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ABSTRACT

The influence of the optical excitation density on the electron spin dynamics is experimentally investigated in bulk cubic GaN by
time-resolved magneto-optical Kerr-rotation spectroscopy. The nanosecond spin relaxation times in moderately n-doped S-GaN decrease
with increasing excitation density, though the effective lifetimes of the optically excited carriers are almost two orders of magnitude shorter
than the spin relaxation times. This counterintuitive finding is explained by the heating of the electron system due to the excitation process.
The spin relaxation times in degenerately n-doped S-GaN are found to be independent of excitation density as the very high electron Fermi
temperature completely dominates over carrier heating processes in this case.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123914

I. INTRODUCTION

The electron spin dynamics in semiconductors depends in a
complex way on numerous parameters, with both extrinsic quanti-
ties like temperature or magnetic field as well as intrinsic material
properties like the crystal structure or strength of spin orbit cou-
pling (SOC) influencing the spin dynamics." Another key parame-
ter for electron spin relaxation is in general the electron density,
which can be tuned via the doping level.”™* The density of photoex-
cited carriers can influence the spin dynamics in optical experi-
ments in a similar way. The density as well as the excess energy of
photoexcited electrons can be conveniently tuned in such experi-
ments, thus opening an interesting access to the investigation of
spin dynamics.

Experimentally, a decrease of the electron spin relaxation time
for increasing optical excitation density has been found in n-type
bulk GaAs’™'" and GaSb,'" while an increase of the spin relaxation
time was found for low excitation densities in intrinsic GaAs.”'”
Nonmonotonic density dependencies with maximum spin relaxa-
tion times at intermediate excitation densities were reported in
bulk CdTe,'”~"" CdZnTe,'* and InP.'® Similarly, a nonmonotonic
density dependence of the spin relaxation time was found at room-
temperature in (001)GaAs quantum wells (QWs),'” while increasing
spin relaxation times for increasing density were found at 80 K.
In (110)GaAs QWs, either a nonmonotonic density dependence]8 or

a decrease of the spin relaxation time for increasing density was
reported at room temperature.'’

A general theoretical description of the observed density
dependencies is, however, lacking, as the experimental results were
either left unexplained™® or attributed to the dominance of either
the Dyakonov-Perel (DP) spin relaxation mechanism,””'>'*'>!¢ the
Elliott-Yafet mechanism,'” or the Bir-Aronov-Pikus mechanim”'’
or to possible hot-electron effects caused by the photoexcitation
process.'*’ Calculations based on a microscopic kinetic spin
Bloch equation approach predict the overall dominance of the DP
mechanism,”>”"*> however, they completely neglect not only possi-
ble excitonic effects” but also the dynamics of the photoexcited
electrons, e.g., by treating the density of photoexcited electrons as
constant. This widely applied approximation™'**"»*»*»*> corre-
sponds to an effective lifetime 7<% of the optically excited carriers
which largely exceeds their spin relaxation time 7,. The condition
74 >> 7, is, however, often not or only approximately fulfilled in
the experiment™'*™'® or not considered at all,”*'®'" making the
applicability of the mentioned approximations questionable. The
investigation of the opposite situation, where spin lifetimes largely
exceed the effective lifetimes of the optically created carriers, is,
therefore, highly relevant for a deepened understanding of the
influence of the optical excitation process on the observed spin
dynamics. The metastable zincblende phase of GaN (3-GaN) is
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ideally suited for such studies as it shows short effective carrier life-
times”>”” but long spin relaxation times in the nanoseconds range.””

Here, we experimentally investigate the optical excitation
density dependence of the electron spin dynamics in bulk 8-GaN by
time-resolved Kerr-rotation (TRKR) measurements. We find decreas-
ing spin relaxation times for increasing excitation density in moder-
ately n-doped f-GaN, while the spin relaxation times in degenerately
n-doped B-GaN are independent of the excitation density. These
findings are explained by carrier heating effects, which no longer
occur for the high Fermi temperatures at high doping levels.

