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Excitonic effects on electron spin orientation and relaxation in wurtzite GaN
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Excitonic effects on electron spin orientation and relaxation in wurtzite GaN are investigated with photon-
energy-dependent time-resolved Kerr rotation spectroscopy at low temperatures. It is observed that the spin
orientation generated with circularly polarized light can be manipulated with photon energy upon the excitation
energy being resonated with various fine energy levels in the band structure. Three reversals of the spin
orientation and a remarkable reduce of spin relaxation time are obtained, which is caused by the photon-energy
dependent transitions from the heavy and light hole bands to the exciton levels and the conduction band edge. A
long spin relaxation time of 1.7 ns is attributed to the spin polarization of donor-bound electrons as the formation
of donor-bound excitons, while the spin relaxation time of the conduction band electrons is shorter and shows a
nonmonotonic dependence on the optical excitation power, revealing the dominant role of the D’yakonov-Perel’
spin relaxation mechanism in wurtzite GaN.
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Due to electric-field controllable spin-orbit coupling
(SOC) and potential device applications at room temperature,
III-nitride wide bandgap semiconductors have attracted signif-
icant interest in the community of semiconductor spintronics
[1–4]. Spin injection is one of the key points for semiconduc-
tor spintronics. Electrical injection [5–7] and optical injection
[8–10] are the two common approaches. Optical spin injec-
tion is a simple and powerful way to study fundamental spin
properties and achieve novel spintronic device functions.

In order to implementing effective optical spin manipula-
tion and accurate measurements of electron spin relaxation
time, a thorough understanding of optical selection rules is
imperative, which relates the electron spin orientation with
the photon energy and helicity. Circularly polarized light with
σ− or σ+ helicity could be utilized to selectively generate
electrons with up or down spin orientation, exactly as that
in the case of optical information storage [11]. The photon
energy being resonated with various fine energy levels could
affect the spin polarization [12,13]. It is worth noting that the
intrinsic splitting of the valence subbands in wurtzite GaN
[14] may offer a new option for preferentially exciting elec-
trons with single spin orientation and reveal the conditions
for efficient optical spin injection. Nevertheless, the electron
spin orientation in wurtzite GaN, which may be manipulated
with photon energy corresponding to fine band structures,
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has rarely been investigated experimentally. On the other
hand, the spin dynamics of semiconductors close to the band
gap are strongly determined by the fine band structures. In
wurtzite GaN, the spin splitting of the conduction band (CB),
which is the main source causing the electron spin relax-
ation, provides a feasible way to modulate the spin relaxation
time [8–10]. The shallow bound states introduced by doping
donor impurities such as Si in GaN can yield a longer spin
relaxation time [9] and improve the electron transport [15],
and hence be beneficial for spintronic devices. Besides, the
exciton levels near the band edge have a considerable dif-
ference in the spin relaxation from the CB due to the large
excitonic exchange interaction [16]. Therefore, the shallow
bound states and exciton levels close to the CB would create
an inherent obstacle for accurate measurements of the CB
electrons’ spin relaxation time. However, the individual spin
dynamics in these fine energy levels has scarcely been dis-
tinguished, and it is also interesting to explore the excitonic
effects on electron spin relaxation as a fundamental physical
question.

Here we use time-resolved Kerr rotation (TRKR) measure-
ments to study the optical selection rules and spin dynamics
in a moderately Si-doped GaN. The spectrally resolved spin
orientation neatly reveals the individual band structures as-
sociated with the exciton levels and shallow states. Due to
the large exciton binding energy in wurtzite GaN, the elec-
tron spin relaxation at various fine energy levels is well
distinguished, comprehensively illustrating excitonic effects
on electron spin dynamics.
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FIG. 1. (a) Schematic diagram of the experimental principle. The
sign of Kerr rotation ±θk follows from spin orientation Jz = ±1/2.
(b) Photoluminescence spectrum of the sample at 8 K and the ex-
citation power larger than 20 mW. (c) TRKR signals of different
excitation energy at 10 K and B = 0.26 T. (d) Kerr rotation angles
at a delay time of 80 ps extracted from the raw data in Fig. 1(c) and
numerical simulations based on the fundamental optical transition.

