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Nonlinear effects and dynamics are found in a wide range of research fields. In magnetic materials,
nonlinear spin dynamics enables ultrafast manipulation of spin, which promises high-speed nonvolatile
information processing and storage for future spintronic applications. However, a nonlinear spin response
is not yet demonstrated in a nonmagnetic material that lacks strong magnetic interactions. Dilute nitride
III-V materials, e.g., (Ga, N)As, have the ability to amplify the conduction-electron-spin polarization by
filtering out minority spins via spin-polarized defect states at room temperature. Here, by employing cou-
pled rate equations, we theoretically demonstrate the emergence of a nonlinear spin response in such a
defect-enabled room-temperature spin amplifier. Furthermore, we showcase the proposed spin nonlinear-
ity in a (Ga, N)As-InAs quantum dot (QD) coupled all-semiconductor nanostructure, by measuring the
higher-harmonic generation, which converts the modulation of excitation polarization into the second-,
third-, and fourth-order harmonic oscillations of the QD’s photoluminescence intensity and polarization.
The observed spin nonlinearity originates from defect-mediated spin-dependent recombination, which can
be conveniently tuned with an external magnetic field and can potentially operate at a speed exceeding
1 GHz. The demonstrated spin nonlinearity could pave the way for nonlinear spintronic and optospin-
tronic device applications based on nonmagnetic semiconductors with simultaneously achievable high
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operation speed and nonlinear response.
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I. INTRODUCTION

Systems with strong nonlinearity can give rise to com-
plex behaviors that are not only of fundamental scientific
interest but may also lead to practical applications beyond
the capability of a linear system. Nonlinear effects are
widely explored in a variety of research fields, includ-
ing nonlinear optics [1-5], electric transport [6—8], and
spin dynamics [9—14]. Nonlinear phenomena, such as fre-
quency conversion and harmonic generation, find applica-
tions in creating coherent light sources of new colors [1,4].
In magnetic materials, nonlinear spin dynamics is shown
to be an important candidate for terahertz light sources
[13,14]. Moreover, nonlinear spin dynamics in magnetic
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materials and devices enables ultrafast magnetic switching,
which promises high-speed nonvolatile information pro-
cessing and storage for future applications in spintronics
and quantum information technology [13,15]. However,
such nonlinear spin dynamics, so far, is only consid-
ered in magnetic materials with strong enough interactions
(such as strong exchange) or in nonmagnetic materials
with strong spin-orbit coupling [15—17]. In nonmagnetic
semiconductors that are the backbone of today’s elec-
tronics and photonics, such spin nonlinearity is generally
absent, which imposes constraints on harnessing their full
potential for future spintronic applications.

Recently, efficient defect-enabled spin amplification was
demonstrated at room temperature in (Ga, N)As-based
semiconductor nanostructures [18,19]. By taking advan-
tage of spin-dependent recombination via a defect state,
such a room-temperature spin amplifier enables alternative
visions for semiconductor spintronics and the spin-photon
interface at a practical operation temperature. In previ-
ous studies, the nonlinear nature of the spin-amplification
process was largely overlooked. Exploring the nonlinear
effect in the room-temperature spin amplifier can therefore
not only fill the gap in the ongoing pursuit of nonlinear
spin physics in a nonmagnetic material, but also it could
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pave the way to create room-temperature-operational
semiconductor spintronic devices, which are a major chal-
lenge in the research field.

Here, we demonstrate the nonlinear response of a
room-temperature defect-enabled spin amplifier by mea-
suring the harmonic generation from a periodic modu-
lation of the conduction-electron spin polarization in an
all-semiconductor nanostructure consisting of tunneling-
coupled (Ga,N)As and InAs quantum dots (QDs). We
show that the spin nonlinearity is derived from the spin-
dependent recombination mediated by defect states and
can be conveniently tuned with a small external magnetic
field. Such a tunable nonlinear spin response can read-
ily operate at a frequency exceeding 1 GHz and does
not require the strong magnetic interaction of the mate-
rial, thereby opening a gateway to achieve nonlinear spin
dynamics and high-bandwidth spintronic devices in a non-
magnetic material.

