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By performing nondegenerate pump-probe experiments, we study the relaxation dynamics of spin-polarized
A and B excitons in wurtzite epitaxial GaN. By analyzing the differential reflectivity spectra ��R /R� of the two
circularly polarized probe components, we are able to identify each spin relaxation channel �electron, light- and
heavy-hole spin flips� separately and to extract characteristic times of the different spin relaxation processes. In
addition, spectral oscillatory features are observed for negative delays. They show a rapid rise determined by
the fast dephasing time T2 of the excitonic transitions. We show that the high density of dislocations increases
the spin relaxation of electrons and holes through the Elliot–Yafet mechanism and makes the exciton dephasing
time very short. The measured heavy-hole relaxation time, which is not extremely short compared to the
electron relaxation time, can be related to the band structure, in which the degeneracy between different spin
valence bands is partially lifted.
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INTRODUCTION

Gallium nitride �GaN� and its related alloys have been
extensively studied in the past ten years for their light emit-
ting properties �see, for example, Ref. 1 and references
therein� and are now intensively used in optoelectronic de-
vices emitting in the blue and UV region of the optical spec-
trum. Because of their wide band gap ��3.5 eV for GaN�,
nitride based nanostructures show carrier-confinement ener-
gies of several hundreds of meV. Quantum dots are, for ex-
ample, expected to operate at room temperature and are
promising for applications, such as single-photon sources or
in spintronics. However, few experimental data can be found
in the literature concerning the experimental investigation of
spin physics in nitride compounds.2 Spin relaxation in bulk
GaN was investigated by time-resolved spin-dependent
pump and probe reflectance measurements3–5 or by using
spectrally resolved four-wave mixing techniques.6 Neverthe-
less, the signals from the different excitons were not distin-
guished in these experiments. Here, we present measure-
ments of the exciton-spin dynamics using nondegenerate
spectrally and temporally resolved pump-probe experiments:
Circularly polarized pump pulses excite resonantly a popula-
tion of A excitons in a thick GaN layer. We then measure
simultaneously the differential reflectivity ��R /R� spectra of
the two circular components of a broadband probe, which is
linearly polarized, as a function of the delay between pump
and probe pulses.

SAMPLE AND EXPERIMENTAL SETUP

The sample we study is a 3 �m thick wurtzite GaN epil-
ayer grown by metallo-organic chemical vapor deposition7

on a c plane of sapphire. Its typical residual n type doping
results in a density of about 5�1016 cm−3. Its c axis is per-
pendicular to the substrate. In wurtzite GaN, the crystalline
field and the spin-orbit interaction lift the valence band de-
generacy at the � point of the Brillouin zone. From the three
valence subbands, with �9, �7, and �7 symmetry, and the �7
conduction band, one can build three exciton series labeled

A, B, and C.8 Linear reflectance and photoluminescence
spectra from our sample are displayed in Fig. 1: Energy split-
tings are 8 meV between A and B, and 19 meV between A
and C excitons. Thus, in our experiments performed at low
temperatures, we can neglect C-exciton populations since
they will not be created by the pump pulses nor thermally
excited. We will, therefore, focus in this work on the A and B
excitons. Their electrons have a sz= �1 /2 spin and they in-
volve, respectively, heavy holes with pseudospin jz= �3 /2
and light holes with jz= �1 /2 �see inset of Fig. 4�. The
resulting exciton pseudospin states ��1�A, ��1�B are opti-
cally active, while both ��2�A and �0�B states are dark states
when exciting with the electric field polarization perpendicu-
lar to c.

The pump-probe experimental setup that we use is shown
in Fig. 2. The laser source is a homemade titanium: sapphire
oscillator. It generates 80 fs pulses at 82 MHz which pass a
regenerative amplifier, working at 200 kHz, before being
sent into two optical parametric amplifiers �OPAs� which
generate, respectively, pump and probe pulses.

FIG. 1. �Color online� Low temperature linear reflectivity and
photoluminescence spectra.
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Both OPAs are tuned close to 710 nm �1.746 eV�. Pulses
are further compressed and spectrally filtered by optical com-
pressors using a pair of prisms and a spatial filter. Their
duration is then close to 50 fs. With two BBO crystals, the
pulses are frequency-doubled to reach the GaN exciton spec-
tral region �about 3.492 eV�. The doubling process increases
the pulse duration to an estimated value of �200 fs.

