 7, from 80 K up to 295 K and
magnetic fields up to 1.05 T for (a) sample A and (b) sample B.

field (B.,=0) transients and from damped cosine fits
[A| exp(=t/7.)+A,]exp(—t/ 7;)cos[ w; (t—1y)] to the transients
for B,y >0, respectively.’? The inclusion of the extra term
A, exp(-t/7.) in the amplitude of the fits is necessary to
account for the fast initial decay of carriers and to fit the
TRKR transients over the whole time range [cf. Fig. 2(c)].
The carrier decay time 7. thus obtained agrees very well with
the ones obtained from the fits to the TRR transients. Linear
fits to the dependence of w; on By [cf. Eq. (1)] for each
temperature give the Landé g factor. Its value of
g=1.95%0.03 for both samples in the whole temperature
range is in good agreement with literature values®'~2* for the
electron g factor, thus also demonstrating that the TRKR
signal at times later than =50 ps is solely due to electrons.

The temperature and magnetic field dependence of the
spin-relaxation time 7, is shown in Figs. 3(a) and 3(b) for
both samples at temperatures from 80 to 295 K and magnetic
fields B, up to 1.05 T. Qualitatively, 7, follows in both
samples the same dependence that is characterized by two
main features: for fixed magnetic fields, 7, decreases mono-
tonically with increasing temperature and for a fixed tem-
perature, 7, increases significantly if an external magnetic
field B.,; is applied.

In the following, we will show that this temperature and
magnetic field dependence of 7, can be well explained by the
D’yakonov-Perel” theory of spin relaxation. Basis for the
D’yakonov-Perel’ mechanism is the SOC-induced spin split-
ting of the conduction band. Scattering changes k and ac-
cordingly Q(k) randomly, forcing the electron’s spin to pre-
cess around a randomly changing axis € (k), thus dephasing
the spin for an ensemble of electrons. In semiconductors
with wurtzite structure, there are two contributions to the
conduction-band spin splitting, one being linear in the elec-
trons’s wave vector k while the other one is proportional to
the cube k*.2* The &* dependent so-called Dresselhaus term?
is also well known from semiconductors with zinc-blende
structure and is a consequence of the bulk inversion asym-
metry (BIA) of the crystal lattice. The k-linear contribution
arises in the wurtzite structure due to the hexagonal
symmetry? and reflects an intrinsic wurtzite structure inver-
sion asymmetry (WSIA).?’ In analogy to the k-linear spin
splitting in asymmetric two-dimensional (2D) zinc-blende
structures, the WSIA-induced spin splitting is often also
called Rashba effect.”
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To calculate D’yakonov-Perel’ spin-relaxation times for
bulk semiconductors with wurtzite structure, we start with
the Hamiltonian for both Dresselhaus?® and Rashba26-28:3031
contributions

#
Hv():Hg)-l-Hfo:EQ(k) Y (2)
with
) [7.(bK: = k}) + e, Jk,
Q)= - [y (bk: = k)) + e, )k, |, (3)
0

where zII[0001] (¢ axis), x/I[1120], ylI[1100] [cf. Fig. 4(a)],
kﬁ=k§+k5, and o is the vector of the Pauli spin matrices o,
i=x,y,z. The Dresselhaus contribution is determined by the
SOC parameters vy, and b, the strength of the Rashba contri-
bution is given by the Rashba coefficient «,. Figure 4(b)
shows Q(k,,k,,k,) for k,=0.1 A~! for the values of b, v,,
and a, listed in Table I, illustrating that (k) always lies in
the k,-k,-plane and is perpendicular to k.

The spin-relaxation dynamics in the absence of an exter-
nal magnetic field is given by the equation of motion
§;==2,;v,8;» where ,; denotes the tensor of spin-relaxation
rates and s; the average spin component in direction i. In the
most simplistic form of the D’yakonov-Perel’ formalism,* 7, )
is determined by3334

1
Yii= 5(51’,(92) - <Qiﬂj>)7 ) (4)

where 7, is the momentum scattering time and (+-+) denotes
averaging over the momentum distribution of electrons.
From Eq. (4) follows directly the anisotropy!>3! of electron
spin relaxation in bulk GaN that reveals itself in the sudden
increase in the spin-relaxation time from the zero-field value
P=1/y.. to 4/37 for B >0, as is described in Ref. 13.
This anisotropy of the spin relaxation persists at all tempera-
tures, as can be seen from the magnetic field dependence of
the spin-relaxation time in Fig. 3.

