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Intensity equations for birefringent spin lasers
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Semiconductor spin lasers are distinguished from their conventional counterparts by the presence of spin-
polarized carriers. The transfer of angular momentum of the spin-polarized carriers to photons provides important
opportunities for the operation of lasers. With the injection of spin-polarized carriers, which lead to the circularly
polarized light, the polarization of the emitted light can be changed an order of magnitude faster than its
intensity. This ultrafast operation of spin lasers relies on a large birefringence, usually viewed as detrimental
in spin and conventional lasers. We introduce a transparent description of spin lasers using intensity equations
which elucidate the influence of birefringence on the intensity and polarization modulation of lasers. Unlike
commonly describing the role of birefringence on laser dynamics by employing complex quantities, our approach
is simpler, because it is relying on real quantities and allowing analytical solutions. While intensity modulation
is independent of birefringence, for polarization modulation an increase in birefringence directly increases the
resonant frequency. Our results for dynamical operation of lasers provide a guide for their spin-dependent
response and spintronic applications beyond magnetoresistance.
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I. INTRODUCTION

Introducing spin-polarized carriers in semiconductors pro-
vides both an opportunity to exceed the performance of best
conventional lasers and realize room-temperature spintronic
applications, beyond the usual magnetoresistive effects. While
typical spintronic devices rely on unipolar transport: only one
type of carriers (electrons) plays an active role, lasers are
bipolar devices, and a simultaneous description of electrons
and holes is crucial [1-3].

Spin lasers [4-14] embody common elements for spin-
tronic devices: spin injection, relaxation, transport, and
detection [15-19]. This is depicted in Fig. 1(a) for vertical
cavity surface emitting lasers (VCSELSs) where spin-polarized
carriers are injected from magnetic contacts or, alternatively,
by using circularly polarized light [20]. The spin transport is
dominated by electrons (bright colors) since the spin imbal-
ance of holes (pale colors) is quickly lost, as they experience
stronger spin-orbit coupling and have a much shorter spin
relaxation time, 7y, << Tsn = T, [17,21,22]. Through the trans-
fer of angular momentum, the spin injection is detected as a
circularly polarized light, i.e., the photon densities of positive
and negative helicity, ST and S~, are inequivalent.

Even though the individual elements of spin lasers have
been extensively studied [20], the interplay between differ-
ent timescales for carrier, spin, and photon dynamics is far
from understood. For example, unlike in common spintronic
devices, where to preserve spin information a long spin relax-
ation time of electrons is desirable [ 18], for optimal dynamical
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operation instead a very short electron spin relaxation time is
sought [23].

While many trends in spin lasers can be understood by
simply introducing spin-resolved quantities in simple rate
equations for conventional lasers [1-3], this approach leaves
large uncertainties for the dynamical operation of lasers
which can be dominated by optical anisotropies, such as
the anisotropy of refractive index—birefringence. To address
this situation, and motivated by the recent experimental ad-
vances showing that a large birefringence with spin injection
in III-V quantum well-based lasers supports a much faster
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FIG. 1. (a) Schematic of a spin laser formed by a gain region,
p- and n-type semiconductor layers, and distributed Bragg reflectors
(DBR), with injection of different spins (J_ < J;) and circularly
polarized emission with photon densities, St < S~. (b) Four-level
model and carrier-spin-photon dynamics. Carriers in the conduction
and valence bands (CB, VB, bright and pale colors, respectively)
have a recombination rate, y,; spin-relaxation time for electrons is
7, and negligible for holes. The optical selection rules determine the
coupling of spin-down (spin-up) carriers to E* (E ™) light field, while
different helicities of light are coupled by a linear birefringence, y,.
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room-temperature operation than in the best conventional
lasers [23], we introduce here transparent intensity equations
to elucidate dynamical operation of spin lasers relying on
the optical transitions between conduction band (CB) and
the heavy hole states in the valence band (VB), illustrated in
Fig. 1(b).