The pump pulses are spectrally filtered through a Fabry–
Pérot cavity to a spectral width of �E=5.46 meV full width
at half maximum �FWHM�. The Fabry–Pérot transmittance
is described by the Airy function, which is a periodic succes-
sion of peaks whose spectral profile is quasi-Lorentzian. This
corresponds, in the time domain, to the sum of the multiple
pulse reflections. It gives rise to an asymmetric temporal
profile with a rise time that remains the same as the unfil-
tered one ��100 fs�, whereas the decay time exhibits an ex-
ponential decay with a characteristic time constant that can
be as short as �=2��E−1�250 fs. Pulses are circularly po-
larized and, thus, selectively excite the A-excitonic transition
with total angular momentum �+1�A. The energy per pulse is
10 nJ, that is to say, after focusing onto the sample �1.8
�1014 cm−2 photons at an energy of 3.5 eV. The Fabry–
Pérot cavity is tuned by minimizing the photoluminescence
of the B exciton.

The broadband linearly polarized probe pulses extend
spectrally over both A- and B-excitonic transitions. A
quarter-wave plate transforms the two circularly polarized

components of the probe beam, reflected in normal inci-
dence, into two linearly polarized, mutually perpendicular
components, which are separated by a linear polarizer cube.
The two beams are then directed at different heights onto the
entrance slit of a spectrometer and are detected as two-
different spectra on our two dimensional charge coupled de-
vice camera. In this way, the two circular components of the
reflected probe pulses are registered simultaneously as a
function of the pump-probe delay time. For each time delay,
the two reflected probe spectra are recorded in the presence
and then in the absence of the pump pulse excitation and two
�R /R spectra are calculated, one for each probe polarization
�	− and 	+�. In all measurements, the sample temperature is
kept at 9 K in a cold-finger cryostat.

EXPERIMENTAL RESULTS AND DISCUSSION

Typical differential reflectivity ��R /R� spectra are shown
in Figs. 3 and 4. For negative time delays �Fig. 3�, i.e., when
the probe pulse arrives before the pump pulse, �R /R dis-
plays spectral oscillatory features in the vicinity of the exci-
tonic resonances. This phenomenon is due to the sudden per-
turbation by the pump pulse of the polarization induced by
the probe pulse:9 When the probe pulse is sent to the sample,

FIG. 3. �R /R for a negative delay of −0.1 ps �pump after probe
pulses�.
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FIG. 2. �Color online� Optical
setup of the temporally and spec-
trally resolved pump-probe
experiment.

FIG. 4. �Color online� �R /R spectra for co- and counterpolar-
ized configurations of the pump and probe pulses and a delay of
1 ps. The inset shows the optical selection rules for GaN at the �
point of the first Brillouin zone.

BRIMONT et al. PHYSICAL REVIEW B 77, 125201 �2008�

125201-2



it generates a first order polarization, decaying with the
dephasing time T2. The third order polarization, which is
emitted in the probe direction when the delayed pump pulse
impinges, interferes with the polarization left from the probe
pulse. We can consider, for example, a very short pump

pulse, which can be approximated by a delta function and
which induces an oscillator strength variation of a single
resonance. The perturbation induced in the medium shows
then a steplike function temporal profile and the �R /R spec-
tral shape yields:9

�R

R
�
� �

exp��TP/T2�
T2

T2�
 − 
0�sin �TP�
 − 
0� + cos �TP�
 − 
0�
�
 − 
0�2 + �1/T2�2

where �TP is the delay between probe and pump pulses
��TP�0� and 
0 is the resonance pulsation. The coherent
spectral oscillations have a period inversely proportional to
the time delay between the pump and probe pulses. More-
over, the rise time of the �R /R signal is given by the dephas-
ing time T2.

Let us now discuss the case of a pump pulse with a finite
duration. The oscillatory features in the above expression
originate mainly from the discontinuity of the temporal re-
sponse induced by the pump pulse: its abrupt variation in the
time domain brings about oscillations in the spectral domain.
In other words, to observe the oscillations, the rise time of
the pump pulse must be sufficiently small with respect to T2.
This condition is fulfilled in our experiment and we can,
thus, extract the polarization dephasing time by an exponen-
tial fit of the �R /R signal rise time. We find T2=0.3 ps for
both A and B excitons. These values are comparable to those
previously obtained by four-wave mixing experiments,10–15

where T2 values lie in a range from a few hundred femtosec-
onds to a few picoseconds. Moreover, our T2 value is equiva-
lent to a 4 meV homogeneous broadening, which is in agree-
ment with the excitonic linedwidth observed in our
photoluminescence experiments �see Fig. 1�. This coherence
time that we measure is very short, showing that excitons
encounter collision processes which are very efficient in
dephasing them. This can be related to a large number of
dislocations in the crystalline layer. These typical structural
defaults of nitride compounds are due to the heteroepitaxy of
GaN on the lattice unmatched sapphire substrate.24 We can,
thus, suppose that exciton collisions with these defaults are
responsible for the very fast decrease of their optical coher-
ence. This assumption about the imperfection density is in
good agreement with the spin relaxation that we identify in
the following and which will be shown to be dominated by
the dislocation assisted Elliot–Yafet �EY� mechanism.

