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Electron-nuclear coherent spin oscillations probed by spin-dependent recombination
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We demonstrate the triggering and detection of coherent electron-nuclear spin oscillations related to the
hyperfine interaction in Ga deep paramagnetic centers in GaAsN by band-to-band photoluminescence without an
external magnetic field. In contrast to other point defects such as Cr4+ in SiC, Ce3+ in yttrium aluminum garnet
crystals, nitrogen-vacancy centers in diamond, and P atoms in silicon, the bound-electron spin in Ga centers is
not directly coupled to the electromagnetic field via the spin-orbit interaction. However, this apparent drawback
can be turned into an advantage by exploiting the spin-selective capture of conduction band electrons to the Ga
centers. On the basis of a pump-probe photoluminescence experiment we measure directly in the temporal domain
the hyperfine constant of an electron coupled to a gallium defect in GaAsN by tracing the dynamical behavior of
the conduction electron spin-dependent recombination to the defect site. The hyperfine constants and the relative
abundance of the nuclei isotopes involved can be determined without the need of an electron spin resonance
technique and in the absence of any magnetic field. Information on the nuclear and electron spin relaxation
damping parameters can also be estimated from the oscillation amplitude decay and the long-time-delay behavior.
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I. INTRODUCTION

Electron and nuclear spins of well-isolated point defects
in semiconductors are excellent candidates for understand-
ing fundamental spin-coupling mechanisms and are a model
system for quantum information processing. The coupling
through hyperfine interaction (HFI) represents a key spin
mechanism in semiconductor systems: responsible for creating
mixed electron-nuclear spin states, it has been shown to be
useful, e.g., for electron-nuclear spin transfer, in controlling
the electron spin coherence time of P donor sites in Si [1–6],
and the nitrogen-vacancy centers in diamond [7–16]. The HFI
is, however, also responsible for electron and nuclear spin
relaxation and decoherence [17].

Similar to nitrogen in diamond, on the one hand, and to
shallow defects in silicon, on the other hand, interstitial Ga2+

i

defects in the dilute nitride GaAsN [18,19] unite the character-
istics of deep and well-isolated paramagnetic centers with an
electrically and optically addressable semiconducting system,
leading, e.g., to the giant spin-dependent photoconductivity
effect [20,21]. The incorporation of nitrogen in (In)GaAs gives
rise to paramagnetic interstitial centers composed of a Ga2+

i

atom and a single resident electron [19]. These defect sites are
at the origin of a very efficient spin-dependent recombination
of conduction-band (CB) electrons. This has proven to be an
effective tool for, for instance, generating an exceptionally high
spin polarization (up to ∼100%) of free and bound electrons
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in these nonmagnetic dilute nitride semiconductors at room
temperature [22–25].

Optically or electrically detected magnetic resonance tech-
niques are consistently employed for manipulating and probing
defect spins through the hyperfine interaction and also to
identify the defect chemical nature [26,27]. Optically detected
magnetic resonance, a variation of nuclear resonance tech-
niques, has been demonstrated on Cr4+ impurity ensembles
in SiC and GaN [28]. Mostly due to the weak magnetization
of nuclear spins, these methods have very low sensitivity.
Furthermore, attempts to improve the detection involve high
magnetic fields and cryogenic temperatures. Time-resolved
Faraday rotation has been successfully used to monitor the
5d electron spin time evolution of Ce3+ point defects in
yttrium aluminum garnet crystals [29]. These techniques partly
rely on the spin polarization of electrons bound to centers
by coupling the spin states and the electromagnetic field via
the spin-orbit interaction occurring in orbitals other than s.
Despite the many similarities, in this regard, Ga2+

i centers are
fundamentally different. The 4s electron spin in Ga2+

i point
defects, unlike the 5d electron spin in Ce3+, is not directly
coupled to the electromagnetic field. However, in these centers
CB electrons recombine according to their spin orientation,
dynamically polarizing the bound-electron spins. This spin-
dependent recombination process, which basically relies on the
Pauli exclusion principle, not only can be used to spin polarize
the bound electron and to control the degree of nuclear spin
polarization [30] but can also be exploited to sense the electron
spin dynamics with a time resolution of about 10 ps.
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In this paper we demonstrate an all-optical triggering
and detection experiment based on a pump-probe scheme
to monitor the bound-electron spins in Ga2+