II. RESULTS

A. Nonlinear nature of room-temperature
defect-enabled spin amplification

The spin amplification in (Ga, N)As can be described by
the following set of rate equations with the details given in
Note 1 within the Supplemental Material [20,21],

: (I.D

(1.2)

dn
_G—— R.
dt +

(1.3)
Equations (1.1)~(1.3) describe the dynamics associated
with conduction-electron spin S defect-electron spin Sc,
and conduction-electron density » under the condition of
optical orientation [22]. The circularly polarized excitation
generates initial spin and carriers to the conduction band
(CB) with rates of 30 and G, followed by spin relaxation
and annihilation of photocarriers with characteristic times
of 7y and 7. 7 is the spin-relaxation time of the defect elec-
tron. The essence of spin amplification is represented by
spin-dependent recombination, as illustrated in Fig. 1(b),

Wthh is composed of (1) transfer of spin angular momen-
tum 7 = Ve(N S —nS ) from the CB to the defect state via
the spin-conserved capturing process; and (2) Pauli block-
ade correction to the nonradiative recombination rate, R =
4y,S - S.. Here, y, is the electron-capturing coefficient of
the defect center. N is the density of available spin-filtering
defect states. R takes positive (negative) values, and thus,
inhibits (promotes) the nonradiative annihilation of the
photocarriers when the conduction- and defect-electron

spins are parallel (antiparallel). The forms of Tand R sug-
gest that such a defect-enabled spin-amplification process
has an inherently nonlinear nature from the spin-carrier and
spin-spin interactions.

To quantitatively assess the spin nonlinearity, we con-
sider harmonic generation from an optical excitation with
a modulated circular polarization at a given frequency wy,
as illustrated in Fig. 1(a). As a result, the time evolution of
carrier and spin density in Eq. (1) needs to be considered as
the series sum of the harmonics, e.g., S(f) = P S® giseot
and n(1) = ), n®e“0’. Here, superscript & denotes the

order of the harmonics with frequency w = &wy. T and
R then couple harmonics of different orders and drive the
oscillation of the CB carrier and spin density at the cor-
responding frequencies. For instance, one can show that
the CB-electron density develops second-order harmonics
with magnitude

n® = RPt, )

In the absence of an external magnetic field, the time evo-
lution of the CB-electron spin density contains third-order
harmonics with magnitude

§O = 7O 3)

Here, 7% is an effective spin lifetime for the CB electron.
RO — 4V6§<1> .3~£1> and 7O = ye[N(z)S’“) _ n(2>§£1)],
showing that the higher-order harmonics are converted
from the lower-order ones through the spin-dependent
recombination process. Detailed derivations of Egs. (2)
and (3) can be found in Note 2 within the Supplemental
Material [21]. To further demonstrate the harmonic gen-
eration of spin modulation in a room-temperature defect-
enabled spin amplifier, we solve the full set of rate equa-
tions in the low-frequency limit. The time evolution of the
CB carrier and spin density is converted into the frequency
domain with fast Fourier transformation (FFT) and the
results are shown in Fig. 1(c). The numerical simulations
further confirm the emerging second- and fourth-order
harmonics in_n(7), as well as the first- and third-order
harmonics in S(¢).

The conversion of low-frequency modulation of the
spin signal to higher-harmonic oscillation of carriers and
spin density is a direct consequence of spin-dependent
recombination via the defect center. One may view the
oscillation of the conduction-electron spin, S, with given
modulation frequency wy as the new excitation of the sys-
tem, i.c., S Since the oscillation of the defect-electron
spin, S, is received from the transfer of angular moment
from the conduction electron to the defect center through
the multiphonon-assisted spin-conserved capturing pro-
cess, the spin-dependent recombination correction, R , in
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Room-temperature defect-enabled harmonic generation of spin signal. (a) Schematic illustration of harmonic generation of

a spin signal via spin-filtering defects. Harmonic generation is driven by modulation of the conduction-electron spin polarization at
frequency wy. (b) Schematic energy diagram of (Ga, N)As. Spin-dependent recombination via the spin-filtering defect is illustrated.
(c) Simulation of the output frequency-domain spectra from (Ga, N)As for carrier density Az and spin projection S..