Il. SAMPLES AND EXPERIMENTAL SETUP

The S-GaN epilayers were grown by plasma-assisted molecular
beam epitaxy.”” A 580 nm-thick 3-GaN layer was deposited on top
of a 15-40 nm wide zincblende S-AIN barrier on a 3C-SiC substrate.
Si n-type doping results in electron densities of 1 x 10" cm~2 for
sample C1, 1 X 10 cm™3 for sample C2, and 1 X 10 cm™3 for
sample C3, respectively, for the top f-GaN layer.

Photoluminescence (PL) was excited by frequency-doubled
femtosecond-pulses of a modelocked Ti:sapphire laser at an energy
of 3.55¢eV. The laser was focused to a spot with a diameter of
100 um on the sample surface, and the emitted PL was spectrally
and temporally resolved by a syncroscan streak camera setup. The
sample was mounted in a cold-finger cryostat and kept at a temper-
ature of T = 80 K.

Time-resolved Kerr-rotation measurements were performed
using the frequency-doubled output of a wavelength-tunable mode-
locked Ti:sapphire laser, which was split into pump and probe
beams. The pump beam was focused down to a spot with a diameter
of 100 um on the sample surface, where it excited a spin-polarized
electron ensemble. The temporal evolution of the spin polarization
was tracked via the Kerr-rotation of the linearly polarized probe
pulse, which was temporally delayed with respect to the pump pulse
via a mechanical delay line. A cascaded lock-in amplifier detection
scheme with double modulation including polarization modulation
of the pump pulse was used for sensitive detection.”’ The power of
pump and probe beam was kept typically at a ratio of 10:1. The
sample was mounted in a cold-finger cryostat and an external mag-
netic field Bey was applied in the sample plane.

The density of photoexcited carriers #y. Was estimated via

Hexe = (1 - R)[l - exp(ads)]Pexc/(Afrephwexcds): (1)

with R as the combined reflectivity of the cryostat window and the
sample, o as the absorption coeflicient, d; as the epilayer thickness,
P as the average excitation power, A = ﬂprot as the area of the
pump spot, where Ry is the spot radius, fp as the repetition
frequency of the laser, and fiwey. as the photon energy of the pump
laser. A value of @ =1 x 10°cm™! was used for the absorption

coefficent at the pump energy.”'

lll. EXPERIMENTAL RESULTS AND DISCUSSION

In Sec. I1I A, we will first discuss the photoluminescence char-
acteristics of the samples under investigation, before we turn to the
electron spin dynamics as the central point of this work.
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A. Photoluminescence

The time-integrated PL spectra of the lower doped samples
C1 and C2 are characterized by three peaks [cf. Fig. 1(a)]. The
dominating peak at 3.24 eV originates from the spectrally overlap-
ping recombination of free and bound excitons.””’* Additional
peaks at 3.15eV and 3.06eV correspond to a band-acceptor
(e, A% transition and its LO-phonon replica, respectively.”””’
The (e, A®) transition becomes more pronounced with increasing
excitation density. The corresponding PL transients of the exci-
tonic peak show for all investigated excitation densities a biexpo-
nential decay. The effective decay times™ of the fast and slow

components rj)fg ~ 10 ps and rzfsfl ~ 80 ps, respectively, of the decay
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FIG. 1. (a) Time-integrated photoluminescence spectra and (b) photolumines-
cence transients at the energy of maximum photoluminescence emission for
sample C1 for different excitation densities at a temperature of T = 80K.
(c) Time-integrated photoluminescence spectrum and (d) photoluminescence
transient for sample C3 at an excitation density of 4 x 106 cm=3.
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compare well with typical values from the literature.”>*” While the
PL of sample C2 (not shown) is very similar to the one of sample
Cl, the degenerately doped sample C3 shows an extremely broad
and asymmetric PL spectrum [cf. Fig. 1(c)], as being typical for
degenerately doped bulk semiconductors due to band-to-band transi-
tions or recombination of free electrons with localized hole states.””
The PL transient at the energy of maximum PL emission shows
again a biexponential decay characterized by a fast component with

%I ~ 30 ps and a slow component with 78 ~ 140 ps [cf. Fig. 1(d)].