i centers in the
temporal domain. Taking advantage of the spin-dependent
recombination mechanisms, we are able to directly trace the
hyperfine dynamical features [30]. With the aid of a model
based on the master-equation approach for the density matrix
of the electron-nuclear spin system, the contribution of at least
two different Ga isotopes is established. Also, a comparison
of the model calculations with the recorded experimental
data reveals the most important parameters involved in the
electronic and nuclear spin dynamics of Ga2+

i centers. In the
low-power regime, at zero magnetic field, the model yields
closed expressions for the photoluminescence intensities that
enable us to readily estimate the hyperfine constants and the
nuclear and electron spin relaxation damping parameters of the
participating isotopes. To gain a better grasp of the interplay
between the many spin-related mechanisms in Ga2+

i centers
we collect data under a weak magnetic field (65 mT). By self-
consistently comparing the retrieved results with the calcula-
tions from the developed model, we are able to uncover how
the HFI interacts with the sources of spin loss to manipulate
them to our advantage. The detection method developed here
and the spin mechanisms that it uncovers in Ga centers offer
new pathways in the design of all-optical techniques to prepare
and monitor the time evolution of electronic and nuclear
spins implemented in similar paramagnetic point defects in
semiconductor materials.

II. EXPERIMENT

The sample under study consists of a 100-nm-thick
GaAs1−xNx epilayer (x = 0.021) grown by molecular beam
epitaxy on a (001) semi-insulating GaAs substrate and capped
with 10 nm of GaAs. The sample has been investigated at 4 K
using the optical orientation technique, which relies on the
successive transfer of the angular momentum of the exciting
photons, using circularly polarized light, to the photogenerated
electrons [31] and finally to the Ga2+

i nuclei. The excitation
source is a mode-locked Ti:sapphire laser emitting at an
850-nm split into pump and probe pulses of equal intensity,
1.2-ps duration, and 80-MHz repetition rate. The sample is
excited by focusing the pump and probe pulses on the same
50-μm-diameter spot. We should also state here that we work
away from spin-dependent recombination (SDR) saturation
in order to properly observe the effects [21]. The two-pulse
relative time delay �t is controlled by an optical delay line,
and the pulse polarizations are independently set by a system
of polarization optics. In order to evidence the HFI features, we
have measured the photoluminescence (PL) intensity induced
by a circularly polarized probe pulse as a function of (i) the
time delay between pump and probe pulses and (ii) the helicity
of the pump pulse. In the following, we plot the influence of
the pump-pulse helicity on the probe-pulse PL intensity I

pr
PL

by computing the ratio

R(�t) = I
pr
PL(σ+,σ+,�t)

I
pr
PL(π,σ+,�t)

, (1)

where the notation (σ+/π,σ+,�t) indicates, respectively, the
polarization of the pump pulse, the polarization of the probe

pulse (circular σ+ or linear π ), and their respective delay time.
No dynamical polarization of the electron-nuclear spin system
(ENSS) is expected when the pump is linearly polarized [18].
At long delay times (i.e., when �t > τd, where τd represents
the decay time of the CB free carriers) R(�t) probes the ENSS
spin memory since all the carriers have recombined. For the
measurements at short delay times (�t � 100 ps, for which
the PL intensities of the two pulses may partially overlap)
the intensity of the probe pulse has been modulated by a
mechanical chopper, and its PL intensity has been measured
with a photodiode connected to a lock-in amplifier. For larger
delay times, a S1 photocathode streak camera coupled to an
imaging spectrometer has been employed.

III. RESULTS

We begin by focusing on the zero-magnetic-field case.
Figure 1(a) (symbols) presents R(�t) measured for an exci-
tation power Pexc = 4 mW. The trace presents an oscillating
behavior showing that I

pr
PL can be periodically amplified or

reduced by adjusting the delay time �t when the pump pulse
is circularly polarized. For longer delay times the oscillations
lose visibility, and a monotonous decrease of the amplifying
effect is observed. Figures 1(b) and 1(c) display I

pr
PL spectra

recorded at two extreme points of the oscillations where the
probe PL intensity is weakly modified (�t = 150 ps) or only
strongly increased (�t = 250 ps). Below we show that the
oscillating and decay features of R(�t) can be directly linked
to the coherent oscillations of the electron-Ga system induced
by the hyperfine interaction.