The �R /R spectra at a positive time delay of 1 ps are
shown in Fig. 4 for the two different probe helicities. They
exhibit two resonances, related to the A and B excitons. Their
amplitudes are different and depend on the probe polariza-
tion, as expected from the optical selection rules shown in
the inset of Fig. 4. This indicates that a spin-polarized popu-
lation of excitons is actually photocreated. Because A and B
excitons share the same conduction band, a population of
�+1�A excitons modifies also the oscillator strength of the
�−1�B excitons. A �R /R signal is, therefore, expected at the

B exciton energy, but only for a 	− polarized probe. How-
ever, a �R /R signal is also observed at the B exciton energy
at zero delay for the 	+ probe polarization despite the use of
a spectrally filtered pump pulse. We have carefully checked
that the �R signal is linear in pump intensity. Hence, de-
creasing the pump intensity only affects the signal to noise
ratio, with the spectral shape remaining the same. In particu-
lar, the instantaneous signal at the B-exciton energy in cocir-
cular configuration is still present. We, thus, attribute the
signal at the �+1�B to the k ·p mixing at finite wave vectors
between the three subvalence bands. In particular, for light
propagating along the c axis, the valence band Hamiltonian
exhibits a coupling term between heavy-hole �HH� and light-
hole �LH� bands, which is proportional to the squared in-
plane wave vector k�=kx� iky.

16 Indeed, the excitonic Bohr
radius aB in GaN is close to 3 nm. The wave function of the
exciton develops in k space up to aB

−1=0.03 Å−1. For this
value of k, we have calculated that the hole envelope func-
tion is roughly 70% HH and 30% LH. So, although no
�+1�B excitons are pump created in the sample, the phase
space filling of the LH bands is responsible for the �R /R
signal at B-exciton energy for 	+ polarized probe.

In the particular case of a 	− probe, an induced reflection
signal can be seen 6 meV below the A-excitonic resonance.
Figure 1 displays linear reflectivity and photoluminescence
spectra at low temperature. As usually seen in bulk semicon-
ductors, the photoluminescence spectrum is dominated by
the donor bound exciton whose energy lies �6 meV below
the A exciton: compared to free A and B excitons, the donor
localized state constitutes a very efficient recombination cen-
ter, preventing the exciton from nonradiative escape. How-
ever, no structure emerges in the linear reflectivity spectrum.
This means that no significant density of electronic states,
which is the physical quantity probed by linear reflectivity
and pump-probe experiment, is related to the impurities. It is,
thus, not possible that the induced signal which is observed
in our sample would be due to bound excitons. We interpret
this feature as an induced exciton-biexciton transition, with
6 meV being close to previously reported biexciton binding
energy.17 Moreover, the signal is proportional to the exciton
density and does not emerge in the linear spectrum. This
induced transition disappears as fast as the �+1�A excitonic
population relaxes. In agreement with the selection rules, this
signal is not present in the case of a 	+ 	+ polarization se-
quence. Furthermore, no increase of the 	+ 	− �R /R signal
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on the A exciton is observed when the 	+ 	+ �R /R de-
creases. These facts evidence that the loss of the �+1�A ex-
citonic population does not feed directly the �−1�A pseu-
dospin state, as it would be in the case of a simultaneous spin
flip of electron and hole. In other words, relaxation of the
exciton as a whole, where the joint electron and hole spin
flips populate the �−1�A state, presents a negligible contribu-
tion with respect to the spin relaxations of the individual
carriers, which first populate the dark ��2�A exciton states.
Only subsequent electron and hole spin flips allow a �−1�A
state population to build up from the initial �+1�A one.