An advantage of the intensity equations is their simplicity:
instead of the helicity-resolved electric fields with complex
amplitudes, E*, for the considered optical transitions in
Fig. 1(b), it is sufficient to use real-valued photon densities,
S* = |E*|2. Our approach offers analytical solutions for sev-
eral situations and provides a direct link to the extensively
studied rate equations for both conventional and spin lasers
[1-3,6,8,11,24-27]

These intensity equations are closely related to the spin-flip
model [28], introduced to explain the polarization dynamics
in conventional VCSELs and later used for describing spin
lasers [29—40]. We show how to correct some of the assump-
tions in that model, which are particularly important for spin
lasers and their potential to be used for ultrafast operation as
a building block of high-performance optical interconnects
[23,39,41], important for a growing need of transferring in-
formation [42—44]. Following this introduction, in Sec. II
we describe our intensity equations. In Sec. III we introduce
dynamic operation of lasers and how it is experimentally re-
alized in highlybirefringent spin lasers. In Sec. IV our results
for intensity and polarization modulation response are given,
and in Sec. V we provide conclusions and note some open
questions for future work.

II. INTENSITY EQUATIONS

The polarization dynamics of VCSELs has been success-
fully described by the influential spin-flip model (SFM) [28]
and widely applied to conventional lasers, having no external
source of spin-polarized carriers [29-32]. For a spin laser the
corresponding equations can be generalized by including in-
jection of spin-polarized carriers as shown in Fig. 1(a). Since
the hole spin relaxation is typically much faster than for elec-
trons, there is no depicted spin imbalance in the p-region [17].

Following the conservation of angular momentum and the
optical selection rules [17], Fig. 1(b) illustrates the SFM
which focuses on the gain region based on a quantum well
(QW) where its confinement splits the heavy and light hole
degeneracy. In the resulting equation it is then sufficient to
consider optical transition between the CB, with the projec-
tion of the total angular momentum J, = +1/2 and the VB
with J, = £3/2 for heavy holes,

R 1 ]
E* = PNt DE* — (a4 iv)ER, (1)

2‘[,);,
N = y,[Jo(t) + J_(1)] = N — y:(N + n)|[E*?
—7,(N —n)[E"|%, 2)

= yJ_(t) = Jo()] —n/ts — y,(N + n)|[ET|?
+y,(N —n)|E™ %, A3)

where the normalized (see the Appendix) circularly polar-
ized components of slowly varying amplitudes of the electric
field are related to linear modes by E* = (E, + iEy,)/ V2.

Corresponding photon densities are ST = |E*|?, with a pho-
ton lifetime 7,,. N is the total number of carriers with a
recombination rate y,, n is the population difference between
spin-down and spin-up electrons with a spin relaxation life-
time 7y, and « is the linewidth enhancement factor. y, and y,
are the dichroism and linear birefringence, the amplitude and
phase anisotropies of the cavity. J.(¢) is the time-dependent
injection rate of spin-up (4) and spin-down (—) carriers.

The SFM equations contain complex amplitudes of the
electric field, which can be expressed in terms of real quanti-
ties as E, , = &, , exp(i¢y ). Therefore, the equations can be
rewritten in terms of the dimensionless real quantities, such
that all the frequencies are scaled to y, and differentiation
expressed with respect to dimensionless time, T = y,t, as
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T £E, &&
N =J—N(1+& +&)—2singn&.&,, (7

h=(J_—J)—n/t,—2singNEE, —n(E] +E).  (B)

where ¢ = ¢, — ¢, is the phase difference between the two
linear modes and J = J, 4+ J_ is the total injection.

A. Intensity equations without spin injection

In the absence of spin injection, J4 = J_, the spin polar-
ization of carriers is minor, i.e., n is small. Therefore, the time
evolution of the phase can be approximated, using dimension-
less time T = y,¢, by

¢~ —2y,. ©)

Considering typically short spin relaxation times in semicon-
ductors used in the gain region of a laser [23,38], 1/1, > v,
we can adiabatically eliminate n (72 =~ 0) to obtain

n & =2t;sin pNE&E,. (10)

With the approximations in Egs. (9) and (10), the SFM from
Egs. (1)-(3) is reduced to dynamic equations for the light
intensities Sy , = &7, and total carrier number N:

Sx = S:[(N — 1)/Tph - 2Va - 6)cySy]v (1)
Sy = Sv[(N - 1)/Tph + 2]/11 - nySx]a (12)
N =J—N—=N(S, +85,) +21,NS,S,, (13)

where the cross-saturation coefficients are €,, = €,x = T,/ Tph,
which suppress the intensity of the emitted light as the carrier
injection is increased. However, the above equations arising
from the SFM, lack the well-known self-saturation effects in
conventional lasers known to be crucial in limiting the inten-
sity of the emitted light at large injection levels [1,2,45] and
studied in the rate-equation description of spin lasers [8,24].
For a more complete description of the gain saturation (also
referred to as the gain compression), we phenomenologically
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introduce self-saturation terms with coefficients €,, and €,, for
the x and y modes

Sx = Sx[(N - 1)/fph - ZVa - ExySy - ExxSx]v (14)
Sy = Sv[(N - 1)/rph + 2Va - enyx - enyy]s (15)

N =J—N —N(S, +85,) +21,NS,S,, (16)

where we note that in describing conventional lasers the gain
saturation coefficients are often simply given by €,, = €,, = ¢
and €, = €, = 0[1,2,45].

B. Intensity equations with spin injection

The immediate effect of a spin injection, J # J_, is a
significant spin polarization of carriers, such that

n~t(J_ —Jp) — 21, sin pNELEy, 17

which in turn leads to additional terms in the equations for
intensities and phase

Sx = Sx[(N - 1)/fph - 2]/(1 - ExySy - ExxSx]

- :—5(J, — J)Y/S:S,(@cos ¢ —sing),  (18)
h

P
Sy = Sy[IN — 1)/Tph + 2V — €55k — €,35)]

+ ;—S(L — I )5S (@cosp +sing),  (19)
ph

N=—N+J—N(S +S,)+2t,NS,S,, (20)

¢ = - 27/17 + n/(z‘cph)[a Sin¢(Sy - Sx)/\/ SxSy
+ 08 G(Sy + Sy)/y/SxSy1. 1)

Equations (18)—(21), with real-valued quantities, can be
used to study the dynamic operation of spin lasers and provide
a good agreement with the common SFM [28], as shown in the
Appendix. The transparency of this approach allows analytical
solutions of intensity modulation response by a small-signal
analysis and offers opportunities to further explore the dynam-
ics of highly birefringent lasers using linear analysis.

III. DYNAMIC OPERATION

The most attractive properties of conventional lasers
usually lie in their dynamical performance, suitable for trans-
ferring information and implementing optical interconnects
[1-3]. A damped driven harmonic oscillator, X 4+ yx + a)%x =
(Fy/m) cos wt, provides a valuable model for the dynamic
operation of lasers [26], where w, is the angular frequency
of the simple harmonic oscillator, y is the damping constant,
Fy is the amplitude of the driving force, and m is the mass.

Such a harmonic oscillator shares with lasers its resonant
behavior near the angular frequency w ~ wp and a large re-
duction of the amplitude, A(w), for @ > wy, as depicted for
two resonant frequencies in Fig. 2,

1/2

A@)/A0) = o} /[(@} — @) + y20’] (22)

The reduction of A(w) by —3 dB, compared to A(0), gives a
useful frequency range over which substantial signals can still
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FIG. 2. (a) Modulation response, characterized by the normal-
ized amplitude A(w)/A(0), of a driven damped harmonic oscillator
with natural frequencies wé'z and damping rates y = wé’z /2, wé’z /4.
The dashed horizontal line indicates —3 dB level as a limit for signif-
icant response.

be transferred, corresponding to the modulation bandwidth of
a laser [1,26].

A challenge for spin lasers is to seek improving dynamic
operation over their best conventional counterparts. Already
the first VCSEL with optical spin injection [4] has supported
a high-frequency operation. The transfer of a Larmor preces-
sion of the electron spin to the spin of photons was shown
to produce polarization oscillation of the emitted light up to
44 GHz in a magnetic field of 4 T at 15 K [4]. While this
approach is limited to cryogenic temperatures and does not
allow an arbitrary modulation of the polarization, needed for
high-speed information transfer, nor it is clear if the resulting
modulation bandwidth (recall Fig. 2) could exceed those from
conventional semiconductors, it has stimulated subsequent
studies in spin lasers.