The principle of the observation is described in terms of
the scheme depicted in Fig. 2 and is based on the following
considerations. The HFI Hamiltonian ĤHFI = A Î · Ŝc of Ga
defects with spin I = 3/2 and a single trapped electron of spin
Sc = 1/2 (where A is the hyperfine interaction constant) leads
to split triplet-quintet eigenstates at zero magnetic field,

|J,M〉 =
∑

s,m

C
1
2 , 3

2 ,J

s,m,M |s,m〉, (2)

where C
1
2 , 3

2 ,J

s,m,M are the Clebsch-Gordan coefficients, with
m = ±1/2, ±3/2 and s = ±1/2 being the nuclear and elec-
tron spin projections on the z axis, respectively, and M =
−J, . . . ,J with total spin J = 1,2. The splitting between J =
1 and J = 2 multiplets is 2A. Before illumination by the pump
pulse, the eight hyperfine states of the ENSS are statistically
equipopulated in our experimental conditions (Fig. 2, left
panel). The preparation of the defect spin polarization by
the pump pulse proceeds as follows: A left-handed circularly
polarized pump above the band gap creates preferentially
spin-up CB electrons, whereas holes quickly lose their spin
orientation and are considered to be unpolarized [32]. The
CB electrons are very rapidly captured by the Ga2+ intersti-
tial defects (τe � 10 ps), forming a two-electron spin singlet
[19,33]: the hyperfine coupling is now off. A fast recombination
of one of the two defect electrons with an unpolarized hole
follows. Due to the photogeneration of CB electron spin
polarization, the spin-dependent recombination statistically
drives the defect electrons to the same average spin orientation
as the conduction-band electrons [18,34]. The recombination
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FIG. 1. (a) The ratio of the probe pulse PL intensity under a circularly to linearly polarized pump pulse R(�t) measured as a function of
the delay time �t . Blue circles (green squares) represent the data measured with the streak camera (photodiode) setup. The black dashed line
is a fit to the data according to Eq. (12). (b) and (c) The PL intensities induced by the circularly polarized probe pulse after a circularly (purple
area) or linearly (orange area) polarized pump pulse at two different delay times marked in (a).

of one of the center paired electrons with an unpolarized hole is
fast, typically occurring on the timescale τh∼30 ps [18,19,35],
after which the HFI is reestablished. At the reestablishment of
the HFI the remaining electron spin state is projected onto the
total spin eigenstates |J,M〉, leaving the defects in a statistical
mixture of states between the J = 1 and J = 2 hyperfine
levels as τh2A/h̄ � 1, thus triggering the oscillations of the
ENSS. Second, the timescale of the recombination ensures
as well a relatively constant phase among the ensemble of
defect centers. At this point, the quantum system periodically
oscillates between the J = 1 and J = 2 states, which results
in Scz oscillations between the ±1/2 states. With HFI energy
2A∼15 μeV [26], the defect preparation time is sizably
shorter than the oscillation period T = h/2A∼250 ps. The
probe beam (Fig. 2, right panel) can now encounter two
extreme situations depending on the delay time. In the first
case (probe 1) the majority of the defect electrons have the same
average spin orientation as the CB ones, preventing the capture.
The PL intensity is thus enhanced. In the second case (probe
2), the majority of the defect electrons have an average spin
orientation opposite that of the CB electrons, favoring the

capture: the PL is now reduced as the conduction band is
depleted. If, however, the pump pulse is linearly polarized, no
dynamical polarization of the center electron can occur, and the
probe-pulse spin-dependent recombination will be insensitive
to the delay time. A key feature is that this all-optical approach
does not require any external magnetic field, which might
modify the spin relaxation damping parameters. Let us now
turn our attention to the kinetics of photoelectrons excited by
the probe pulse in the conduction band. We can get a qualitative
and analytical understanding of the oscillating behavior of
R(�t) according to the following argument. Neglecting the
electron spin relaxation, the CB electron rate equations can be
described by

dn+
dt

= −2cnn+N− − γrn+p,

(3)
dn−
dt

= −2cnn−N+ − γrn−p,

where n±(t) are the densities of the conduction photoelectrons
with spin up (+) and down (−) excited by the probe pulse
arriving with the delay time �t . The CB electron-trapping rate