The spectrally integrated �R /R decays for the four bright
excitons are displayed in Fig. 5. The duration of the nonlin-
ear �R /R signal is limited by the relaxation of the different
spin populations: by making progressively equal the �+1�
and �−1� excitonic populations, the relaxation of the exci-
tonic spins leads to the equalization of the �R /R signals for
the two polarization configurations. We analyze the experi-
mental data using the method explained in Ref. 33. The ex-
citon wave functions develop on electron and hole states:
From the two hole A bands with spins j=3 /2, jz= �3 /2 and
the two hole B bands with spins j=3 /2, jz= �1 /2, combined
with the electron band with spins s=1 /2, sz= �1 /2, eight
excitonic states ��1�A, ��1�B, ��2�A, �0�B are built. The
phase space filling of the valence and conduction bands is,
thus, responsible for the modification of the excitonic oscil-
lator strengths that we measure in the �R /R signal. One
should note that an induced signal can be observed on an
exciton transition, even if there is no exciton population,
because it shares a common band and spin with the excitons,
which are created by the pump or which result from relax-
ation processes. These populations of the ��1�A, ��1�B
��2�A, �0�B states and their time evolution are modeled us-
ing a dynamic multilevel model32,35 that contains rate equa-
tions involving the different spin relaxation processes and

excitonic recombination. From the corresponding filling of
the bands and spin states, the corresponding differential re-
flections for each excitonic transition are then deduced and
compared to the measured �R /R signals. This allows us to
extract, for each spin relaxation channel �electron, light- and
heavy-hole spin flips�, the characteristic time constants. The
best fit, according to our model, is plotted in Fig. 5. We
determine the spin relaxation time of the electron in the con-
duction band Te=15 ps, the spin relaxation time of the heavy
hole THH=5 ps, and the spin relaxation time of the light hole
TLH=1.5 ps. The accuracy of these numerical values is lim-
ited by the short lifetimes of the A- and B-excitonic popula-
tions, which are TA=1.5 ps and TB=3.4 ps, respectively. We
attribute these short decays to the relaxation of free excitons
toward localization centers, like donors whose photolumines-
cence is seen to be very intense in our sample. It is important
to note that all spin relaxation times given above are neces-
sary to correctly fit the dynamics of the observed signals.

The spin polarization of the photocreated excitons persists
on a time scale of some picoseconds. This is comparable to
values given in previous works published on undoped wurtz-
ite GaN.3,4,6 However, the comparison remains difficult be-
cause, in previous works, the spin relaxation rates for each
kind of carriers are not resolved. In Ref. 6, the authors per-
formed a spin grating experiment on a 70 �m thick metallo-
organic vapor phase epitaxy grown wurtzite GaN layer. They
used 200 fs pulses with 13 meV FWHM. As stated by the
authors, it was then impossible to achieve the selective exci-
tation of individual exciton levels. The authors interpret the
spin relaxation in terms of the Bir–Aronov–Pikus �BAP�
mechanism,18 which involves the relaxation of the excitonic
spin as a whole, because of the strong exchange interaction
in GaN. At this point, our conclusion is different: because, in
our case, an induced �R signal toward biexciton state does
not show up in the 	+ 	+ configuration, we conclude that the
�−1� excitonic state is not significantly populated. Thus, the
BAP mechanism cannot be the main process of the spin re-
laxation in our case. Otake et al.4 measured the spin relax-
ation of acceptor-bound exciton in a 2.2 �m thick wurtzite
GaN layer and also explained it through the BAP process. In
that case, it is reasonable to think that the localization of the
exciton prevents it from scattering and from spin relaxation:
as the electron and hole wave functions overlap, the BAP
process, which is due to the e-h exchange interaction, is en-
hanced compared to the other mechanisms involving the spin
relaxation of individual carriers.

The experimental conditions in the work by Kuroda et al.3

are very close to ours: they performed pump and probe re-
flectivity measurements on a 2.2 �m GaN epilayer to deter-
mine the spin relaxation rate of free A excitons. The authors
tuned the pump wavelength in order to populate only the
A-exciton level. The spin polarization reaches 60% at zero
delay between pump and probe, a value which is similar to
our result. However, we have discussed above that the va-
lence band mixing at finite wave vectors results in a contri-
bution to the �R signal at the B-exciton energy even if the
excitation is tuned to the A-exciton resonance. Our work
gives supplementary information because the �R signal is
spectrally resolved: we are able to discriminate the role of
the different excitons and, so also, to extract quantitative data

FIG. 5. �Color online� Spectrally integrated �R /R decays for
co- and counterpolarized configurations of the pump and probe
pulses.
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for the different spin relaxation channels. Our results en-
lighten the fact that, for free excitons, the spin relaxation of
each carrier taken separately is more efficient than the relax-
ation of the total excitonic spin. This conclusion is in agree-
ment with Ref. 3, where the defect assisted EY19,20 process is
invoked to explain the spin relaxation. This assumption is
supported by the temperature dependence of the relaxation
rate.3