One such realization of spin lasers supporting room-
temperature ultrafast operation was demonstrated in highly
birefringent VCSELs [23], as shown in Fig. 3. The role of
birefringence can be understood from Fig. 1(b) and SFM or
intensity equations from Sec. II. Since the birefringence is re-
sponsible for the beating between the emitted light of different
helicities, the changes in the polarization of the emitted light,

Pc=(ST=8)/(ST+5), (23)

can be faster than the changes in the light intensity. While
initially these polarization changes were limited to ~10 GHz
for commercial III-V VCSELs to which spin-polarized car-
riers were optically injected [33,34], subsequent theoretical
predictions of much higher strain-enhanced birefringence val-
ues [41] and their experimental realization [38] have paved
the way for spin lasers that could operate faster than the
best conventional counterparts. Specifically, the realization of
higher birefringence values, using an elasto-optic effect up
to ~80 GHz [46], asymmetric heating up to ~60 GHz [47],
integrated surface gratings up to 98 GHz [48], and mechanical
bending reaching 259 GHz [49], by itself supports only static
implications of birefringence due to mode splitting in VCSEL.
However, Fig. 3 also reveals that high birefringence (achieved
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FIG. 3. (a) Experimental detection of the polarization dynamics
of a spin laser pumped by a constant electrical injection J, above
the threshold Jr and a circularly polarized ps laser pulse as spin
injection. Birefringence, y,, is controlled by a mechanical bending
on the VCSEL array, which induces cavity anisotropy. The setup
contains linear polarizers (LP), quarter-wave plates (A/4), a beam
splitter (BS), and lenses (L). The laser output is detected by a
streak camera and an optical spectrum analyzer. (b, c) Polarization
dynamics of the laser after a pulsed spin injection for y,/m = 112
and 214 GHz. S* are the helicity-resolved light intensities, P¢ is the
circular polarization degree [Eq. (23)], and T' denotes the period of
the polarization oscillation. From Ref. [23].

by a mechanical bending) is also compatible with ultrafast
oscillations in Pr, which was observed after a circularly po-
larized picosecond (ps) laser pulse used for spin injection.

To study the dynamic operation of spin lasers, with spin
polarization of injected carriers

Py =4y —J)/Up +T0), (24)

and conventional lasers as their special limiting case, where
P; = 0, it is convenient that each of the key quantities, X (such
as, J, S, N, and Py), is decomposed into a steady-state Xy and
a modulated part 6X (¢) [26],

X =Xo+8X(t), (25)

where we can assume harmonic modulation §X(¢) =
Re[8X (w)e™!].

We focus on the intensity and polarization modulation (IM,
PM), illustrated in Fig. 4. IM for a steady-state polarization
implies J; # J_ (unless P; = 0),

IM: J = Jy + 8J cos(wt), Py = Pj, (26)

where w is the angular modulation frequency. Such a modu-
lation can be contrasted with which also has J; # J_, but J
remains constant [50],

PM:J =J,, P;= P+ 8P;cos(wt). Q27

In spin lasers it is also possible to consider other mod-
ulation schemes with P; # 0. For example, a complex
modulation [51] can suppress an undesired frequency mod-
ulation, or chirp, a direct consequence of IM and the carrier
dependence of the refractive index in the gain region. In addi-
tion to faster operation, by modulating the polarization of the
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FIG. 4. Time dependence of the spin injection J. and helicity-
resolved light intensities ST for intensity (a, b) and polarization
modulation (c, d) in a spin laser. Before the modulation is turned on
at t = 20ns, the total injection J = J, + J_ is constant with a spin
polarization Py = 0.1.

emitted light rather than its intensity [23,52], spin lasers offer
a reduced noise and an improved signal transfer [53].

IV. INTENSITY AND POLARIZATION
MODULATION RESPONSE

The modulation response in conventional lasers, typically
realized using IM, can be simply summarized by relating their
resonant (relaxation-oscillation) frequency fx = wi /27 and
the resulting usable frequency range given by the modulation
bandwidth [1,2] (see Fig. 2),

1L+ V2 f. (28)

Sfaas ~

The modulation bandwidth can be estimated by the reso-
nant frequency, fz = (1/27),/80S0/[tpn(1 + €S0)], where go
is the gain constant, Sy is the steady-state photon density, t,p
the photon lifetime, used also in the SFM, and ¢ is the simpli-
fied parametrization of the gain saturation, noted in Sec. IT A.
To enhance the bandwidth one can seek to enhance fr by
materials design to enlarge go or decrease t,, by reducing
the reflectivity of mirrors forming the resonant cavity (recall
Fig. 1), or by increasing J to attain a larger S. While the last
approach is the most common, we can see not only that it
comes at the cost of the higher power consumption, but also
that a finite € is responsible for the saturation of S as J is
increased.