B. Time-resolved Kerr-rotation

Typical TRKR transients are shown exemplarily for sample C1
at different excitation densities in Fig. 2, where the excitation
energy Ee. = 3.27eV was set to the maximum Kerr-rotation
signal. The oscillations of the TRKR signal are due to spin Larmor
precession around the external magnetic field By with the Larmor
precession frequency

o), = g:uBBext/ha (2)

where g is the Landé g-factor. The temporal decay of the TRKR
signal amplitude is caused by spin relaxation of photoexcited and res-
ident electrons, which have acquired spin polarization from the

MMM"" 7.1x10"°
-3
, WMW,, owe (M )= 4 7019

TRKR (norm.)
%;
o
o c_.

o4
™o
=

o
0 -

~
&

) Time (ns)

~ 1
g
s
2
gﬂ.l
: '

0.01+
(b) Time (ns)

FIG. 2. (a) Time-resolved Kerr-rotation transients for sample C1 for different
excitation densities at an excitation energy of Ee. = 3.27 eV, a temperature of
T = 80K, and in an external magnetic field Bex = 0.1 T. (b) Absolute values of
the TRKR transients of sample C1 for excitation densities of 2 x 10'> and
7.1 x 10" cm~3, respectively, on a semilog scale.
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photogenerated electrons, as well as by the decay of the initially
excited carrier density. To account for the latter, an exponential
decay fit of the form [A exp(—t/7.) + A;]exp(—t/7s)cos[wy (t — to)]
to the TRKR transients was employed, where 7; is the spin relaxation
time, while 7, is a free fit parameter for an effective carrier decay
time.”

The Larmor precession frequency w; shows for all three
samples a perfectly linear dependence on the external magnetic
field following Eq. (2) [cf. Figs. 3(a) and 3(b)], thus demonstrating
purely electronic spin dynamics without excitonic contributions
on a nanosecond time scale.”® The g-factor g~ 1.95 obtained
from the magnetic field dependence wy,(Bex) agrees with the liter-
ature value’” and shows within the experimental error no depen-
dence on the doping density, excitation density, or excitation
energy, respectively, [cf. Fig. 3(c) and 3(d)] as a consequence of
the combination of weak spin orbit coupling and large bandgap
in B-GaN.>*"’

In the remaining, we will discuss the electron spin relaxation
as the main point of this work, starting with the dependence of
spin relaxation on the excitation density as shown in Fig. 4.
The two lower doped samples C1 and C2 show overall long spin
relaxation times on the order of several nanoseconds [cf. Fig. 4(a)].
The spin relaxation times are hence almost two orders of magni-
tude longer than the effective carrier lifetimes 75 as determined by
time-resolved photoluminescence (see previous section). Still, the
spin relaxation times decrease with increasing excitation density
as can already be seen from the raw data shown in Fig. 2(b) on a
semilogarithmic scale. The decrease is pronounced for sample C1
with the lowest doping level, while the density dependence starts
to flatten out for the higher doped sample C2. The spin
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FIG. 3. Magnetic field dependence of the Larmor precession frequency w; for
(@) sample C1 and (b) sample C3. The solid lines show linear fits to @ (Bext)
according to Eqg. (2). (c) Excitation density dependence and (d) excitation
energy dependence of the Landé g-factor for samples C1 (dot symbols) and C3
(square symbols).
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FIG. 4. Excitation density dependence of the spin relaxation time s for (a)
samples C1 and C2 at an excitation energy Eex, = 3.27 eV and (b) sample C3
at Eexe = 3.29 €V for a temperature of T = 80K and an external magnetic field
Bext =0.1T.

relaxation times for the degenerately doped sample C3 are signifi-
cantly shorter and independent of the excitation density
[cf. Fig. 4(b)].

