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Strain dependent electron spin dynamics in bulk cubic GaN
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The electron spin dynamics under variable uniaxial strain is investigated in bulk cubic GaN by
time-resolved magneto-optical Kerr-rotation spectroscopy. Spin relaxation is found to be
approximately independent of the applied strain, in complete agreement with estimates for
Dyakonov-Perel spin relaxation. Our findings clearly exclude strain-induced relaxation as an
effective mechanism for spin relaxation in cubic GaN. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914069]

I. INTRODUCTION

Today’s semiconductor electronics with its wealth of
devices is based on sophisticated control over the orbital
motion of electrons, which is accomplished mainly by elec-
tric fields acting on the charge of electrons. Substantially
new concepts will, however, soon be required as the relevant
length scales of conventional, charge-based electronics are
continuously shrinking.! Spintronics as a spin-based elec-
tronics is such an alternative approach, which uses in addi-
tion also the spin of electrons and promises improved
performance or even new device functionality.”~> Most con-
cepts for spintronic devices require that the electron spin can
be efficiently manipulated and that an initially prepared non-
equilibrium spin polarization is sustained, respectively.”¢
Both problems are often closely linked to spin-orbit coupling
(SOC) for mobile electrons in III-V semiconductors, where
typically strong SOC is desired for efficient spin manipula-
tion, while weak SOC permits long spin lifetimes. One
approach to adjust the strength of SOC are external fields,
where, e.g., electric fields allow for an efficient electron spin
manipulation via the Rashba effect,7 but also influence elec-
tron spin relaxation.*”'® Strain fields are another attractive
handle to tune SOC as they can be permanently introduced
by, e.g., strain engineering in semiconductor heterostruc-
tures,'''*  flexibly applied by external mechanical
forces'”™'® or even dynamically modulated at high frequen-
cies.'” Strain fields applied in such ways can significantly
modify spin dynamics.'”'®2°* Aiming at slow spin relaxa-
tion, semiconductors with intrinsically weak SOC are
another promising approach. Especially GaN is expected to
offer long spin lifetimes due to its combination of weak SOC
and large band gap.”> Slow spin relaxation was indeed
observed in the metastable cubic phase of GaN (c-GaN) with
its high symmetry,?®*” while the thermodynamically favored
hexagonal phase of GaN (h-GaN) shows fast spin relaxation
due to its lower symmetry.?*° The experimental spin relax-
ation times in c-GaN are, however, still substantially shorter
than theoretically predicted.’’ Unintentional strain fields
caused by microstrain variations®>>* or by a small h-GaN
content® were discussed as a possible reason for the
observed discrepancy.?’ The impact of strain fields on spin
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relaxation in c-GaN has, however, not been studied so far.
Here, we investigate the electron spin dynamics in bulk
c-GaN under variable uniaxial strain by time-resolved
magneto-optical Kerr-rotation (TRKR) spectroscopy.

Il. EXPERIMENTAL

The c-GaN samples were grown by plasma assisted mo-
lecular beam epitaxy.*® Sample A consists of a 400 nm-thick
c-GaN layer grown on top of a 30 nm-thick 3C-SiC layer on
Si(001) substrate, resulting in a low n-type doping of the
¢-GaN layer with a carrier density of np =6 x 10'®cm™. For
sample B, an intentionally undoped 570nm-thick c-GaN
layer was deposited on 30 nm cubic AIN on top of a 10 um-
thick 3 C-SiC layer on Si(001) substrate, leading to an n-type
doping density of np =1 x 10""cm ™ of the top c-GaN. The
Si substrates of both samples were afterwards mechanically
polished down to a thickness of approximately 100 um for
the strain dependent measurements. The thinned samples
were glued37 on stacked PbZrTiO; (PZT) piezoelectric
actuators® with the (110) direction along the poling direc-
tion of the piezo stack, following the approach of Ref. 39.
The applied strain was continuously monitored via resistive
strain gauges®® glued to the back of the piezo stacks. The
strain transmitted to the samples was additionally checked
by strain gauges glued on top of the samples.41