However, this common analysis using Eq. (28) excludes
the influence of birefringence, which experimentally can ex-
ceed 250 GHz [49], and, even for conventional lasers with
P; =0, it is unclear what would be its influence on fz and
the corresponding modulation bandwidth. In spin lasers the
situation is further complicated as the birefringence can be
viewed as undesirable and there are efforts in designing lasers
to minimize it [9,54-56].

To elucidate the role of birefringence of the modulation
response we analyze the dynamic operation of the laser using
a perturbative approach to the steady-state response, using
a decomposition as in Eq. (25), known also as the small
signal analysis (SSA) [1,2], limited to a small modulation.
This approach is readily generalized for spin lasers [25], with
[8J/Jo] < 1forIM and |6P;| < 1, |Pjo &= 8P| < 1 for PM.
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From the intensity equations we can obtain §S*(w) and the
(modulation) frequency response functions

Ri(w) = [65T(w)/8]+(w)|. (29)

For P; =0 they reduce to R(w) = |6S(w)/8J(w)|, usually
normalized to its @ = 0 value, just as in Eq. (22),

IR(@)/RO)| = 0}/[(0} — *)’ +y?0*]?,  (30)

where, wg and damping rate y can be analytically extracted
from Egs. (14)—-(16). For example, assuming S, = 0, we can
obtain the steady-state values, Syo = Jo/No — 1l and Ny = 1 +
2TpnYa + Tph€xxSyo, and conclude that the normalized thresh-
old values are

Jr=Nr=1+ Z‘L'ph)/a. (€2))

We can then express
wi = (Jo/No — D)(No/Tpn + €xxJo/No), 32)
Y = (JO/NO)(I + Exx) — €xxs (33)

while assuming instead S, = 0, wg, and y would retain the
same form, but with €,, — €,,.

To illustrate the effects of injection and birefringence on
IM explicitly, we calculate the modulation response for a
series of injection and birefringence. Shown in Fig. 5(a)
is the resonant frequency wg as well as the bandwidth
increase with larger injection, which is also implied by
Egs. (28) and (32). Typically, the response is scaled as R(w) =
101log,,[R*(w)/R?(0)]. Note that there is a good agreement
between the numerical calculation and analytical expressions
in Egs. (30), (32), (33). Additionally, the IM bandwidth can
be enhanced by increasing the polarization of injection Py,
without visibly altering the resonant frequency, as shown in
the inset of Fig. 5(a). Using the rate equations (in the ab-
sence of birefringence) such an increase in Pjy has enhanced
both the bandwidth and the resonant frequency [25,57]. In
contrast, from Fig. 5(b), IM response is unaffected by birefrin-
gence. This can be understood from the intensity equations
[Egs. (18)—(21)], in which birefringence changes only the
phase difference ¢ between x and y modes, rather than the
intensities.

PM can induce polarization oscillations faster than inten-
sity oscillations (recall Fig. 3), which allows an assessment of
the response on P given by R(w) = |§Pc(w)/6P;(w)|. Due
to the complexity of the analytical expressions for the PM
response, we analyze numerically the effects of injection and
birefringence on PM. As shown in Fig. 6(a), the PM resonant
frequency and bandwidth increase only slightly (<5%) with
a three times larger injection. In contrast, the increase in
birefringence significantly enhances the resonant frequency
and bandwidth. Remarkably, the birefringence itself approxi-
mately determines the PM resonant frequency, and the striking
increase in the resonant frequency seen from Fig. 6(b) is
well described by ffM ~ y,/m. Since birefringence larger
than 200 GHz has been realized experimentally [23,49], it
can be employed to overcome the bandwidth bottleneck [42]
of conventional IM (<35GHz) [58]. From the results in
Fig. 6(b), guided by the room-temperature experiments on
the highly birefringent spin lasers [23], we can see that the
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FIG. 5. Effects of injection (a) and birefringence (b) on the inten-
sity modulation response. (a) The intensity modulation bandwidth is
enhanced by larger injection, for Jy/J;r = 2, 4, and 6. For Jy/J;r =
4, the analytical small signal analysis solution of the modulation
response is given by the black curve, showing a good agreement
with the numerical result with y,/m = 100 GHz. The inset shows
the bandwidth enhancement by spin polarization of injections from
Pjo = 0.3 (green) to 0.9 (red). (b) The intensity modulation response
coincides for different birefringence y, /7 = 50, 100, 200 GHz. As
in Fig. 2, the dashed horizontal line indicates —3 dB level as a limit
for significant response.