This interpretation is interesting because the EY relax-
ation rate is proportional to the scattering rate, which is ex-
pected to be large in an imperfect material such as wurtzite
GaN layers. Then it would be useful to compare our numeri-
cal results and those from literature to a theoretical estima-
tion of the spin relaxation times. Unfortunately, existing the-
oretical works deal with spin physics in zinc-blende GaN and
with a comparison with GaAs. In particular, Yu et et al.21

calculated the spin relaxation rate for electrons and heavy
and light holes in cubic GaN, taking into account the EY and
D’yakonov–Perel22 mechanisms. They include scattering
from ionized dopants, whose concentration is taken equal to
1016 cm−3, and longitudinal optical phonons. They found that
heavy- and light-hole relaxation times are in the range of
10−2 ps and that electron relaxation time can reach 104 ps.
Jena23 calculated the spin relaxation time of electrons in
zinc-blende GaN, taking into account scattering on edge dis-
locations. The core of a dislocation is charged and its Cou-
lombic potential leads to the scattering of electrons in the
conduction band.

Threading dislocations are the main structural defects in
GaN and are known to be responsible for nonradiative re-
combination of excitons �see, for example, Ref. 24�. For a
given sample temperature, the spin relaxation time of the
dislocation assisted EY process is linear with the dislocation
density Nd. At low temperature, for Nd=108, Te�1 ns. The
theoretical works of Refs. 21 and 23 seem to be confirmed
by the result obtained by Takeuchi et al.,5 who extracted a
spin lifetime on the nanosecond scale in zinc-blende GaN. In
their work, the spin relaxation is not resolved into electron
and hole spin relaxations. Nevertheless, we can argue that
the degeneracy of the valence bands at the gamma point is
probably responsible for a fast relaxation of the hole spin in
the zinc-blende structure and that the long lasting signal is
due to the electron spin.

Considering this, we can give some hypothesis concern-
ing the spin relaxation mechanism in our sample. The first
process for the spin relaxation is the dislocation assisted EY
mechanism. Indeed, from the calculation of Ref. 23, the spin
relaxation time constant of the electron in zinc-blende GaN
lies in the range of 1–0.01 ns for a dislocation density vary-
ing from 108 to 1010 cm−3, which are typical dislocation den-
sities in wurtzite GaN.24 These time constants are consistent
with our value of Te=15 ps.

Concerning the holes, the time constants we have deter-
mined are not extremely short with regard to the electron
spin relaxation time as in the bulk material �as, e.g., GaAs
�Ref. 25�� and are slightly longer than what is expected theo-
retically in zinc-blende GaN.21 This can be explained if one
takes into account the structure of the valence band in wurtz-
ite GaN. Indeed, in bulk semiconductors with zinc-blende
structure, the HH and LH bands are degenerated at the �
point and the spin of the photocreated holes relaxes quickly
�typically in a few hundreds of femtoseconds26�. Lifting the
degeneracy at the � point slows down the spin relaxation.
This effect was predicted by theory27,28 and observed by
many authors studying spin relaxation in GaAs /AlGaAs
quantum wells,29–35 where stresses split light- and heavy-
hole bands. In this particular case, previous works have
shown25 that THH���EHH−LH�x, with x=3.2, and can reach a
few tenths of picoseconds for �EHH−LH�10 meV. In our
GaN sample, the crystal field plays the same role as the
confinement effect by lifting the valence band degeneracy,
and the splitting between the light and heavy holes is 8 meV,
which is comparable with the situation seen in the GaAs
quantum wells.

In semiconductors, the relaxation of the hole pseudospin
is influenced by the admixture of the valence subbands. The
LH band, because of the small value of the spin-orbit inter-
action in GaN ��15 meV�, remains strongly coupled with
the split off �SO� band for zero wave vector. Thus, the B
exciton is built from a combination of the LH and SO sub-
bands, which favors a faster spin dynamics: TLH=1 ps.

CONCLUSION

We have measured the spin dynamics of spin polarized
excitons in epitaxial GaN using a nondegenerate spectrally
resolved pump-probe differential reflectivity experiment. The
coherent spectral oscillations observed for negative time de-
lays allow us to determine the exciton dephasing time, which
is quite short �T2=0.3 ps� because of exciton collisions with
dislocations. We demonstrate from the observation of an
exciton-biexciton induced transition that the spin flip of the
exciton as a whole is negligible with regard to the spin re-
laxation of the individual carriers. By fitting the �R /R decay
for positive time delays at the A and B resonances, using a
multilevel model which takes into account both bright and
dark exciton states, we extract the spin relaxation times of
electrons and holes. We show that the EY mechanism is
dominant because of the density of dislocations and that the
quite long HH relaxation time can be related to the band
structure of wurtzite gallium nitride in which the degeneracy
between different spin valence bands is lifted.
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