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Long room-temperature electron spin lifetimes in highly doped cubic GaN
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We report on very long electron spin relaxation times in highly n-doped bulk zincblende GaN
exceeding 500 ps up to room-temperature. Time-resolved Kerr-rotation measurements show an
almost temperature independent spin relaxation time between 80 and 295 K confirming an early
prediction of Dyakonov and Perel for a degenerate electron gas. © 2010 American Institute of

Physics. [doi:10.1063/1.3478838]

The vision of spin-based semiconductor electronics has
stimulated intense research in the field of spintronics.1 Be-
sides fundamental challenges like spin injection and spin
transport, spin relaxation is one of the core problems of spin-
tronics. In contrast to the electron’s charge, the spin polar-
ization of an electron ensemble is not a conserved quantity in
a semiconductor and decays with time. Most concepts for
spintronic devices rely, however, on long spin relaxation
times.> While spin relaxation can be considerably slowed
down in heterostructures, e.g., by employing special crystal-
lographic directions or controlling the electron’s orbital
motion,’ long spin relaxation times can hardly be realized in
highly doped bulk semiconductors, which are nonetheless
required for, e.g., contact layers in devices. Spin relaxation in
highly n-doped bulk semiconductors is governed by the
Dyakonov—Perel spin relaxation mechanism,” which is based
on an intrinsic conduction-band spin splitting caused by
spin-orbit coupling (SOC). The intrinsic spin splitting acts
like an effective magnetic field on the electrons’ spins, forc-
ing them to precess around the axis of this effective magnetic
field (k). The spin coherence is destroyed by random scat-
tering of the wave vector k which leads to a fluctuating ef-
fective magnetic field. The spin splitting increases rapidly for
occupancy of higher k-states, making Dyakonov—Perel relax-
ation very strong in highly n-doped semiconductors. The
spin relaxation time 7, decreases like 7, 1/n* with the dop-
ing density n, resulting, e.g., in a very short spin relaxation
time of only some ps even at cryogenic temperatures for bulk
GaAs with n=10" c¢cm™.° The conduction-band spin split-
ting must be small for increased spin relaxation times. In this
context, the wide-gap semiconductor GaN raised consider-
able interest due to its weak SOC as compared to GaAs. The
thermodynamically stable phase of GaN is the wurtzite (WZ)
structure which, compared to the zincblende (ZB) structure,
gives rise to an additional contribution to the spin splitting.
This leads to intrinsic short spin lifetimes.® GaN can, how-
ever, also be grown in a metastable phase with ZB structure,’
combining the benefits of the high cubic symmetry and small
SOC. Besides the demonstration of long room-temperature
exciton spin lifetimes in cubic GaN quantum dots,® long
electron spin lifetimes were predictedg’10 for bulk ZB GaN
and also first experimental results indicate slow electron
spin relaxation in intentionally undoped ZB GaN at low
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temperatures.” Here, we use time-resolved Kerr-rotation
(TRKR) to measure electron spin relaxation times in bulk ZB
GaN up to room-temperature. We find very long spin life-
times despite heavy n-type doping.

The ZB GaN (001) sample was grown by plasma as-
sisted molecular beam epitaxy.12 To avoid carrier escape to
the substrate, first a 30 nm thick ZB-AIN (001) barrier was
deposited ;)seudomorphically strained on the 3C-SiC (001)
substrate.'” The top, 570 nm thick ZB-GaN layer was n-type
doped by Si evaporated from a standard effusion cell.
Capacitance-voltage measurements showed a net carrier
concentration n=(1.0+1.0/-0.5)x 10" cm™ at room-
temperature. The WZ phase content was found by high res-
olution x-ray diffraction measurements to be less than the
x-ray detection limit of 0.3%. The photoluminescence (PL)
spectrum14 shows the typical behavior of highly n-doped
bulk semiconductors, with a broad, strongly asymmetric
emission band at low temperatures [cf. Fig. 1(a)].” The PL
spectrum broadens for increasing temperature and becomes
more symmetric, with a Gaussian shape at room-temperature
[see Fig. 1(a)].7

TRKR measurements were performed using femtosec-
ond pump and probe pulses derived from the frequency-
doubled output of a mode-locked Ti:Sapphire laser with a
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FIG. 1. (Color online) (a) PL spectra at temperatures of 22 and 295 K.
The spectrum at 295 K was scaled by a factor of 50. (b) TRKR transients at
110 K for external magnetic fields up to 1 T. (c) TRKR transients for tem-
peratures from 7=22 to 295 K in a magnetic field of 0.14 T (T=65 K) and
0.11 T (T=80 K), respectively.
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FIG. 2. (Color online) (a) Absolute values of the TRKR transients at a
temperature of 110 K without magnetic field and for B.=0.27 T on a semi-
log scale. (b) Magnetic field dependence of the spin relaxation time 7, at
110 K.

repetition rate of 80 MHz. The polarization of the pump
pulse was modulated between left and right circularly polar-
ized, respectively, at 50 kHz by a photo-elastic modulator.
The pump beam was focused down to a spot with a diameter
of about 60 um on the sample where a spin-polarized elec-
tron ensemble was created. The electron spin dynamics was
subsequently monitored via the Kerr rotation of the linearly
polarized probe beam that was time delayed by a variable
mechanical delay line. The energy of pump and probe beam
was varied between 3.29 eV at 22 K and 3.24 eV at 300 K to
account for the temperature-induced shift in the band gap.
The average pump and probe power was 10 mW and 1 mW,
respectively, corresponding to an estimated density of ng,
=5X10' cm™ photoexcited carriers. The sample was kept
at temperatures between 7=22 and 300 K in a cold-finger
cryostat, and an external magnetic field B,,, was applied in
the sample plane.