birefringence of 200 GHz corresponds to the bandwidth of
300 GHz, about an order of magnitude larger than in the best
conventional lasers [58], offering a promising approach for
high-performance optical interconnects based on spin lasers.

A common strategy to increase the resonant frequency
and bandwidth in conventional lasers can be inferred from
Eq. (28) suggesting a desirable role of a large-injection
regime. However, depending on gain saturation, inevitable in
semiconductor lasers [45], which limits the intensity of emis-
sion with increasing injection, there is a detrimental impact on
the modulation response and the increased power consump-
tion.

We illustrate in Fig. 7 the effects of self-saturation, absent
in SFM, on IM and PM response. For simplicity, we consider
a case of y-mode lasing, i.e., S, < Sy, which allows a focus
on the saturation of the dominant y mode, while the effect of
x-mode saturation can be inferred analogously. For IM, the
peak value of response is reduced with larger saturation e,,,
while the resonant frequency and bandwidth remain nearly
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FIG. 6. Effects of injection (a) and birefringence (b) on the po-
larization modulation response. (a) A minor increase in the resonant
frequency and bandwidth of polarization modulation for injection
Jo/Jr from 2, 4 to 6. Here y,/m = 100 GHz. (b) A significant en-
hancement of resonant frequency and bandwidth with birefringence
vp/7m = 50 GHz, 100 GHz, 200 GHz. The resonance peaks locate at
the corresponding birefringence y, /7. Here Jy/Jr = 2 and Pjy = 0.

unchanged. The self-saturation effect on PM is much smaller
and hardly noticeable, which can only be seen from the inset
of Fig. 7(b). We see that the PM response is insensitive to both
injection [Fig. 6(a)] and saturation, as it relies on the dynamics
of polarization instead of intensity. Such distinct properties
further make it a promising candidate for applications in low-
energy ultrafast optical communication. Specifically, ultrafast
operation in highly birefringent spin lasers can be realized at
low injections, Jr < J, which has been recently demonstrated
with electrically tunable birefringence, even at elevated tem-
peratures ~70°C [59]. This could greatly reduce the power
consumption, which is estimated to be an order of magnitude
lower than in the state-of-the-art conventional lasers [23,60].

V. CONCLUSIONS AND OUTLOOK

The transparency of the developed intensity equations pro-
vides an intuitive description of intensity and polarization
dynamics for both conventional and spin lasers. This ap-
proach, motivated by a popular spin-flip model [28], offers
not only simpler calculations and analytical results, but also a
direct connection to widely used rate equations [1,2] now in-
cluding the missing description of optical anisotropies. While
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FIG. 7. Self-saturation effects on intensity (a) and polarization
modulation (b). (a) For intensity modulation, when self-saturation
of the y mode increases (¢,, = 0, 1, 2), the response peak decreases,
while the bandwidth is not significantly affected. (b) For polarization
modulation, the self-saturation effect is minor, showing only a slight
increase in the response peak with larger self-saturation (magnified
in the inset).

compared to the spin-flip model these intensity equations are
obtained by eliminating the population difference between the
spin-up and spin-down electrons, this approximation is accu-
rately satisfied for spin lasers suitable for ultrafast operation
and implementing optical interconnects [23,39,59].