Eq. (1.3) essentially bridges the interaction between quasi-
particles. It naturally produces sum-frequency generation,
which takes the two new excitations of (), each with a
quasiparticle energy of hwy, to a sum-frequency excitation,
n®, with an energy of 2hwj. Other higher-order harmonics
can be understood with a similar sum-frequency process
through the same nonlinear term.

B. Spin-harmonic generation in a room-temperature
defect-enabled spin amplifier

Harmonic generation from the modulated spin signal is
then measured for a (Ga, N)As/QD nanostructure consist-
ing of a 20-nm-thick (Ga, N)As layer tunneling coupled
with InAs QDs. Schematic illustrations of the structure
and band alignment of the studied sample are shown in
Figs. 2(b) and 2(c). The steady-state photoluminescence
(PL) spectra of the (Ga, N)As/QD nanostructure can be
found in Fig. S1 within the Supplemental Material [21].
The choice of (Ga,N)As/QD for the demonstration of
the proposed spin nonlinearity has several advantages. To
begin with, efficient spin amplification and the record-
high electron-spin polarization were recently demonstrated

in the same nanostructure as that used here [19]; this
suggests stronger spin nonlinearity compared with a bare
(Ga,N)As epilayer or a (Ga,N)As/GaAs quantum well
structure. Additionally, owing to the complete removal of
the heavy-hole and light-hole degeneracy in an InAs QD
[19,23,24], the conduction-electron spin polarization can
be directly converted into the circular polarization of the
QD emission, which can be conveniently characterized
with polarization-resolved optical spectroscopy.

The measurement scheme is shown in Fig. 2(a). Circular
polarization of the excitation laser (780 nm) is modulated
with an electro-optical amplitude modulator (EOAM) and
PL emission from the sample is collected in the backscat-
tering geometry. The choice of the excitation laser wave-
length is to ensure optical orientation of GaAs conduc-
tion electrons, which are then transferred to the adjacent
(Ga,N)As layer for spin amplification and nonlinear pro-
cesses. The polarization optics decomposes the PL into o™
and o~ components (/ o and 1° ), which are then spec-
trally dispersed and detected with a liquid-nitrogen-cooled
Ge detector. Both 7°" and I°  are recorded as a func-
tion of time with an oscilloscope. The bandwidths of the
Ge detector and oscilloscope are 20 kHz and 500 MHz,
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FIG. 2. Measurement schematics and nonlinear response from the (Ga, N)As/QDs. (a) Schematic illustration of the measurement
scheme. EOAM is used to generate sinusoidal modulation of circular polarization of excitation laser, and the o+ and o~ PL components
of the emission are recorded as a function of time. Schematic structure (b) and band alignment (c) of the investigated (Ga, N)As/QDs
sample. Measured (d) conduction-electron density, An, and (e) spin projection, S;, as a function of time from the emission of the
(Ga,N)As/QDs sample or reflected laser light. (f),(g) Corresponding FFT spectra from (d),(e). Close-up spectra of FFT[S.] around
3wy are shown in the inset of (g). Laser wavelength is fixed at 780 nm, and excitation power is kept constant at 100 mW.

respectively. The modulation frequency of the EOAM is
kept low, at wy = 123 Hz, to avoid any instrumental dis-
tortion of the time-resolved signal caused by the slow
detector. We note that all the measurements are performed
by detecting the emission of the QD-exciton ground state
at 1200 nm and at room temperature.