For the TRKR measurements, the output of a fs-mode-
locked Ti:sapphire laser was frequency-doubled and split
into pump and probe beam. The polarization of the pump
beam was modulated between right and left circularly polar-
ized by a photo-elastic modulator with a modulation fre-
quency of 5S0kHz. The pump beam was afterwards focused
down to a spot with a diameter of approximately 100 yum on
the samples surface, exciting electrons with a temporally
varying electron spin polarization corresponding to the
modulated polarization of the pump beam. The spin dynam-
ics of the electron ensemble was monitored via the Kerr-
rotation of the linearly polarized probe beam as a function of
the time delay between pump and probe pulses, which was
varied by a mechanical delay line. The Kerr-rotation was
detected via a balanced receiver and a cascaded lock-in
scheme, using the high frequency polarization modulation of
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the pump beam as the first reference and an intensity modu-
lation of the probe beam via a mechanical chopper at a much
lower frequency of about 0.6 kHz as the second reference.
The energy of pump and probe beam was set to the maxi-
mum of the TRKR signal at 3.21 eV, and the average pump
and probe power were Ppymp=8mW and Pprope = 0.8 mW,
respectively, for sample A and Pyymp=10mW and
Pprobe = 1 mW, respectively, for sample B. An external mag-
netic field B, was applied in the sample plane. All measure-
ments were carried out at room-temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows typical TRKR transients of sample A for
zero strain and maximum applied strain, respectively, in an
external magnetic field B.x; =0.13 T. The oscillations of the
TRKR signal are caused by spin Larmor precession with fre-
quency o, around the external magnetic field, while the tem-
poral decay of the TRKR signal amplitude directly reflects
spin relaxation. The almost perfect match of the transients in
Fig. 1 already indicates an only minute influence of the
applied strain both on spin precession and spin relaxation.
The Larmor precession frequency w; and the spin relaxation
time t; are obtained by damped cosine fits of the
form®  [A; exp(—t/t.) + Ay] exp(—t/1;) cos|wy (t — ty)] to
the TRKR transients. Figure 2 shows the corresponding
Landé g -factor g, = hwy / 1gBex as a function of the applied
strain. The zero-strain value of g, is in very good agreement
with the literature value of 1.95 for electrons in c-GaN.***?
The g.-factor shows only a negligible strain dependence,
which is expected***’ for the wide-gap GaN, and which fur-
ther demonstrates the weak SOC in GaN.

In the following, we will discuss the strain dependence
of the spin relaxation time 7, as the main point of this work.
Figure 3 shows 7, as a function of the applied strain for both
samples. The value of the spin relaxation time is for each
applied strain averaged over at least five measurements,
where the strain has been varied in a non-monotonic way in
between the measurements to minimize spurious effects due
to possible drifts in the setup. The spin relaxation time shows
no distinct strain dependence within the experimental uncer-
tainty. We note that comparable strain values already lead to

Sample A
&g, =0 s
—o—g,,=0.9x10°

TRKR (arb. u.)

2 3 a4
Time (ns)

o
—

FIG. 1. TRKR transients for sample A for zero strain and maximum applied
strain €, in an external magnetic field B, =0.13T.
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FIG. 2. Room temperature strain dependence of the Landé g,-factor for sam-
ple A and B.

a substantial decrease of spin lifetimes in, e.g., GaAs.!720-23
In the following, we will compare the observed negligible
strain dependence of spin relaxation to theoretical
predictions.

Spin relaxation of free, delocalized conduction band
electrons is usually governed by Dyakonov-Perel (DP) spin
relaxation®® in bulk ITI-V semiconductors.'®*” DP relaxation
is driven by the combined action of an intrinsic conduction
band spin splitting and random momentum scattering: the
spin splitting acts like a wavevector dependent, effective
magnetic field Q(k) on the electrons’ spins, leading to spin
precession. Random momentum scattering results in
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FIG. 3. Spin relaxation time 7, as a function of the applied strain ¢, for (a)
sample A and (b) sample B at room-temperature.