The introduced intensity equations overcome several lim-
itations of the initial spin-flip model [28], which neglected
gain saturation, particularly important for a large-injection
regime, and assumed identical spin relaxation times of holes
and electrons, despite characteristic times being typically sev-
eral orders of magnitude shorter in holes [17]. Instead, as
relevant to most of the fabricated spin lasers, we have con-
sidered a vanishing spin relaxation time for holes. As shown
within the generalized rate-equation description of spin lasers
[27], this assumption can be relaxed to better describe GaN
quantum well spin lasers [61], where both electron and hole
spin relaxation times are comparable [62], but have not been
simultaneously considered in describing experiments [63].

Our findings on the modulation response reveal that for
the intensity modulation, commonly used in conventional
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FIG. 8. Comparison of time evolution of polarization-resolved
intensities S* between intensity equations (solid) and SFM (dashed)
under intensity modulation (a) and polarization modulation (b).
Before modulations turned on at time ¢ = 20ns, the injection is
constant with a spin polarization Pjy = 0.1. Parameters: Jy = 2,
vp/m = 50GHz, y, = 450 GHz.

lasers, the corresponding resonant frequency and the band-
width are independent of the experimentally demonstrated
range of linear birefringence. In contrast, for polarization
modulation the resonant frequency, which can also give an
estimate for the corresponding maximum bandwidth, grows
linearly with the increase in such birefringence, to reach
values largely exceeding the resonant frequency in fastest
conventional lasers. There is a growing support that such
improvements can be realized with different gain regions and
cover a wide range of the emitted light, from 850 nm to 1.55
pm [23,38,39,59,64,65].

Presently, it is unclear what are the frequency limitations
in the operation of spin lasers, for which both strain-enhanced
birefringence and short spin relaxation times could help
[23,61]. There are suggestions how the resonant frequency
and the bandwidth could be further enhanced by choosing
two-dimensional materials for the gain region and perhaps
by employing magnetic proximity effects [23,66]. Instead of
using pulsed ps optical spin injection (recall the approach
from Fig. 3), it would be desirable to seek alternative methods
for modulation of the carrier spin polarization and consider
phenomena that were previously not studied in the context
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FIG. 9. Comparison of the response under intensity modulation
(a) and polarization modulation (b) between intensity equations
(solid) and SFM (dashed). Parameters: Jo =2, Pjy =0, y,/m =
50 GHz, y, = 450 GHz.

of spin lasers, for example, using ultrafast demagnetization
[67,68], ultrasfast magnetization reversal [69,70], or ultrafast
modulation of spin and optical polarization using bound states
in quantum wells [71,72]. Gate-controlled reversal of helicity
was predicted in two-dimensional topological materials [73],
while electrical injection from iron GaAs-based light-emitting
diodes was demonstrated to support helicity switching at room
temperature [74-76].

While our focus was on vertical cavity surface emit-
ting lasers (VCSELSs) [3], typically used to implement spin
lasers, it would be interesting to consider if these inten-
sity equations can also complement the studies of vertical
external cavity surface emitting lasers (VECSELs) [13,54].
They have complementary advantages to VCSELSs, and having
an external cavity may offer an additional control optical
anisotropy, including birefringence, as well as incorporate
magnetic elements close to the gain region for efficient
electrical spin injection [54,77]. Efforts to obtain an effi-
cient room-temperature electrical injection in semiconductors
with perpendicular magnetic anisotropy of the spin injector
[78-80] could be extended in spin lasers to remove the need
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to use an external magnetic field to align the magnetization
out-of-plane, consistent with the usual optical selection rules
[17].

In addition to the relevance of spin lasers as emerg-
ing room-temperature spintronic devices with operation
principles not limited by magnetoresistive effects [17-20,81],
the studied intensity equations could also be helpful in ex-
ploring other device concepts. For example, an earlier work
on rate equations [25,26] was helpful to motivate electri-
cal spin interconnects [66,82,83] and phonon lasers [84], an
acoustic analog of lasers which also shares properties with
spin-controlled nanomechanical resonators [85,86].
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APPENDIX

The quantities in the spin-flip model (SFM) equations
[28] are usually studied in the dimensionless form mak-
ing it important to describe how they are normalized and
simplify their relation to other rate-equation description
of lasers. Specifically, the quantities in SFM have been

normalized as

F.
E: = , (A1)
VS2;
N = w’ (A2)
NT _]vtran
N_ —N.
n=——", (A3)
NT _Nlran

where Fy are the slowly varying amplitudes of the helicity-
resolved components of the electric field, Sy, is the steady-
state light intensity at twice the threshold injection 2J7, Ny
are the numbers of spin-up and spin-down electrons, and Ny
and Ny, are the numbers of electrons at the threshold and
transparency, respectively. The injection J has been normal-
ized with respect to threshold injection Jr. We have assumed
Ya < 1/7pn in the above normalizations.