An external magnetic field can also additionally influence
D’yakonov-Perel’ relaxation directly via three mechanisms.
(i) The Larmor precession around a sufficiently strong exter-
nal magnetic field suppresses the precession around the ran-
dom internal effective magnetic field, thus leading to a sup-
pression of D’yakonov-Perel’ relaxation.*3 (ii) In an
external magnetic field, the orbital motion of electrons also
influences the spin dynamics. The longitudinal component
(along the external magnetic field) of the electron’s quasimo-
mentum is conserved while the orthogonal components pre-
cess around B, with the cyclotron frequency .. This pre-
cession leads to an averaging of the perpendicular
components and thus to a weakening of D’yakonov-Perel’
relaxation.®® (iii) In contrast to the slow down of spin relax-
ation due to Larmor precession and the orbital motion, an
external magnetic field can also enhance spin relaxation via
the momentum dependence of the g factor.>”-3

However, all three effects play a significant role only for
high magnetic fields. As an estimate, the first two mecha-

PHYSICAL REVIEW B 81, 155216 (2010)

A0 Ayl irioo] L A ERRINNNN
VTN NN
0.0547 7772 -~~~ NN\
— [V I I AV AP IEEN RSN
< [ A A N Vv
oL 0ttt v
oy T vy v A
4, [xIl [1120] _005-{§Q:::,,:::$§.
ARNRR N e Y
AR e
0NN S e e e e%
-0.1 -0.05 g1 0.05 0.1
(a) (b) k(A7)
2100 ] @
£ £
S s
o 101 \ﬁaﬂs 1 2104
E ~~—_] E
S 44 Rashba + p
2 D_rets??Ihaus +1 8
© Ra interference T
'TE M-M & 14
[
- T T T T - T T T T T
'E 100 150 200 250 300 _g_ 100 150 200 250 300
[7) Temperature (K) ) Temperature (K)
(c) (e)
Sl N, [GaN] | £
¢ N <’ 7001
[ | NG/ ] o
£ Ly E
£ 501 SN < 650
= ZomN =
S 40] 78, N\ ©
5® “ea™_] X 600
[ o R 2 . . . .
g_ 575 285 295 g_ 275 285 295
7] Temperature (K n Temperature (K

FIG. 4. (Color online) (a) Schematic unit cell of GaN and coor-
dinate system used in the text. (b) Effective magnetic field
Q(ky.,ky.k;) for fixed k,=0.1 A~'. The dimensions of the arrows
are proportional to |€Q|. (c) Temperature dependence of the spin-
relaxation time 7, calculated according to Eq. (5) for only the
Rashba contribution (dotted red line), to Eq. (6) for only the
Dresselhaus contribution (dashed blue line) and according to Eq. (8)
for both contributions including the interference term (solid black
line), for a scattering time 7,=40 fs. (d) Comparison of the calcu-
lated spin-relaxation time for both Rashba and Dresselhaus contri-
butions with (black line) and without (dashed-dotted green line) the
interference term for temperatures from 275 to 300 K. (e) Calcu-
lated spin-relaxation time in ZnO for comparison with GaN, show-
ing the spin-relaxation time for both Rashba and Dresselhaus con-
tributions including their interference (solid black line), for only the
Rashba contribution (dotted red line) and for only the Dresselhaus
contribution (dashed blue line). (f) Comparison of the calculated
spin-relaxation time in ZnO for both Rashba and Dresselhaus con-
tributions with (black line) and without (dashed-dotted green line)
the interference term.

nisms become important for magnetic fields where w;7,> 1
and w,7,>1,*3" whereas for the magnetic field range
Bo=1 T used in the experiments, w;7,<1 and w.7,<1.
The additional spin-relaxation process via the momentum de-
pendence of the g factor is also expected to be very weak for
fields B, =1 T.3® Thus, the constant, magnetic field inde-
pendent experimental values of the spin-relaxation time for
B> 0 are also in agreement with D’yakonov-Perel” theory.

As the central result, the temperature dependence of the
spin-relaxation time will be discussed in the following.
Therefore, we evaluate Eq. (4) assuming a Boltzmann distri-
bution for the electron momentum, an isotropic effective
electron mass m™ and neglecting the k dependence of b. Con-
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TABLE 1. Dresselhaus coefficient y, (in eV A?), parameter b,
and Rashba coefficient a, (in eV A) for wurtzite GaN and ZnO.

76 b ae
GaN 0.33% 3.9592 9.0°
ZnO 0.322 3.855% 1.1¢

4From Ref. 24.
PFrom Ref. 32.
‘From Ref. 26.

sidering first only the Rashba contribution, one obtains from
Eq. (4) the spin-relaxation rate Y%

4aEm kT

Yoo =" (5)

Taking into account only the Dresselhaus term, the relaxation

rate 3@

4(24 - 8b + 3b%) Y2 (kyT)*m™>
hS

V=

follows. For both Rashba and Dresselhaus contributions si-
multaneously, evaluation of Eq. (4) gives

7, (6)

4k Tm
Y..= ——{lagh® + (b — 4) ym kT

+ (2b2 +8)y;m* X (kgT)*}7, (7)