093906-3 Schaefer et al.

fluctuations of this effective magnetic field, causing in the
end spin dephasing of an electron ensemble. Formally, the
action of the effective magnetic field is described by the
Hamiltonian

Hy, :gg(k) g (D

with ¢ as the vector of Pauli spin matrices, which further
illustrates the interpretation of Q(k) as an effective
magnetic field by the formal correspondence to the
Hamiltonian of the Zeeman effect. In uniaxially strained
bulk cubic crystals, two terms contribute to the conduc-
tion band spin splitting, corresponding to the total effec-
tive magnetic field

Qtotal(k) = QD(k) + Qstr(k)- (2)

The so-called Dresselhaus term*®

k(K2 — K2)

ky (k2 — k) 3
k(2 — K2)

2y,

(k) =2

with 7, as the spin splitting constant stems from the intrinsic
bulk inversion asymmetry of semiconductors with zinc-
blende structure. Uniaxial strain leads in lowest order (that is

linear in k and e) to the second term?>*>

Qur(k) = (C3¢ + C3¥) /1, )
where

¢; = €iprikivt — €iv2,ikin )
and

‘Pi = ki(€i+1,i+1 - €i+2‘i+2) (6)

with i=x,y,z and ¢; as components of the strain tensor e.
Accordingly, the material dependent parameters C5 and C}
govern the size of the strain-induced spin splitting. Usually,
C3 > Cg is assumed as Cg vanishes in a three-band model
and appears only upon inclusion of higher conduction band
states.”>*>* In agreement with C3 > C}, experiments in
GaAs and GaSb *'~%* showed increasing spin relaxation rates
for uniaxial strain along the (111) and (110) directions,
respectively, while the spin relaxation rate was independent
of the strain for uniaxial strain along the (100) direction,
where the strain tensor € is diagonal. In the following, we
will therefore only consider the term C3¢ in Eq. (4), though
more recent calculations suggest that C3 and C} could be
comparable in size.”

For the case investigated here with uniaxial strain along
the (110) direction, the only non-zero off-diagonal compo-
nents of the strain tensor € are €,, = €, and the effective
magnetic field reduces to

Exyky
o) =S [ ek ). ™

str
0

J. Appl. Phys. 117, 093906 (2015)

In the most simplistic form of DP theory, the tensor of spin
relaxation rates y;; follows from the effective magnetic field
by®!

o
3=+ (6,00 - @) )5, ®

where the overbar denotes the angular average over k, (...)
denotes the energetic average over the electronic momentum
distribution and t,, is the effective, averaged momentum scat-
tering time. A more accurate description accounts, however,
for the energy dependence and efficiency of individual
momentum scattering processes by the tensor of energy de-
pendent spin relaxation rates>>

iy = (6,97 a0 ( V ﬁ—i) - ©)

where the summation runs over the different momentum
scattering mechanisms. The efficiency factors ), depend on
the nature of Q(k) and the individual momentum scattering
process.”*”3% The final spin relaxation rates y;; are obtained
by energetically averaging over the electronic momentum
distribution. Here, we approximate the electronic momentum
distribution by a Boltzmann distribution as the Fermi tem-
peratures T4 = E4/kg = 43K for sample A and T2 = 61K

for sample B, respectively, with Ep = (3n2)2/3h2n§)/3/2m* as
the Fermi energy are well below the lattice temperature of
293 K for both samples. A total spin relaxation rate

v =g oy (10)

follows accordingly for the total effective magnetic field
Qo (K) of Eq. (2). We note that here no interference of the
Dresselhaus and the strain term occurs, unlike the case of
bulk wurtzite GaN?*’ or two-dimensional electron systems
with both Dresselhaus and Rashba term.>® Spin relaxation
due to the Dresselhaus term with the effective magnetic field
Qp (k) according to Eq. (3) is isotropic with a rate

—1
N 1
(ksT) (Z Q@) (n

and the averaged momentum scattering time 1, = (%;Ek> /
(Ey). The efficiency coefficients

7 5
321 GENE) g(”z) (”5) 1)

10595 (2B (ksT)® 35 7

b L _ Sygm*3

D i®

0

are introduced for y, with £ =3 for the cubic k*-Dresselhaus
term*’? and assuming a power law 7, o< E} for the individ-
ual scattering mechanisms.

The second term in Eq. (2) with the strain induced effec-
tive magnetic field Qﬁtlrlm (k) leads to anisotropic spin relaxa-

tion with rates

2 %
WS pastr nstr 2C3m kgT 2 _total
/zz - yxx - ))yy - h4 E,\'y’L—p

(13)
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The efficiency factors y, simplify in this case to y; =1 with
¢{=1 for the linear-in-k effective magnetic field
Qéllrlm (k),*"? resulting in

-1
4 1
ol = (Y =B (14)

i P

The application of an external magnetic field By, in the xy-
plane as in the experiment leads to spin Larmor precession
around B.,, and the observation of an averaged effective spin
relaxation rate®>*

Verr = 1/%err = (72 +720)/2, (15)
giving
U 3Cm*kgT ot
Vel = Z”/‘ZE = §3T€§yf;t l (16)

S| str

for 5" = 29" according to Eq. (13).