To understand the observed excitation density dependence,
we will discuss the relevant spin relaxation mechanisms, which
contribute in general to spin relaxation in bulk semiconductors and
could lead to the observed excitation density dependence. The
Elliott-Yafet*>*' and the Bir-Aronov-Pikus mechanism*” have been
invoked to explain density dependent spin relaxation in CdTe'"”
and GaAs,”' respectively, they are, however, ineffective in n-type
B-GaN.”® We note that even the initially optically created hole
population will not lead to a significant contribution of the Bir-
Aronov-Pikus mechanism on a nanosecond time scale due to the
short effective carrier lifetimes and subpicosecond excitonic spin
relaxation in B-GaN.” The Elliott-Yafet and the Bir-Aronov-
Pikus mechanisms will, therefore, not be considered further in
the following. Instead, spin relaxation is dominated by the com-
bined action of DP relaxation of delocalized electrons and
hyperfine-interaction mediated spin relaxation of localized elec-
trons.”>***> Efficient spin exchange scattering leads to a single
common spin relaxation rate

Vs :ﬁocyioc +(1 7floc)ygeloc (3)
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for both systems, where the contributions 7!°° from localized and
ydloc from delocalized electrons are weighted by the degree of
localization fioc = Mioc/Miotal, With o as the density of localized
electrons and ., as the total electron density.%o’46

Spin relaxation of localized electrons is typically driven by
hyperfine-interaction with the large number of lattice nuclei in
the electrons’ localization volume. The hyperfine interaction can
be described as an effective nuclear magnetic field acting on the
electron spins.”® The corresponding spin relaxation rate follows
for completely isolated electrons as

loc __ l 2 Z} IJ(I] ™ I)A.lzyj (4)
S Th 3N,

where y; is the abundance, A; is the hyperfine constant, I; is the
nuclear spin of isotope j of the lattice atoms, and Ny is the
number of effectively interacting nuclei. While this hyperfine-
interaction induced spin relaxation is independent of the electron
density, its contribution to the total spin relaxation rate can in
general depend on the electron density via the degree of localiza-
tion [cf. Eq. (3)]. A significant influence of the optically excited
carriers on the degree of localization is, however, not expected
here for the nanoseconds time scale of spin relaxation as the
effective carrier lifetimes ¢ are much shorter.

Instead, the observed excitation density dependence can be
explained by Dyakonov-Perel relaxation as we will discuss in
the following. DP spin relaxation of delocalized electrons is
driven by an intrinsic conduction band spin splitting caused by
spin orbit coupling.”” This spin splitting can be interpreted as
an effective magnetic field Q(k), which depends on the elec-
tron’s wavevector k and forces the electron’s spin to precess.
Momentum scattering changes the electron’s wavevector ran-
domly, leading to spin dephasing for an electron ensemble. The
corresponding SOC Hamiltonian

Hoo = gg(k) * 0, (5)

with ¢ as the vector of Pauli spin matrices describes the conduction
band spin splitting, from which the tensor of spin relaxation rates

7L =) - @N@)5 = (@)r O

with i, j = x, , z follows in a basic approach,”® where (- --) denotes
the average over the electron distribution. Consequently, changes in
the electron density influence the spin relaxation rate via the effective
magnetic field average (Q%;) and via the effective momentum scat-
tering time 7,, which depends, in general, in a complex way on the
electron density. The effective magnetic field Q(k) is due to the
cubic k*-Dresselhaus term™’

k(K2 — K2)
k(K2 — k) |, (7)
kz(k;zg - k)z/)

Q(k) = %
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in bulk B-GaN, where y, is the spin-splitting constant. For non-
degenerate electrons, a spin relaxation rate

16m*3y, (ks T)®
?rll)d = Flg T; (8)

follows from Eq. (6) for carrying out the average, assuming an
isotropic Boltzmann distribution for the electron momentum distri-
bution. The effective momentum scattering time t;ff can be refined
to include the individual efficiencies and energy dependencies of
different momentum scattering mechanisms.”>”’ We note that the
comparatively small spin-splitting constant and hence weak DP spin
relaxation lead to the generally observed long spin relaxation times
in ﬁ‘GaN.28’44’5]’52