Figures 2(d) and 2(e) show typical time responses of the
polarization-resolved PL from the (Ga,N)As/QDs under
modulation of the excitation polarization. Here, the sig-
nal associated with CB-electron density, n(f), and CB-
electron spin projection, S,(f), are taken as "+ 10
and (I° —1I°")/2, respectively, according to the spin-
selection rules [22]. Despite the excitation power being
kept constant, the total PL intensity develops a strong
undulation in An(f). An(t) reaches local maxima under
both o*- and o ~-polarized excitation, indicating a domi-
nant contribution from the second-order harmonics. On the
other hand, S (f) mainly follows the modulation of excita-
tion polarization that is superimposed by higher-frequency
components. The higher-order harmonics in S, (#) become
obvious when compared with the reference signal recorded

from the reflected laser light (denoted as laser Ref.). In
Figs. 2(f) and 2(g), we show the corresponding FFT of
the obtained signal. FFT reveals the contribution of the
first- and third-order harmonics in S, and the second- and
fourth-order harmonics in An, as predicted by the theory
shown in Fig. 1(c). We note that odd-order harmonics are
also observed for An, which are not explained by cur-
rent theory, and are likely caused by either other nonlinear
processes or a slight imbalance between the o*- and o ~-
polarization components of the excitation or emission light
clearly visible in Fig. 2(d) or both. The latter is discussed
in more detail in Note 3 within the Supplemental Material,
with the simulated results given in Fig. S2 within the Sup-
plemental Material [21]. Despite this minor deviation, we
show in Fig. S2 within the Supplemental Material [21] that
the intended nonlinear response is not affected noticeably.

The observed harmonic generation from the spin mod-
ulation originates from spin-dependent recombination,
which is expected to be highly dynamic. We thus repeat
the measurements with various excitation-power levels,
and the resulting FFT spectra for An and S, are plotted
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FIG. 3. Power dependence of the nonlinear response. FFT of (a) conduction-electron density, An, and (b) spin projection, S., at

various excitation-power levels. (c) Magnitude of the conduction-electron spin projection, S{", as a function of excitation power.

(d)«f) Magnitudes of higher-order harmonics n®, S®, and n®,

respectively, plotted as a function of S over the shaded power

range in (c), where S monotonously increases with increasing excitation power. Dashed lines are the linear fitting of data in the

log-log plots with the specified fitting parameters for the slope.

in Figs. 3(a) and 3(b). The harmonic generation gives rise
to resonances in the FFT spectra. The magnitudes of corre-
sponding harmonics n®) and S©’ are extracted from fitting
with a Lorentzian line shape. In Fig. 3(c), the obtained
S is plotted against the excitation power. S'V is found to
increase with increasing excitation power within the weak-
power regime, but at a higher excitation power it starts to
saturate and eventually decreases at a further higher power.
The power dependence of SV fits the typical behavior
of the defect-enabled spin amplification, which is deacti-
vated as the defect state is occupied by two electrons of
opposite spins in a spin-paired-off state at a high pumping
fluence [25]. Next, the higher-order harmonics generated
from the spin nonlinearity, e.g., n®, S®, and n¥, are plot-
ted against SV in Figs. 3(d)-3(f), respectively, by taking

data from the shaded power range in Fig. 3(c), where a
monotonous increase of S\ with the excitation power is
found. The higher-order harmonics show a monotonous
growth with SV until saturation is reached. A linear fit of
the log-log plots of Figs. 3(d) and 3(e) yields a slope of
1.18 and 1.71 for n'¥ and S*, respectively. We note that
the obtained power factors for n® and S deviate from
the values that one may expect for the second- and third-
order nonlinear processes [26,27]. This is understandable
since the variation of SV is less than 1 order of magnitude,
and the scaling of the nonlinear power law is largely com-
promised when SV is close to saturation. Nevertheless,
the observation of the superlinear dependence confirms the
nonlinear nature of the observed harmonic generation. In
Fig. 3(f) the fourth-order process is seen to saturate much
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FIG. 4. Control of the nonlinear response by a magnetic field. (a) S{"’ measured as a function of a transverse magnetic field. Exper-
imental data are fitted by a Lorentzian function. Inset illustrates the measurement geometry. As-measured nonlinear coefficients (b)
x@, () x@, and (d) x® as a function of the transverse magnetic field along the positive (B) and negative (—B) field directions, as
marked by red filled circles and blue filled squares, respectively. Lorentzian fittings of experimental data are given by solid lines, and

half widths of the fittings, By ,, are marked with arrows.

earlier than those of n'® and S'¥, and the power factor is
found to be closer to 1.