For a quantitative comparison of the experimental spin
relaxation rate and its strain dependence to the predictions of
DP theory, the spin splitting constant y,, the strain spin split-
ting constant C3 and the momentum scattering times rj, have
to be known. The spin splitting constant 7, in c-GaN has
only been theoretically predicted by few tight-binding calcu-
lations,%’ss_57 resulting in values between y,=0.235eV A3
and 7, =0.84eV A3, while no experimental values are avail-
able. As the strain spin splitting constant Cj is not known for
c-GaN, we estimate its value via expressions derived within
k - p-theory,?*34%8 giving in lowest order

)
4 nPy 4 1
C3==-Cr——=~-hCon|2m'E,| 1 — = 17
3=3C B3 2'7[’71 5( 3'7” (17

with 1 = Ay, /(Eq + Ayp), Ay, as the split-off energy, and P
as the Kane matrix element. While the band parameters m*,
E, and A, are well known,>”®° the value of the interband de-
formation potential C, is not available for c-GaN. We
assume, however, a value between 1eV and 6eV for C, in
the following, as all published values for C, in various other
semiconductors universally fall in this range (cf. Table I).

TABLE 1. Values of the interband deformation potential C, for various
semiconductors.

Material C, (eV) Reference Remark
GaAs 1.1 58 C,=2d"*, pseudopotential
5.5 58 C,=2d"*, LCAO
3.0 20 Deduced from experimental value for C
GaSb 1.38 58 C,=2d"*, pseudopotential
44 58 C,=2d""*, LCAO
22 20 Deduced from experimental value for C5
InP 22 58 C,=2d"*, pseudopotential
5.2 58 C,=2d", LCAO
6.6 20 Deduced from experimental value for C5
InSb 2.48 58 C,=2d"*, pseudopotential
4.50 58 C,=2d"", LCAO
1.0 20 Experimental value
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The strain splitting constant C; for c-GaN is then estimated
to be between 0.02eVA and 0.11eVA according to
Eq. (17). We note that C5 is about two orders of magnitude
smaller in c-GaN than in GaAs'® as a consequence of the
combination of large m*, large E,, and small A, in c-GaN.

The momentum scattering times 7/ are modeled via the
corresponding transport mobilities ™ = (e/m*)r;, as the
direct experimental determination of mobilities by transport
measurements is hindered by highly conductive substrates.
The simulated mobility M = (e/ m*)r;"‘al with 11‘70“‘1
according to Eq. (14) combines scattering by dislocations,
polar optical phonons, and ionized impurities as well as
piezoelectric scattering and acoustic phonon deformation
potential scattering®™® via Matthiessen’s rule 1/™
= ;1/, and is overall in good agreement with available
experimental values for the mobility in c-GaN.**°%%” Figure
4 shows pm in dependence on the dislocation density 7pig
as the sample-dependent key parameter for the mobility at
room-temperature. Typical dislocation densities are approxi-
mately 10'°cm =2 to 10" em™ for sample A, which was
grown on a thin SiC layer prepared by carbonizing the Si sub-
strate,®® while typical dislocation densities for sample B are
in the range of 2 x 10°cm %2 x 10'%cm ™ for its epilayer
thickness of 570 nm.®” The total mobility '™, is accordingly
in the range of 10 cm?/Vs—200 cm?/Vs (cf. Fig. 4).

For the momentum scattering times Qir;;, which are
weighted by the efficiency coefficients Q; according to Egs.
(11) and (12) for the cubic Dresselhaus term, only scattering
by dislocations and by polar optical phonons is considered,
as these two mechanisms dominate by far the room-
temperature mobility in c-GaN.®® The corresponding effi-
ciency factors and efficiency coefficients are 7' = 6 and
Ouist =32/ 21,70 respectively, for scattering by dislocations,
and y5°" = 11/6 and Q,,, = 1152/385 ~ 3, respectively, for
scattering by polar optical phonons.”" Using these values, we
will first discuss the spin relaxation rate y? predicted by Eq.
(11) for only the Dresselhaus contribution to DP relaxation,
i.e., the case of zero strain. Eq. (11) predicts a significantly
smaller spin relaxation rate y° 2 0.02ns™! for sample A and
72 2 0.07ns™! for sample B, respectively, than observed in
the experiment.”” This discrepancy can originate from two
sources: either from an underestimation of spin relaxation
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FIG. 4. Simulated transport mobility yi‘é‘l‘gl as a function of the dislocation den-
sity npig for doping densities np =6 x 10"ecm™ and np=1x10"cm >,