FIG. 2. Schematic representation of the paramagnetic defect nuclear and electron spin oscillation detection scheme. The defect electron
arrows indicate the orientation of the average spin Scz = 〈Ŝcz〉 projections. Left: preparation of the coherent oscillations with left-handed
circularly polarized pulse. Right: illustration of two extreme situations encountered by the probe beam copolarized with the pump as described
in the text.
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by paramagnetic centers is given by cn, p is the hole concen-
tration, and γr is the bimolecular recombination constant. The
concentrations of single-electron defects N± with an electron
spin of ±1/2 satisfy N+ + N− = N1, where N1 is the density
of the centers with one electron. The densities N+ and N−
are different if the initial pump pulse is circularly polarized
and coincide for a linearly polarized pump excitation. Since (i)
the electron capture is much more effective than the interband
recombination and (ii) N± vary slowly within the capture
time (cnN±)−1, the time dependence of n± is described by
n

pr
± exp [−2cnN∓(�t)t], where n

pr
± are the conduction electron

densities injected by the probe pulse. For a sufficiently weak
photoexcitation the measured ratio (1) is described by

R(�t) − 1 ∝ (npr
+ − n

pr
− )[N+(�t) − N−(�t)]. (4)

For circularly polarized pump pulses the values N±(�t) consist
of the oscillating and nonoscillating parts,

N±(�t) = N±,0 ± δN

2
cos (��t), (5)

where h̄� = 2A is the hyperfine splitting between the
electron-nuclear spin quintet and triplet with angular momenta
J = 2 and J = 1, respectively.

The oscillating time behavior of N±(�t) can be understood
in terms of the spin-density-matrix approach. In equilib-
rium the spin density of single-electron defects ρJ ′,M ′;J,M

is diagonal with equally populated sublevels: ρJ ′,M ′;J,M =
(N1/8)δJ ′J δM ′M . The pump pulse generates CB photoelectrons
with densities n

pm
± ; assuming that the experiment is performed

away from SDR saturation, the condition npm < Nc is satisfied.
These photoelectrons are immediately captured by single-
electron defects according to Eqs. (3) and form the electron pair
states with density N2 = n

pm
+ + n

pm
− . The remaining single-

electron defects acquire spin polarization. Immediately after
the pulse, i.e., at �t = 0, one has N±(0) = Nc/2 − n

pm
∓ , where

Nc = N1 + N2 is the total density of the deep paramagnetic
centers. This equation can be rewritten as

N±(0) =
∑

m

ρ± 1
2 ,m;± 1

2 ,m(0) (6)

in terms of the spin-density matrix ρs ′,m′;s,m(0) =
δs ′sδm′m(Nc/8 − n

pm
−s ) taken in the basis |s,m〉. In the basis

|J,M〉 we have

N±(0) =
∑

mJ ′J

DJ ′,J ;±1/2,mρJ ′,m± 1
2 ;J,m± 1

2
(0), (7)

where DJ ′,J ;s,m = C
1
2

3
2 J ′

s,m,s+mC
1
2

3
2 J

s,m,s+m. The components
ρJ ′,M;J ;M (0) can be readily expressed via Nc,n

pm
+ and

n
pm
− . Among these components there are those with J ′ = J

and J ′ 	= J . Neglecting the spin relaxation, we have

ρJ ′,M;J,M (�t) = ρJ ′,M;J,M (0)e−i�(J ′−J )�t . (8)

Therefore, the oscillating part of Eq. (5) is contributed by
the off-diagonal spin-matrix components with J ′ 	= J . A
straightforward calculation gives

N+,0 − N−,0 = 3
8 (npm

+ − n
pm
− ), (9)

δN = 5
8 (npm

+ − n
pm
− ). (10)

TABLE I. The hyperfine interaction constants for the two nat-
urally stable isotopes of gallium in the four different interstitial
configurations occurring in dilute nitrides (In)GaAsN [26].