C. Control of nonlinear-spin response by a magnetic
field

Being able to control the harmonic generation adds
flexibility to potential applications exploiting nonlinearity.
Tunable harmonic generation is achieved in optical non-
linear material through control of the symmetry-breaking
effect or resonance shifting [28-31]. In a magnetic nonlin-
ear system, spin dynamics and a nonlinear response can
be altered by a magnetic field [11,12]. Here, we show that
the observed nonlinear spin response of the (Ga, N)As/QD
nanostructure can also be conveniently tuned by applying a
transverse magnetic field, as shown in the inset of Fig. 4(a).
It is understood that a small transverse magnetic field
depolarizes the defect-electron spin and, as a result, sup-
presses spin amplification via the defect states [25]. This
is observed in Fig. 4(a), where as-measured S{" decreases
with an increase of the applied field strength. Fitting the
magnetic field dependence of S{V with a Lorentzian func-
tion yields a half width of By, = 113.8 G, corresponding
to a defect-spin lifetime of 499.6 ps [25]. To avoid inter-
ference of the magnetic field dependence of SV and focus
solely on the nonlinear response, we define a set of dimen-
sionless nonlinear coefficients by dividing the higher-order
harmonics by S(:

@ RE) @
2 n 3 4 n
():S(l)’ X(): z X(): ) 4)
Z

X )
Sél) Sél)

Figures 4(b)—4(d) show the extracted nonlinear coeffi-
cient x© (£ =2, 3, 4) as a function of magnetic field
strength. The results for both positive and negative field
(denoted as B and —B) are shown. In all three cases,
x© decreases with increasing magnetic field strength, sug-
gesting that not only the spin amplification but also the
proposed spin nonlinearity can be tuned by a magnetic field
in the room-temperature spin amplifier.

The magnetic field dependence of x ¢ differs for non-
linear processes of different orders. The half width, B,
of the magnetic field dependence of x©, as measured
by fitting to the Lorentzian function, has the largest and
smallest values for x ® and x @, respectively. Smaller B; »
indicates that the corresponding nonlinear process is more
sensitive to the applied magnetic field. The difference of
the magnetic field response is determined by the subtle dif-
ference of the spin dynamics in the presence of a magnetic
field.

For an in-depth understanding of the magnetic field
tuneability in the spin-harmonic generation, we resort to
numerical simulations with the full set of coupled rate
equations. Figure 5(a) shows the simulation results of the
higher-order harmonics (n®, S&, and n®) as a function
of S, All the simulation parameters, e.g., defect concen-
tration, capture coefficients, and spin-relaxation time, are
listed in Fig. S3 and Table S1 within the Supplemental
Material [21]. They are comparable with the values used
in previous reports [18,19]. The simulation shows satis-
factory agreement with the experimental results. First of
all, both n® and S exhibit a superlinear dependence on
SV before saturation is reached. Over a large span of SV,
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Simulations of the nonlinear spin response in a defect-enabled spin amplifier. (a) Simulations of higher-order harmonics

n@, 89 and n® as a function of S{V. Dashed lines are guidelines for linear, quadratic, and cubic dependence. (b) Simulations of the
conduction and defect spin vector (SV) and S{") as well as the third-order spin-transfer vector, 7, in the presence of a finite transverse
magnetic field, B,. (c)~(e) Simulated nonlinear coefficients x ®, x®, and x @, respectively, as a function of applied magnetic field.

the power factors of n® and S©® are around 1-2, which
are comparable to the measured values shown in Figs. 3(d)
and 3(e). In Fig. S4 within the Supplemental Material [21],
we show that the power factors of n?, S®, and n® even-
tually approach 2, 3, and 4, respectively, as S decreases
further away from the saturation point. Furthermore, much
earlier saturation is found for ¥, which is also experimen-
tally observed in Fig. 3(f). Both the experimental results
and theory confirm that the proposed spin nonlinearity is
highly dynamic and the nonlinear coefficients are altered
between different dynamic regimes.