In previous works, the excitation density dependence of spin
relaxation has been explained via the DP mechanism by treating
the optically excited electron density ey as temporally constant
and by adding #ne to the background electron density introduced
by doping.”*"** In close analogy to the doping density dependence
of spin relaxation,”"*>** a nonmonotonic excitation density depen-
dence has been predicted.”"”* The nonmonotonic behavior results
from different electron density dependencies of the effective mag-
netic field average (Q%) and the effective momentum scattering
time 7, in the nondegenerate and the degenerate regime, respec-
tively. This explanation can, however, not be directly transferred to
the case studied here, as the optically excited carriers decay much
faster than the spin polarization. Instead, not only the mere density
of optically excited electrons has to be considered here but also
their excess energy. The excess energy of photoexcited electrons is
distributed among the whole electron system by carrier-carrier
Coulomb scattering rapidly after the pulsed excitation. After this
very fast initial thermalization, the electron system can be described
by a thermal distribution with an electron temperature T,, which
can significantly exceed the lattice temperature T;.”>° A higher
electron temperature T, leads to faster DP spin relaxation due to
the occupation of higher k-states and a corresponding increase of
the effective magnetic field average (Q%;) [cf. Eq. (6)]. Increasing
optical excitation densities lead to an increasing electron tempera-
ture and consequently faster DP spin relaxation with decreasing
spin relaxation times, just like observed here for the lowest doped
sample Cl. Estimating’’ a spin relaxation time of 7/ = 2.1 ns for
localized electrons according to Eq. (4) and of z°F ~ 160 ns for
delocalized electrons at T = 80K following Eq. (6) and the
approach of Ref. 28,” we find a good agreement of the estimated
total spin relaxation time 7' =5.5ns with the experimentally
observed spin relaxation time at low excitation densities for
fioc = 0.37. Keeping 7 and fi,c fixed, the experimentally observed
decrease of the spin relaxation time to 7, = 3.5 ns for high excita-
tion density requires then a reasonable increase of the effective tem-
perature for DP relaxation in Eq. (6) to T, = 195 K.

The weak excitation density dependence for the higher
doped sample C2 and the essentially constant spin relaxation
times for the degenerately doped sample C3 are immediately
understood from estimates of the electron Fermi temperature
Tr = Ep/kp for these samples. Fermi temperatures of 282 and
1310 K follow for sample C2 and C3, respectively, using the Fermi
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energy Er = (37[2)2/ 3h2n2D/3 /2m’, with np as the electron density
introduced by doping. As the Fermi temperature of the degener-
ately doped sample C3 strongly exceeds the lattice temperature,
no further heating effect due to the optically excited electrons is
expected, while for sample C2 with T = T, a small heating effect
is still possible. We note that hot-electron effects on spin relaxa-
tion have been mentioned in Ref. 11 and that the important role
of the electron temperature for DP relaxation has been shown
theoretically in Ref. 20.

After the fast initial thermalization, the electron temperature
T, approaches the lattice temperature T;, on longer time scales by
energy relaxation. This energy relaxation process can be described
in a basic approach by expressions for the average energy loss
rates (dE./dt). The average excess energy loss rates per electron
via one electron-one phonon interactions are given for conduction
band electrons by’

1

dE;\ “1/2 32(4 26t — g™
< dt >lo = ~(@m )" (hoso) (h) 4rey

horo horo
SR ksT.) A ksTL ®

for scattering by polar optical phonons,

<@> _ g m3/2alpT) P T T
dt / ,, 2121 (4mep)2e2p T,
for piezoelectric scattering, and
dE\  2Y28Eim*s5/2(ksT.)* T. — Ty a1
dt dp_ 7r3/2h4p T,

for deformation potential scattering. The emission of LO phonons is
the dominating energy relaxation mechanism for a lattice tempera-
ture of T;, = 80 K as can be seen from Fig. 5(a), where the theoretical
energy loss rates are plotted as a function of the electron temperature
T, using the material parameters of Table I and a = 0.4 as a dimen-
sionless parameter. The corresponding cooling dynamics T,(t)
follows from the energy loss equation