Gai location
A B C D

A1 (69Ga; ×10−4 cm−1) 745 1230 620 580
A2 (71Ga; ×10−4 cm−1) 968.5 1562 787.4 736.6

The last terms on the left-hand sides of Eqs. (3) describe the
radiative recombination and the PL intensity. Retaining all the
factors, we can present Eq. (4) in the final form

R(�t) − 1 = α + β cos (��t), (11)

where coefficients α and β are, respectively, given by
Pi(N+,0 − N−,0)/Nc and PiδN/Nc, with Pi being the
initial degree of the pump-induced spin polarization
(npm

+ − n
pm
− )/(npm

+ + n
pm
− ). In the presence of two isotopes,

which is the case for Ga atoms, the cosine function in Eq. (11)
should be replaced by a sum of two cosine functions with
frequencies �1 and �2 and relative abundances f1 and f2.
Allowance for the spin relaxation results in a multiplication
of α by exp(−�t/τ ∗

sc) and of β by exp(−�t/T ∗
2 ), where

1/τ ∗
sc = 1/τsc + 1/τ (1)

sc (Bz) is the bound-electron spin relax-
ation time and T ∗

2 is the decoherence time of electron-nuclear
spin oscillation, which is affected by both homogeneous
relaxation processes and inhomogeneous broadening of the
hyperfine splitting. The bound-electron spin relaxation rate is
parametrized by τsc and τ (1)

sc , where, in principle, 1/τ (1)
sc can

be considered to depend on the magnetic field as a Lorentzian
function [23]. The magnetic field dependence of τ (1)

sc is such
that for vanishing magnetic fields, where the HFI is domi-
nant, 1/τ ∗

sc = 1/τsc + 1/τ (1)
sc (0). However, for large magnetic

fields, when the HFI is overcome by the Zeeman energy
(gc μBBz � 2A) and bound electrons are not allowed to
exchange angular momentum with the nucleus due to energy
mismatch, 1/τ ∗

sc = 1/τsc. Therefore, τ (1)
sc (0) accounts for the

bound-electron spin relaxation caused by the angular momen-
tum exchange between bound electrons and surrounding nuclei
due to the HFI. Finally, the experimentally determined R(�t)
can be quantitatively compared with

R(�t) − 1 = αe−�t(1/τ ∗
sc) + βe−�t/T ∗

2 [f1 cos (�1�t)

+ f2 cos(�2�t)], (12)

where the positive values f1 and f2 are normalized by the con-
dition f1 + f2 = 1. According to the mechanism described,
the circularly polarized probe pulse will sample the oscillating
behavior of the hyperfine coupling instantaneously and at
different delay times. We obtain a modulation of the probe
beam PL intensity directly tracing the HFI in the time domain.
In the case of Ga atoms, the two stable isotopes 69Ga and 71Ga
have the relative abundances f1 = 0.6018 and f2 = 0.3982,
respectively, and their hyperfine constants differ by a factor
of A2/A1 = 1.27. The hyperfine constant (Table I [26]) will,
however, depend on the particular defect location, which
is determined mainly by growth and annealing conditions.
Figure 3 details R(�t) for short delays superposed on a
simple beating pattern composed of a sum of simple cosine
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FIG. 3. Detail of the experimental data for short delays (circles) superimposed on simple cosine beat patterns (solid lines) and with damping
T ∗

2 (dashed lines) at the frequencies of two different interstitial configurations. The vertical dashed lines indicate the position of the extrema of
the experimental data.