The magnetic field dependence of nonlinear coefficients
x© are computed and shown in Figs. 5(c)-5(e) for & =2,
3, and 4, respectively. The simulation results fit quali-
tatively well with the experiments; the half width, B,
derived from the magnetic field dependence is largest for
x® and smallest for x®. The second-order nonlinear-
ity scales with R, which is essentially the product of
the conduction- and defect-electron spins. x @ is therefore
proportional to the projection of the defect-electron spin,
SM, onto the conduction-electron spin, S!. In the pres-
ence of a finite transverse magnetic field, B, both 3‘5,1) and
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Nonlinear operation speed. (a) Simulations of the amplitude of different harmonics as a function of operation frequency.

(b) Conduction- and defect-electron-spin configuration in three characteristic regimes of the operation frequency marked in (a). wy
is the operation frequency. 7 and 7. are the spin lifetimes of conduction and defect electrons, with 7y, > T. (c),(d) Simulations of
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defect concentration, N,, is scaled linearly with _!. 7! values for three types of spin-filtering defects found in (Ga, N)As are marked

in (d).

SO tilt away from the z axis and eventually get balanced
by competition between spin presession and spin relax-
ation. As illustrated in the right part of Fig. 5(b), x® then
decreases in the magnetic field as S{" is depolarized and
rotated away from SM. On the other hand, x® is associ-
ated with 7%, which is depolarized and tilted away from
the z axis at a much smaller B, as compared to SV or S©
as shown in the left part of Fig. 5(b). This explains the
observed sensitive magnetic field dependence of x .

An alternative way of controlling the room-temperature
spin amplifier is by applying a longitudinal magnetic
field in a Faraday geometry. In such a configuration, the
magnetic field causes the Zeeman splitting of the defect-
electron-spin levels, which then competes with the hyper-
fine spin-relaxation mechanism, leading to an enhance-
ment of spin amplification in the field. The effect was
explored earlier in (Ga,N)As bulk material [32]. How-
ever, in the (Ga, N)As/QD nanostructure studied here, the
change of the spin amplification, as probed by the steady-
state QD PL polarization, is less than 5% over a magnetic
field range of 1 T (see Fig. S5 within the Supplemental
Material [21]), which is considerably less effective than
the Voigt geometry and is therefore not considered for
spin-nonlinearity control in the current work.

D. Speed of the spin-nonlinear operation

The observed spin nonlinearity in the room-temperature
defect-enabled spin amplifier can be potentially tailored for

spintronic device applications. The operation speed of such
a nonlinear spintronic device is expected to be much faster
than the modulation frequency used in our measurement,
which is mainly limited by the instrumental response.
Figure 6(a) shows the magnitude of harmonic generation
simulated as a function of the modulation frequency, wy,
of the input spin signal. The nonlinear response is found to
decrease with increasing operation speed, which exhibits
three-stage behavior. In Fig. 6(b), we assign the three
stages to three distinct regimes of spin dynamics for the
CB and defect electrons. In stage I, the high-frequency
regime, woTy. > 1 and woTs > 1, where Ty (Ti) is the
spin lifetime of the CB (defect) electron. In this case, nei-
ther the CB- nor defect-electron spin can follow the input
spin modulation, which yields a vanishing S and higher-
order harmonics. In stage II, the intermediate-frequency
regime, woTs > 1 and wyTy < 1. In this regime, the CB-
electron spin can now follow the input spin signal, whereas
the defect-electron spin cannot. As a result, S has a
small but finite value, while the nonlinear response and
higher-order harmonics are not activated yet. In stage I,
the low-frequency regime, wo7T,. < 1 and wyT; < 1, when
both CB- and defect-electron spins can follow the modu-
lation speed. Spin-dependent recombination via the defect
states is therefore activated, leading to a drastic enhance-
ment of S and emergence of higher-order harmonics,
as shown in Fig. 6(a). We define the nonlinear operation
speed with cutoff frequency w. at which the amplitude
of the corresponding harmonics, e.g., S, drops by 3 dB

064048-8



TUNEABLE NONLINEAR SPIN RESPONSE. ..