The wurtzite GaN were grown with metal organic chem-
ical vapor deposition on a c-plane sapphire substrate. The
epilayer is 2 μm with Si-doping density of 6 × 1017cm−3.
The TRKR measurements, as shown in Fig. 1(a), were carried
out in a temperature range varied from 8 K to 300 K. An
external magnetic field was applied in Viogt geometry. The
femtosecond pump and probe pulses were supplied with a
mode-locked Ti: sapphire laser with a repetition rate of 76
MHz. The probe beam was linearly polarized and delayed
by a mechanical time delay line. Meanwhile, the pump beam
was modulated periodically to left circularly polarized light
σ+ (or right circularly polarized light σ−) with a photoelastic
modulator. In order to extract the weak spin signals from the
background noise, a modulation frequency 50 KHz was set as
the reference frequency of a lock-in amplifier. The pumping
light spot has a diameter of about 50 μm. On the surface
of a spin polarized sample, different reflectivity for different
circularly polarized light would induce Kerr rotation θK of a
linearly polarized (probe) beam. The spin relaxation process
could then be exhibited by the time-dependent θK , and the
electron spin orientation can be revealed from the sign of θK .

For the sake of identifying various fine energy levels in the
band structure, photoluminescence (PL) spectroscopy mea-
surements were conducted. Two luminescence peaks emerge,
as shown in Fig. 1(b). The double-peak Lorentzian fitting for
the PL spectrum demonstrates that the photon energies of the
peaks’ center are 3.471 eV and 3.487 eV, with a full width at
half maxima (FWHM) of 17 meV and 3 meV, respectively.
Compared with the typical results in Ref. [17], the two peaks
at 3.471 eV and 3.487 eV are attributed to the recombination
of the donor-bound exciton (DBE) and free exciton (FE),
respectively. Additionally, owing to a wider spreading of the
donor-bound states in the momentum space [17], the lumines-
cence spectrum of the DBE characterizes with a lager FWHM.

FIG. 2. Schematic diagram of optical transitions under a left
circularly polarized light σ+.The inset describes the fast capture of
FE.

In contrast, the momentum of FE concentrates at Г point,
resulting in a smaller FWHM [18]. The energy difference
between DBE and FE implies that the donor binding energy
ED is 16 meV. Given the exciton binding energy Ex = 19 meV
[19], the band gap at 8 K is evaluated to be 3.487 eV +
0.019 eV = 3.506 eV. These values are consistent with the
experimental and theoretical results in Refs. [17,19,20].

The valence band of wurtzite GaN consists of three doubly
degenerate bands: heavy hole band (HH), light hole band
(LH), and crystal-field split-off band (CH) [21], while the
CB is also a doubly degenerate band. In a surface-incidence
geometry on a c-plane GaN, as depicted in Fig. 1(a), the
optical transition from CH to CB is forbidden [19]. Only
the transitions, related to HH and LH, contribute to the spin
polarization of photoexcited electrons. To distinguish the fine
energy levels, the TRKR measurements were conducted at
low temperatures, where the thermal broadening is smaller
than the splitting energy between HH and LH (DeltaEAB =
6 meV [19]). Within the accuracy of the experiment, the
electron spin precession could merely be detected when the
excitation energy is in the range of 3.481 eV to 3.509 eV, as
shown in Fig. 1(c). Considering the laser energy broadening
of 10 meV, the discrete excitation spectrum in TRKR mea-
surements is consistent with the results from the PL spectrum.
Figure 1(d) illustrates the θK at a delay time of 80 ps as a
function of the excitation energy. The spectrally resolved spin
optical orientation manifests the fine energy levels in the band
structure [12,13].