functions at the frequencies of two different Ga interstitial
locations. The experimental data present the first destruc-
tive interference in the beating pattern in the 500 to 600 ps
range. This rules out the occurrence of Gai-A and Gai-B
as their higher oscillating frequencies are incompatible with
this experimental observation. Gai-C and Gai-D present very
similar hyperfine constants. Nevertheless, the experimental
data presented in Fig. 3 allow us to unambiguously identify
Gai-D as the dominant interstitial configuration. Indeed, by
fixing the relaxation times τsc = 200 ns, τ (1)

sc (0) = 1350 ps, and
T ∗

2 = 350 ns, the fit of Eq. (12) using the experimental data
shown in Fig. 1(a) (dashed line) yields �1 = 21.8 GHz,�2 =
27.5 GHz, and f1 = 1 − f2 = 0.59. In particular, the cal-
culated frequencies A1 = h̄�1/2 = 577.8 × 10−4 cm−1 and
A2 = h̄�2/2 = 730.6 × 10−4 cm−1 exhibit good agreement
with the hyperfine parameters obtained by optically detected

magnetic resonance. This proves that a precise determination
of the defect nature and configuration can be obtained by
this PL pump and probe scheme [36]. Multiple mechanisms
could be responsible for the coherence loss. First of all, the
measurement maps the coherent oscillations of the ensemble
of Ga centers present under the excitation spot, whose in-
tensity strongly varies from the excitation spot center to the
edge. Second, the HFI sampling cannot be considered to be
strictly instantaneous but is averaged over the CB electron
lifetime τPL, allowing us only to infer a minimum limit for
the coherence time decay. Third, the stochastic nature of
the trapping and recombination can also be ascribed as a
possible source of coherence loss.

Having determined the most relevant parameters, we now
turn to the case where a moderate magnetic field is applied to
the sample in the Faraday configuration. Experimental data for

FIG. 4. Spin-dependent recombination ratio R(�t) of the probe pulse as a function of the time delay �t between the pump and the probe
pulses. (a) The experimental results (solid circles) and (b) the calculations obtained from the master equation (solid triangles). Both panels
indicate the results for Eq. (12) with dashed lines for B = 0.
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FIG. 5. Spin-dependent recombination ratio R(�t) as a function
of a magnetic field in the Faraday configuration for Pexc = 4 mW and
time delays �t = 10, 150, 250, and 400 ps.

the time variation of the spin-dependent recombination ratio
R(�t) under B = 65 mT (purple solid circles) are shown in
Fig. 4(a). Making a comparison with the zero-magnetic-field
case, three significant differences arise. First, for B 	= 0 (purple
solid circles) the overall spin-dependent recombination ratio
is larger than that for B = 0. Second, the beating pattern
observed for B = 0 nearly vanishes at B 	= 0. And third,
the relaxation in the B 	= 0 case is slower than that of the
B = 0 case. In general, these observations suggest that the
presence of a magnetic field in the Faraday configuration
stabilizes the spin polarization of CB electrons. To further
investigate this point it would be desirable to extend the validity
of Eq. (12) to B 	= 0; however, even for moderate magnetic
field intensities the picture becomes rather involved. Hence, in
order to perform a detailed analysis, we have to resort to the
full master-equation approach for the density matrix [30] that
accounts for contributions from both Ga isotopes and nuclear
spin relaxation due to magnetic dipolar interaction [37–43].
With the parameters determined from the fit of Eq. (12), the
dependence R(�t) drawn from the master-equation approach
exhibits good quantitative agreement with the experimental
results for both cases: B = 0 and B = 65 mT [see Fig. 4(b)].
Although the fit of Eq. (12) alone yields very good results for

the hyperfine parameters, the spin relaxation times are better
estimated from the master-equation calculations. The best
results were obtained when both approaches were used self-
consistently. Figure 5 shows R(�t) induced by the probe pulse
as a function of the longitudinal magnetic field at fixed power
(4 mW) for various time delays. As the magnetic field in-
creases, R(�t) rises until it saturates for values of the magnetic
field whose Zeeman energies are comparable to those of the
HFI (Bsat ∼125 mT) [24,44]. In full agreement with the results
in Fig. 4, R(�t) exhibits higher overall values for B = 65 mT.
Additionally, the oscillations for B = 0 are more pronounced
than those of B > 0; indeed, they seem to completely vanish
for B → ∞. Similar trends have been observed in continuous-
wave experiments in the PL degree of circular polarization [23].
To strengthen the argument about the stabilizing effect of the
magnetic field, it is instructive to calculate the spin transfer
rate due to the HFI (d J/dt)HFI = A〈 Î × Ŝc〉 between bound
electrons and nuclei [34]. Figure 6(a) shows (d J/dt)HFI

as a function of time for B = 0 (blue solid line) and for
B = 65 mT (purple solid line). Figure 6(a) presents the overall
spin transfer rate as a function of time for a single circularly
polarized pulse. The oscillation frequencies of both isotopes,
69Ga and 71Ga, superimpose. The large oscillations (blue solid
line) correspond to B = 0, and the small ones (purple solid
line) correspond to B = 65 mT. Figure 6(b) shows the total
amount of transferred angular momentum