=Yt Al ®)

where the interference of BIA and WSIA leads to an extra
term

=[8a,.(b - H)m**(kT)*17,/1° )

in addition to the mere sum of yf and )/D This interference
term has been neglected for wurtzite structures so far,3*40
though being well known from asymmetric 2D zinc-blende
structures.’ The relative importance of BIA and WSIA in
GaN can be seen in Fig. 4(c), where the temperature-
dependent spin-relaxation times 7> —'yzz for zero magnetic
field calculated according to Eq. (7) with the values of 7,, b,
and «, given in Table I, an effective electron mass
m*=0.2m,,*" and 7,=40 fs are plotted. Comparing Dressel-
haus [dashed blue line in Fig. 4(c)] and Rashba [dotted red
line in Fig. 4(c)] contributions, it becomes obvious that
D’yakonov-Perel’ relaxation in GaN is almost completely
governed by the Rashba term. Also the interference term
gives only a very small correction as is shown by Fig. 4(d),
since its value of b=3.959 makes the factor (b—4) in Eq. (9)
small. For comparison, the temperature dependence of the
spin-relaxation time in ZnO as an other wide-gap semicon-
ductor with wurtzite structure is shown in Fig. 4(e). The
temperature dependence is calculated according to Eq. (7),
using the values of v,, b, and «a, given in Table I, an effective
electron mass m*=0.28m,,*> and 7,=40 fs. In ZnO, the rela-
tive importance of Dresselhaus and Rashba contributions is
different from GaN: only for low temperatures the Rashba

PHYSICAL REVIEW B 81, 155216 (2010)

@ 300 ' ' »'200 ' ' i
1 e

2 150 ]
E 2001 a1B,=0 | E 7 To(Byye=0)
g 150- (] 3/‘t'fs(BexPO) g 100 4 %Ts(Be“>0).
3 3 i
% 1001 E ¢ s
£ 501 £ 50, ]
a 100 150 200 250 300 a 100 150 200 250 300

Temperature (K) Temperature (K)

—_
[
=1
—
(=2
-

FIG. 5. (Color online) Temperature dependence of the spin-
relaxation time 70 for B,=0 (black triangles) and the averaged
value 3/47, for B, >0 (red circles and red diamonds, respectively)
for (a) sample A and (b) sample B. The lines show spin-relaxation
times calculated according to Eq. (7) for a scattering time
7,=40 fs.

term is dominating, while for temperatures >175 K the
Dresselhaus term governs the spin relaxation due to the oc-
cupancy of higher k states. The contribution from the inter-
ference term is larger in ZnO [cf. Fig. 4(f)].

The temperature dependence of spin relaxation according
to Eq. (7) is compared to the experimental data in Fig. 5.4
Since the zero-field values 7' [black triangles in Fig. 5] ex-
tracted from exponential decay fits to the TRKR transients
are susceptible to drifts during the measurements, we plot in
Fig. 5 as a more robust quantity also the average values**
from the measurements with magnetic field [red circles and
diamonds, respectively, in Fig. 5]. According to the above
discussion of the magnetic field dependence of spin relax-
ation, 3/47, with 7; as the average value of the spin-
relaxation times for B.,>0 corresponds to the zero-field
value 7' The solid blue lines in Fig. 5 show the temperature-
dependent spin-relaxation time 1'0 calculated according to Eq.
(7) for zero magnetic field, assuming a temperature-
independent momentum scattering time 7,=40 fs. The cor-
responding mobility u=r7,e/m"~350 cmf/ Vs is in the typi-
cal range of mobilities in similar GaN layers.!” The good
agreement of the calculated spin-relaxation times with the
experimental results clearly demonstrates that electron spin
relaxation for temperatures >80 K is governed by the
D’yakonov-Perel’ mechanism. The small deviations between
the experimental and theoretical values can be explained by
the temperature dependence of the different scattering
mechanisms: the electron-electron scattering rate is tempera-
ture dependent whereas electron-impurity scattering shows a
much weaker temperature dependence. As was shown theo-
retically by Jiang and Wu,® the electron-electron scattering
rate is close to the electron-impurity scattering rate for
n-doped semiconductors in the nondegenerate regime while
in undoped semiconductors the electron-electron scattering is
even more important. Therefore, our assumption of a con-
stant, temperature-independent scattering time gives better
agreement for the doped sample. Despite the strong electron-
longitudinal-optical phonon (LO) interaction in GaN, the
above-mentioned effects are not masked by electron-LO
phonon scattering because of the large LO phonon energy of
90 meV.*0:47

In conclusion, the electron spin relaxation in n-type bulk
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wurtzite GaN was investigated for temperatures from 80 to
295 K and external magnetic fields up to 1.05 T. The mono-
tonic decrease in the spin-relaxation time 7, with increasing
temperature is well reproduced by D’yakonov-Perel’ relax-
ation theory. The magnetic field dependence shows for all
temperatures a strong increase in 7, in an external magnetic
field as a consequence of anisotropic D’yakonov-Perel’ re-
laxation.
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