As depicted in Fig. 2, a left circularly polarized
light σ+ with various excitation energies is chosen to
excite spin polarization, and four kinds of optical tran-
sition are involved. We have omitted the angular mo-
mentum units h̄ in this paper and |Lz, ms〉 = |+1,+1/2〉,
|−1,−1/2〉(|+1,−1/2〉, |−1,+1/2〉) denotes electronic
states in the HH (LH) bands, where Lz and ms are the orbital
and spin angular momentum, respectively. These optical tran-
sitions, obeying energy and angular momentum conserved,
lead to the spin polarization of photoexcited electrons. In
the process of optical transitions, the photons transfer their
angular momentum +1 to the electronic orbital angular mo-
mentum. Therefore, the optical transitions “|−1,−1/2〉 →
|0,−1/2〉” and “|−1,+1/2〉 → |0,+1/2〉” would take place
in sequence as the excitation energy increases, leading to
the reversal of the sign of θK . Accounting for the optical

125202-2



EXCITONIC EFFECTS ON ELECTRON SPIN … PHYSICAL REVIEW B 104, 125202 (2021)

FIG. 3. TRKR signals (in the unit of degree) at the excitation energy of (a) 3.481 eV and (b) 3.501 eV, corresponding to the spin relaxation
of donor-bound electrons and CB electrons, respectively.

transitions related to the exciton levels and/or the CB, there
are three reversals of the sign of θK , as illustrated in Fig. 1(d).
Numerical simulations accounting for the four kinds of optical
transition are in line with the experimental results in Fig. 1(d),
which validates that the reversal of the sign of θK should be
atrributed to the fine levels in the band strcuture instead of
other optical index effects. It confirms that the spin orientation
can indeed be manipulated with the excitation energy. Further,
a high spin polarizability may be obtained upon the photon
energy selectively exciting electrons from the HH or LH due
to the considerable intrinsic splitting of the HH and LH in
wurtzite GaN.

In detail, it is derived from Fig. 1(b) that if the excitation
energy Eexc of σ+ satisfies 3.487 eV < Eexc < 3.506 eV, the
photoexcited electron-hole pairs would form either A (|↓⇑〉)
or B excitons (|↑⇓〉) due to Coulomb interactions. However,
as shown in Fig. 1(c), the signature of excitonic spin relax-
ation, featured with a spin relaxation time of subpicosecond
[22,23], was not obvious. Alternatively, a spin relaxation time
of longer than 1 ns was observed, which might stem from
donor-bound electrons. That is to say, the excitons are cap-
tured immediately by some neutral donors D0, such as silicon
and oxygen [17]:

A exciton (|↓⇑〉) + D0(with electrons |↑〉) → DBE+3/2,

(1)

B exciton (|↑⇓〉) + D0(with electrons |↓〉) → DBE+1/2.

(2)

For instance, as shown in the inset of Fig. 2, while the pho-
ton energy of σ+ coincides with the A exciton transition (the
process “ 1©”), the D0 with electrons |↑〉 are combined with
the A exciton ( |↓⇑〉) (), leaving more D0 with electrons |↓〉
in the remaining D0. It is noted that two electrons of DBE+3/2

have opposite spin in a singlet state [24], and hence make no
contribution to spin polarization. Therefore, the carrier spin
polarization could come from only two candidates: the holes
|↑〉 in DBE+3/2 and the donor-bound electrons |↓〉 in D0.
Similarly, for the B exciton transition (the process “ 2©”), the
hole |↓〉 in DBE+1/2 and D0 with electrons |↑〉 contribute to
the carrier spin polarization [24]. Furthermore, once the exci-
tation energy exceeds the band gap, i.e., Eexc > 3.506 eV, the

electrons are excited to the CB (processes “ 3©”, “ 4©”) because
the hot electrons have sufficient energy to escape from the
exciton binding state. On the basis of the above analysis, the
optical transition processes numbered with “ 1©,” “ 2©,” ” 3©,”
and ” 4©” would take place orderly as the excitation energy
increases, which coincides with three reversals of the sign of
θK in Fig. 1(d). Besides, when the photon energy is resonating
with the exciton levels, the spin relaxation time of the donor-
bound electrons is longer than that of the CB electrons, which
is also in accord with the photon energy dependence of the
spin relaxation time described in the following.