Figure 1 shows TRKR transients for magnetic fields up
to 1 T at a fixed temperature of 110 K [cf. Fig. 1(b)], and for
temperatures between 22 and 295 K in a magnetic field of
approximately 0.1 T [see Fig. 1(c)]. The oscillations of the
TRKR signal in an external magnetic field are due to Larmor
precession of the electron spins, while the temporal decay of
the TRKR amplitude directly reflects the spin relaxation,
which will be discussed in the following. The persistence of
the TRKR signal up to times exceeding 2 ns already indi-
cates slow spin relaxation despite the heavy doping of the
sample.

In the following, we will first discuss the magnetic field
dependence of the spin relaxation. Figure 2(a) compares the
absolute values of the TRKR signal without magnetic field
and in a field B.,= 0.27 T. Measurements with and without
magnetic field are sensitive to the asymmetry of the spin
relaxation tensor. Here we find identical spin relaxation times
with and without magnetic field and thus, as expected, no
anisotropy of the tensor in ZB GaN, in contrast to WZ ma-
terial, where an intrinsic anisotropy was reported. ' The spin
relaxation time 7, was extracted from the TRKR transients
by exponential decay fits’ of the form [A; exp(-t/7,)
+A,]exp(—t/ 7,) to the zero-field transients, and by a damped
cosine fit [A; exp(=t/7.)+A,lexp(~t/ 7,)cos[w (t—1y)] to
the transients for B.,>0, where 7. is a carrier decay time
that accounts for a fast initial decay of the optically excited
carrier density.'” Fig. 2(b) demonstrates exemplarily for T
=110 K that the spin relaxation time is constant in the whole
investigated magnetic field range B.,;=1.05 T.

In the remaining, we will discuss the temperature depen-
dence of the spin relaxation time. The TRKR transients
for temperatures between 22 and 295 K look almost identi-
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FIG. 3. (Color online) Temperature dependence of the spin relaxation time
7, (full symbols). The line shows the spin relaxation time calculated accord-
ing to Eq. (3) for 7,=100 fs.

cal [Fig. 1(c)]. The spin relaxation time'® 7, shows corre-
spondingly a very weak temperature dependence (full
symbols in Fig. 3), with only a slight increase toward low
temperatures. For all temperatures, the spin relaxation time is
almost two orders of magnitude longer than the low-
temperature value in GaAs at the same doping level,” and
still reaches 7,=530 ps at room-temperature.

The observed very weak temperature dependence of
the spin relaxation can be well explained by Dyakonov—Perel
theory for the highly degenerate regime as we will show
in the following. The SOC-induced conduction-band spin
splitting as the basis for Dyakonov—Perel relaxation is
in ZB-semiconductors given by the Dresselhaus term'” Hg)
=(n/2)Q(k)- o with the effective magnetic field

k (ks - K2)
| k(K2 =KD) |, (1)
k(k; - k)

Q(k) =

with the spin splitting constant y,. The spin relaxation rate
¥,j is in the Dyakonov—Perel formalism obtained from €(k)
by22!

%j(k) =(

where 7, is the momentum scattering tlme and the bar de-
notes averaging over the directions of k.2 As is expected
from the cubic symmetry, the off-diagonal elements of the
spin relaxation tensor vanish. The diagonal elements are all
equal to

L _ 32 gk
(k) 105 #2

5,02~ 0,0)7,

Ty ()

where k corresponds to the Fermi wave vector kp for a
Fermi-temperature 7=1100 K given by the doping level
n=2%10" cm™. The spin relaxation time

105A° 1
= (3)

256y Eym™ 1,
follows accordingly with the Fermi energy Ep

=(37)*h%n3? /2m*. While the first factor in Eq. (3) is ap-
proximately temperature-independent, the momentum scat-
tering time 7, will, in general, depend on the temperature. In
the degenerate regime, momentum scattering is, however,
expected to be dominated by electron-ionized impurity scat-
terlng with a temperature-independent scatterlng time Tﬂl
OCT)nD in the Brooks—Herring formalism.” The spin relax-
ation time 7, according to Eq. (3) is, therefore, predicted to
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be temperature-independent. Assuming a constant momen-
tum scattering time 7,=100 fs and using a spin splitting
constant”* v.=0.84 eV A3, a temperature-independent spin
relaxation time 7"=567 ps (solid line in Fig. 3) follows from
Eq. (3) for n=2X 10" cm™ as the upper bound of the dop-
ing level.” The good agreement with the experiment demon-
strates that the spin relaxation is governed by Dyakonov—
Perel relaxation (see Fig. 3), giving, to the best of our
knowledge, the first systematic experimental demonstration
of temperature-independent Dyakonov—Perel relaxation in
the highly degenerate regime. The slight increase in the ex-
perimental values for 7, toward low temperatures might be
caused by the occurrence of localization effects or small
changes of the momentum scattering time.

We note that a sample with a higher WZ phase content
of 2.5%, resulting from nonoptimal growth conditions, still
shows comparably long spin relaxation times, demonstrating
the robustness of the long spin lifetimes.

In conclusion, we have investigated the electron spin
relaxation in highly n-doped cubic GaN. The spin relaxation
time shows only a weak temperature dependence that is con-
sistent with Dyakonov—Perel relaxation in a highly degener-
ate regime. Long spin relaxation times 7,~530 ps are found
even at room temperature, which make cubic GaN a very
promising material for future spintronic devices.
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