PHYS. REV. APPLIED 19, 064048 (2023)

from the maximum value. For instance, in the simulation of
Fig. 6(a), w. for the third-order nonlinear process is found
to be about 0.1 GHz.

The simulation shows that spin nonlinearity and spin
amplification are turned on simultaneously when the spin
lifetimes of both CB and defect electrons become shorter
than the time needed for the operation, i.e., T, Ts < 1/wy.
The key to improving the nonlinear operation speed is
therefore to reduce the corresponding spin lifetime. T,
and 7 are determined by both the corresponding spin-
relaxation time (7, and t,) and effective lifetime. To
facilitate optimization of the spin amplification and non-
linearity throughout the parametric space, we consider the
dynamic regime with 7.! « 7, <« y.N, by fixing the
ratio of 7.'/t,7! = 77!/y.N. = 0.1. Here, N, is the total
concentration of spin-filtering defects. This is a neces-
sary condition to activate spin-dependent recombination
and spin amplification. We note that such a condition is
always possible to reach, since the spin-relaxation mech-
anism of CB electrons and defect concentration can be
tuned independently by designing the material parameters
(such as chemical composition and codoping) and growth
methods and conditions [molecular beam epitaxy (MBE)
versus chemical vapor deposition, gas-source versus solid-
source MBE, growth temperature, etc.]. With the proper
choice of excitation power, e.g., by scaling G = y; ltszz,
one can show that both cutoff frequency w, and the har-
monic generation of arbitrary order (n) and S*) increase
linearly with an increase of 7! (see Note 4 within the
Supplemental Material [21]):

we, n@),SZ@) X tszl. (5)

The scaling rule is confirmed by the numerical simulation
shown in Figs. 6(c) and 6(d), taking yg = 107% um? ps~'.
It suggests that high operation speed and prominent har-
monics generation with the modulated spin signal can
be achieved simultaneously by shortening ;.. Generally
speaking, 7, depends on spin-relaxation mechanism and
can vary over orders of magnitude for different defect
centers [25,33-36]. Specifically, the defect states respon-
sible for spin amplification in (Ga, N)As is an interstitial
defect, Ga?™ [25]. Spin relaxation of Ga?* is governed
by the central hyperfine interaction, and 7, is found to
vary from 220 to 800 ps, depending on the hyperfine-
coupling strength with the nuclear spin of defect Gal?Jr
that differs between different configurations of Ga?*. In
Fig. 6(d), the reported 7! values for the different GaZ" in
(Ga,N)As (Ga;-A, Ga;-B, and Ga;-C) are marked. For Ga;
B, a nonlinear operation frequency exceeding 1 GHz with
a decent x® is readily achievable. More importantly, the
required Ga;* defect concentration is on the order of about
10" cm™3, which is among the typically reported values
for (Ga, N)As with N compositions of 1%—1.5%. We note

that an even higher nonlinear operation speed will be pos-
sible if new defect centers with a shorter spin-relaxation
time can be found. The scaling rule of Eq. (5) therefore
serves as a guideline for the rational design of nonlinear
spin devices based on the proposed mechanism.

III. CONCLUSIONS

We theoretically propose and experimentally demon-
strate the emergence of a nonlinear spin response from
a room-temperature defect-enabled spin amplifier. The
spin nonlinearity originates from the defect-mediated spin-
dependent recombination, which is distinctly different
from, but complementary to, the nonlinear effect found in
magnetic materials that require strong magnetic interac-
tions. The spin nonlinearity converts the input polarization
modulation to the higher-order harmonic oscillations of the
CB electron and spin density. We further show that such
spin-harmonic generation can be controlled conveniently
by an external magnetic field. The demonstrated spin non-
linearity can readily operate at a frequency exceeding
1 GHz in the studied (Ga, N)As/InAs nanostructure. Fur-
thermore, we provide a guideline for the rational design
and optimization of the proposed spin nonlinearity in non-
magnetic semiconductors with simultaneously achievable
higher operation speed and nonlinear response, which may
help to extend the functionality of current semiconductor-
based electronic and photonic technologies.
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