= (12)
dt 3kg omadp dt

dr.(t) 2 <dEc(Te)>

and is shown in Fig. 5(b) for different initial electron temperatures
Tinitial resulting from the optical excitation. The electron temperature
is hence predicted to reach the lattice temperature after about 100 ps
within the simple model of carrier cooling sketched above. This time
scale would be too short to explain the observed influence of the
optical excitation density on the spin dynamics on a nanosecond
time scale. The above description of electron cooling, however,
completely neglects hot-phonon effects, which can strongly slow
down the cooling process of the electrons.”"'
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= ML R The importance of hot-electron effects is further supported by
S 05 T =80K o . .
S 1074 L the excitation energy dependent measurements of spin relaxation
> - . "
o 1 04 shown in Fig. 6. An increase of the excitation energyE. leads to
g 3 1 decreasing spin relaxation times for sample C1 [cf. Fig. 6(a)],
<_§ 10 4 which can be readily understood from stronger heating for increas-
~ 102 ing electron excess energy corresponding to increasing excitation
% 11 energy,” where the detailed excitation energy dependence of the
5 104 electron temperature can, in general, be intricate.”® The spin relaxa-
E 10° 1 tion time in the degenerately doped sample C3 shows in contrast no
v dependence on the excitation energy [see Fig. 6(b)] as a consequence
2 10 1 of the sample’s high Fermi temperature Tr >> T}, (see above), which
= 10'21 completely governs the temperature scale for this sample.
5 10° We note that the results of an analysis of the PL lineshape of
X T lan A v o ' the (e, A°) transition (cf. Sec. III A) for different excitation densities
Z 100 200 300 . . .
Electron temperature T, (K) also underline the importance of hot-electron effects. An effective
() ¢ temperature TF" of the electron system can be extracted from the

69

AL S A ke high-energy wing of the (e, A°) transition by a fit of the form
Tinitial (K)
e
- — 100 1] ho — Eg + E
150 — 150 Iea0) o< /o — E;, + Ey exp<—4k ;PL A)) (13)
— 200 e
o) — 300
2 1251 with fiw as the photon energy, E, as the bandgap energy, and E, as
~ the effective acceptor binding energy. T shows a pronounced

increase with increasing excitation density for sample Cl (not
shown) as a consequence of carrier heating.

Finally, a classical estimate of the time required for thermal
equilibration of the thin, locally heated B-GaN epilayer with the
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the electron temperature T, for scattering by polar optical phonons (lo), piezo- g 3.5 J
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TABLE |. Material parameter for 5-GaN. a
hm
Symbol Value Reference g 0.7 { } { { i
Effective electron mass m* 0.15 my 62 = } I I { { { { { { -
LO phonon frequency Vio 740 cm™" 63 £ 0.5 E { E } ]
Static dielectric constant € 9.5¢, 64 = :
High-frequency dielectric €00 5.35¢, 64 & ]
constant 0.3 T T T T T T T T
Piezoelectric constant €14 0.50 C/m* 65 3.26 3.28 3.30 3.32 3.34
Mass density P 6.15 g/cm’ 66 (b) Excitation energy E,_. (eV)
Deformation potential E, 2.77 eV 67
Thermal diffusivity D 0';13_1 66 FIG. 6. Excitation energy dependence of the spin relaxation time s in -GaN
cm's for (a) sample C1 and (b) sample C3 at a temperature of T = 80 K.
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underlying substrate by vertical heat diffusion is also compatible
with the above interpretation. An equilibration time 74 = 242/D is
estimated from the classical heat diffusion equation 9T /9t = DAT
with the substrate acting as a heat sink. The equilibration time
7heat ~ 15 ns following for a thermal diffusivity of D = 0.43 cm? s~}
(Ref. 66) does clearly not contradict the above interpretation.

IV. SUMMARY

To summarize, we have experimentally investigated the optical
excitation density dependence of the electron carrier and spin
dynamics in bulk 3-GaN. We find a pronounced decrease of the
spin relaxation time for increasing excitation density in moderately
n-doped B-GaN, though the effective lifetime of the optically
excited carriers is almost two orders of magnitude shorter than
the nanosecond spin relaxation times. This surprising result is
explained by the important role of hot-electron effects due to the
optical excitation process. The electron spin dynamics is then
determined by an effective electron temperature, which can largely
exceed the lattice temperature. The excitation density dependence
of spin relaxation weakens for increasing electron density, leading
to constant spin relaxation times for degenerate doping levels.
Such high doping densities correspond to very high electronic
Fermi temperatures which completely dominate over possible
hot-electron heating processes, leading to constant spin relaxation
times independent of the excitation density. These results demon-
strate the important role played by the optical excitation process
and the subsequent cooling dynamics of the optically excited carri-
ers, which can influence the spin dynamics even after the decay of
the excited carriers.
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