respectively.
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within the DP mechanism, or from significant contributions
of other spin relaxation mechanisms. Larger DP spin relaxa-
tion rates would obviously follow for a larger spin splitting
constant y.. We note that no experimental value for 7y, is
available for c-GaN and that the theoretical prediction of 7y,
is notoriously difficult, as is well-known even for deeply
studied semiconductors like GaAs. Additional sources of
spin splittings would also cause a speed-up of DP relaxation.
Such additional spin splittings could originate from the
omnipresent inclusions of polar hexagonal GaN in the
c-GaN matrix,33 where the polar faces of the hexagonal
GaN inclusions might act like a random Rashba field compa-
rable to the random Rashba fields of dopant ions.”>’*
Furthermore, thermally activated carrier scattering between
the cubic and the hexagonal GaN phases could lead to
strongly enhanced spin relaxation due to the very fast spin
relaxation in the polar hexagonal GaN.?>’—°

Generally, several other spin relaxation mechanisms
will also contribute to spin relaxation in c-GaN. Elliott-
Yafet’® (EY) relaxation as well as relaxation due to the Bir-
Aronov-Pikus’® (BAP) mechanism as other spin relaxation
mechanisms for mobile electrons®’ are, however, expected to
contribute only weakly to spin relaxation. The spin relaxa-
tion time due to EY relaxation is estimated to be on the order
of us in c-GaN by expressions for the long-range part,*”%*
and BAP is generally found to be ineffective for n-type sam-
ples at high temperatures.'®*” Instead, the spin relaxation via
hyperfine interaction with lattice nuclei’’ of electrons deeply
localized at defect or donor states with activation energies on
the order of several hundred meV as found in c-GaN®® might
contribute significantly to spin relaxation, where efficient
spin exchange between localized and mobile electrons leads
to spin relaxation also for the system of delocalized
electrons.”®

In the remaining, we will discuss whether the strain
dependence of spin relaxation predicted by DP theory is
compatible with the observed negligible strain dependence.
Therefore, we simulate the strain dependence of the spin
relaxation rate due to DP relaxation, using the above esti-
mates for the strain splitting constant C5 and for the mobility

ufé’{;l Figure 5 shows the effective spin relaxation rate
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FIG. 5. Simulated strain dependence of the strain-induced spin relaxation
rate y3f; for different values of the interband deformation potential C, and
mobility ™

total*
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according to Eq. (16) as a function of the squared strain efy
for different values of the interband deformation potential C»
and the transport mobility w9, Overall, the strain-induced
spin relaxation rate is well below 1 us™' for the investigated
strain range even for the extreme combination of the maxi-
mum estimated values for both C, and the mobility. Thus, a
very weak contribution of strain-induced DP relaxation to
the total electron spin relaxation is predicted for c-GaN. For
further comparison to the experiment, we add the experimen-
tal zero-strain spin relaxation rate yS*? (e,, = 0) to the pre-
dicted strain-dependent rate y3% to account for other spin
relaxation mechanisms, and plot the resulting total rate
ol — 5 exp (e, = 0) + 95 (solid lines in Fig. 6) together
with the experimental spin relaxation rates y, = 1/7; (sym-
bols in Fig. 6) versus the squared strain. The very good
agreement apparent from Fig. 6 clearly excludes strain-
induced contributions to DP spin relaxation as an efficient

spin relaxation mechanism in c-GaN.

IV. CONCLUSION

In conclusion, we have experimentally investigated the
strain dependence of electron spin dynamics in bulk cubic
GaN. A negligible strain dependence of spin relaxation is
found, which is shown to be completely compatible with
Dyakonov-Perel theory, while the spin relaxation rates for
zero strain are strongly underestimated by Dyakonov-Perel
theory. Possible reasons for this discrepancy are discussed.
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