The band structures within various fine energy levels bring
about individual spin relaxation behaviors. First, when the
pump and probe energies are tuned to make the DBE+3/2

transition labeled with “ 1©,” the holes |↑〉 in DBE+3/2 and
the donor-bound electrons |↓〉 in D0 would contribute to the
total spin polarization. While a transverse magnetic field B is
applied in Vigot geometry, the Larmor precession frequency
associated to the carriers is

ωe,h = g⊥
e,hμB

h̄
B, (3)

where g⊥
e,h is the transverse electron (hole) Landé factor, μB

is the Bohr magneton, and h̄ is the reduced Planck constant.
Whereas the transverse heavy hole Landé factor g⊥

h is almost
zero [25], the magnetic field only induces an electron spin
precession. The temporal evolution of total spin polarization
can then be described as [26]

Sz(t ) = ADBE e−t/τDBE + ADe−t/τD
cos(ωet ), (4)

where the nonoscillatory component represents the spin re-
laxation of DBE while the oscillatory term signifies the spin
relaxation of donor-bound electrons in D0; ADBE , τDBE and
AD, τD denote their amplitudes and spin relaxation times,
respectively. Here τDBE is the effective spin relaxation time
accounting for the recombination and spin relaxation of DBE.
As shown in Fig. 3(a), the nonoscillatory component is clearly
seen in the TRKR signals at excitation energy of 3.481 eV, at
which the excitons are guaranteed to be excited alone. A best
fitting with Eq. (4) gives τDBE = 21 ps and τD = 1715 ps,
respectively.

Second, the CB electrons have a completely different spin
relaxation behavior. The spin relaxation dynamics can be
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FIG. 4. (a) Carrier density dependence of spin relaxation time and carrier lifetime for CB electrons. (b) Excitation energy dependence of
τ tot and ηCB at B = 0.26 T and nexc = 1.20 × 1016 cm−3. Dot splines are guides to the eye.

described as [8]

Sz(t ) = (
A1e−t/τc + A2

)
e−t/τCB

cos (ωet ), (5)

where τc is the carrier lifetime, and τCB denotes the spin relax-
ation time of CB electrons. The total amplitude is divided into
two parts: A1 is the amplitude of the spin polarized electrons
which undergo both a process of recombination with holes and
the intrinsic spin relaxation; A2 is the amplitude of the spin
polarized electrons undergoing the intrinsic spin relaxation
alone. Figure 3(b) shows the TRKR signals at the excitation
process labeled with “ 3©.” Obviously, the nonoscillatory com-
ponent associated with DBE spin relaxation disappears. From
the fitting with Eq. (5), τCB = 630 ps and τCB = 674 ps are
derived in the case of B = 0 and B = 0.26 T, respectively. The
increase of the spin relaxation time under external magnetic
field results from the anisotropy of SOC in wurtzite GaN
under the framework of D’yakonov-Perel’ mechanism [10]. It
is found that the carrier lifetime of 55 ps is nearly independent
of the external magnetic field and excitation power.

Moreover, it is observed that the spin relaxation time of
the CB electrons shows a nonmonotonic dependence on the
photoexcited carrier density nexc, as depicted in Fig. 4(a).
The spin relaxation time reaches maximum around nexc =
9.57 × 1015 cm−3. It has been confirmed that the electron-
electron and electron-impurity scatterings could contribute to
the nonmonotonic density dependence of the spin relaxation
time, while electron-electron scattering could be significant
in a high mobility sample [27]. However, the mobility of
our sample is about 9.17 cm2/V s, according to the Van der
Pauw measurements, indicating that electron-electron scatter-
ing could be insignificant in our sample. The nonmonotonic
dependence could be explained well by the D’yakonov-Perel’
mechanism, similar to the theoretical description about doping
density effect on spin relaxation by Buß et al. [9]. The tensor
of the DP spin relaxation rate is described as