∫ ∞
0 (d J/dt)HFIdt

as a function of the external Faraday configuration magnetic
field. In both panels we consistently observe that the spin
transfer between electrons and nuclei is quenched by the
presence of a longitudinal magnetic field. We can thus state
that at a certain threshold magnetic field strength, the Zee-
man interaction exceeds the HFI inhibiting the spin transfer
between the bound electrons and nuclei and the electron spin
is effectively decoupled from the nuclear one. Since bound
electrons possess very long spin relaxation times under such
conditions (τsc > 200 ns), it is clear that, as the magnetic
field increases and the HFI is uncoupled by the Zeeman
interaction, the spin of bound electrons slowly relaxes due
to τsc. Conversely, when the magnetic field is negligible and,

FIG. 6. (a) Spin transfer rate due to the HFI (d J/dt)HFI = A〈 Î × Ŝc〉 as a function of time extracted from the master-equation approach
for the 69Ga and 71Ga isotopes. The results for the Faraday configuration magnetic field strength B = 0 are shown as a solid blue line, and those
for B = 65 mT are shown as a solid purple line. The beating is due to the presence of two Ga isotopes. (b) The overall angular momentum
transfer

∫ ∞
0 (d J/dt)HFI dt .
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consequently, bound electrons and nuclei are strongly coupled
by the HFI, bound-electron spins decay faster as their angular
momentum is transferred to the rapidly relaxing nuclear spins.
The dissipative processes previously introduced in the master
equations are basically responsible for the net angular mo-
mentum transfer between the center electron and the nucleus
observed at zero magnetic field since they irreversibly destroy
the coherences in the ENSS at the origin of the oscillations
between the average angular momenta of the electron and of the
nucleus. In these conditions, Ga centers are less efficient spin
filters.

IV. CONCLUSIONS

We have demonstrated that it is possible to trigger and
measure the electron-nuclear spin oscillations related to the
hyperfine interaction in dilute nitride semiconductor param-
agnetic centers by monitoring the band-to-band PL in the
absence of any magnetic field. The hyperfine constants and the
relative abundances of the nuclei involved can be unambigu-
ously determined without the need of electron spin resonance
techniques. Information about the nuclear and electron spin
relaxation damping parameters of the paramagnetic center
can also be estimated in time domain from the oscillation
damping and the long-time-delay behavior. These parameters
are direct attributes of the electronic and nuclear spin relaxation
mechanisms. Under a moderate magnetic field (65 mT) in the
Faraday configuration, the beating pattern, typical of the HFI,
is strongly quenched, and the spin-filtering effect becomes
more efficient. The bound-electron spins in Ga2+ centers are
strongly stabilized by the external magnetic field through the
Zeeman effect, which decouples it from the nuclear spins and
prevents the transfer of angular momentum between the two
spins. This multiple-pulse scheme opens new perspectives in

time-resolved detection capabilities based solely on the spin-
dependent recombination mechanism under zero magnetic
field. Even though here we have focused on Ga centers embed-
ded in GaAsN, these methods can easily be adapted to other
types of point defects with comparable properties, incorporated
in different semiconductors. The spin dynamics revealed by
the pump-probe technique developed here provides general
guidelines for the desired properties of spin systems based on
point defects. We envision that in the future, centers that exhibit
spin-dependent recombination mechanisms integrated into a
semiconductor matrix with no nuclear spin and, consequently,
very slow nuclear spin relaxation will be used to create stable
angular momentum states. Using the spin-dependent recom-
bination mechanism presents clear advantages in creating
monolithic devices that conjugate the standard electronics with
spintronics by coupling spin-polarized CB electrons to the
nuclear spins at point defects. The spin state of such systems
could be triggered and tracked by the double-pulse method
presented here.
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