γi j = 〈
�2

eff

〉
τp, (6)

where i, j = x, y, z; 〈�2
eff〉 is the average effective magnetic

field induced by the SOC; τp is the momentum scattering time
affected by electron-impurity scattering. 〈�2

eff〉 and τp have a
various dependence of the carrier density in the nondegenerate
and degenerate regime, resulting in a longest spin relaxation

time at a critical carrier density nc. In the nondegenerate
regime, 〈�2

eff〉 varies weakly with the carrier density. With
increasing carrier density, the momentum scattering time τp

reduces since the Coulomb screen effect becomes more pro-
nounced in electron-impurity scattering [27,28], then the spin
relaxation becomes slower. Instead, in the degenerate regime,
〈�2

eff〉 increases with density due to the occupation of higher
k states, while the momentum scattering time τp is approxi-
mately independent of the carrier density due to the saturation
of the Coulomb screen effect, then the spin relaxation gets
faster. Theoretically, a peak of the spin relaxation time occurs
at the critical carrier density nc = 1.03 × 1016cm−3, deter-
mined via

kBT = (3π2nc)2/3
h̄2/2m∗, (7)

where kB is the Boltzmann constant, m∗ = 0.2 me is the
effective mass in wurtzite GaN [29], and me is the free
electron mass. In our sample, the carrier density is the sum
of the donor-ionized and photoexcited electron density. It
must be noted that the donors are hardly ionized at 10 K,
and the ionized carrier density can be estimated via nion ≈
NDexp(−ED/kBT ) = 5.27 × 109 cm−3 and thus be ignored.
The density of photoexcited carriers is estimated via [30]

nexc = (1 − R)[1 − exp(−αds)]Pexc/(A freph̄ωexcds), (8)

where R is the combined reflectivity of the cryostat window
and sample, α = 8 × 104 cm−1 is the absorption coefficient
[31], ds is the epilayer thickness, A is the area of the pump
spot, and frep and h̄ωexc are the repetition frequency and
photon energy of the pump beam, respectively. Therefore,
the critical density nexc = 9.57 × 1015 cm−3 in our experi-
ment conforms well with the theoretical result above. It is
concluded then that the spin relaxation of CB electrons is
dominated by the D’yakonov-Perel’ mechanism, where the
electron-impurity scattering plays the key role.

Finally, the extracted spin relaxation time from spectrally
resolved TRKR signals reduces remarkably with increasing
excitation energy, as illustrated in Fig. 4(b). It may result from
the fact that the spin-polarized CB electrons and donor-bound
electrons are excited simultaneously due to the inevitable laser
broadening. Then the spin relaxation rate can be estimated
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via [32]

1

τ tot
= ηD 1

τD
+ ηCB 1

τCB
, (9)

where ηD and ηCB are the percentages of donor-bound elec-
trons and CB electrons, respectively. Figure 4(b) also shows
ηCB as a function of the excitation energy. The spin relaxation
of the CB electrons becomes dominant as the excitation en-
ergy reaching the band gap. Therefore, we believe that the
remarkable decrease of the spin relaxation time is induced
by the transition from the spin relaxation of donor-bound
electrons to that of CB electrons.

In conclusion, the impact of the band structures covering
various fine energy levels on spin optical orientation and re-
laxation has been carefully investigated with photon-energy
dependent TRKR. It is observed that the spin orientation
generated with circularly polarized light could be manipu-
lated with photon energy upon the excitation energy being
resonated with various fine energy levels. Due to the individ-
ual band structure associated with the large exciton binding

energy and shallow impurity states in wurtzite GaN, three
reversals of the spin orientation and a remarkable reduction of
the spin relaxation time were obtained. A long spin relaxation
time of 1.7 ns is attributed to the spin polarization of donor-
bound electrons indicating that the photoexcited FE would be
captured to form DBE, while the spin relaxation time of the
conduction band electrons is shorter and shows a nonmono-
tonic dependence on the optical excitation power, exhibiting
the dominant role of D’yakonov-Perel’ spin relaxation mecha-
nism in wurtzite GaN. These experimental finds are conducive
to implement spin manipulation with optical means, in favor
of possible applications for GaN-based spintronic devices and
quantum information processes.
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