To verify the validity of intensity equations, we compare
the numerical results from the intensity equations and SFM.
In Fig. 8 we show a comparison of the time evolution of
helicity-resolved intensities S* between intensity equations
and SFM under IM and PM, respectively. Note that S* =
(Sx + 8y £2,/5,S, sin ¢)/2. We see that the agreement in the
time evolution is excellent, with only a minor deviation for
PM. The comparison of modulation response is illustrated in
Fig. 9, which shows a good overall agreement, with only a
small discrepancy in the PM response.

[1] S. L. Chuang, Physics of Optoelectronic Devices, 2nd ed. (Wi-
ley, New York, 2009).

[2] L. A. Coldren, S. W. Corzine, and M. L. MaSovi¢, Diode Lasers
and Photonic Integrated Circuits, 2nd ed. (Wiley, Hoboken, NJ,
2012).

[3] Edited by R. Michalzik, VCSELs Fundamentals, Technology
and Applications of Vertical-Cavity Surface-Emitting Lasers
(Springer, Berlin, 2013).

[4] S. Hallstein, J. D. Berger, M. Hilpert, H. C. Schneider, W. W.
Riihle, F. Jahnke, S. W. Koch, H. M. Gibbs, G. Khitrova, and
M. Oestreich, Manifestation of coherent spin precession in
stimulated semiconductor emission dynamics, Phys. Rev. B 56,
R7076 (1997).

[5] H. Ando, T. Sogawa, and H. Gotoh, Photon-spin controlled
lasing oscillations in surface-emitting lasers, Appl. Phys. Lett.
73, 566 (1998).

[6] J. Rudolph, S. Déhrmann, D. Higele, M. Oestreich, and W.
Stolz, Room-temperature threshold reduction in vertical-cavity
surface-emitting lasers by injection of spin-polarized carriers,
Appl. Phys. Lett. 87, 241117 (2005).

[7] N. C. Gerhardt, S. Hovel, M. R. Hofmann, J. Yang, D. Reuter,
and A. Wieck, Enhancement of spin information with vertical
cavity surface emitting lasers, Electron. Lett. 42, 88 (2006).

[8] M. Holub, J. Shin, and P. Bhattacharya, Electrical Spin Injection
and Threshold Reduction in a Semiconductor Laser, Phys. Rev.
Lett. 98, 146603 (2007).

[9] S. Hovel, A. Bischoff, N. C. Gerhardt, M. R. Hofmann, T.
Ackemann, A. Kroner, and R. Michalzik, Optical spin manip-
ulation of electrically pumped vertical-cavity surface-emitting
lasers, Appl. Phys. Lett. 92, 041118 (2008).

[10] D. Basu, D. Saha, and P. Bhattacharya, Optical Polarization
Modulation and Gain Anisotropy in an Electrically Injected
Spin Laser, Phys. Rev. Lett. 102, 093904 (2009).

[11] D. Saha, D. Basu, and P. Bhattacharya, High-frequency dynam-
ics of spin-polarized carriers and photons in a laser, Phys. Rev.
B 82, 205309 (2010).

[12] S. Iba, S. Koh, K. Ikeda, and H. Kawaguchi, Room temperature
circularly polarized lasing in an optically spin injected vertical-
cavity surface-emitting laser with (110) GaAs quantum wells,
Appl. Phys. Lett. 98, 081113 (2011).

[13] J. Frougier, G. Baili, M. Alouini, I. Sagnes, H. Jaffres, A.
Garnache, C. Deranlot, D. Dolfi, and J.-M. George, Control of
light polarization using optically spin-injected vertical external
cavity surface emitting lasers, Appl. Phys. Lett. 103, 252402
(2013).

[14] J.-Y. Cheng, T.-M. Wond, C.-W. Chang, C.-Y. Dong, and Y.- F
Chen, Self-polarized spin-nanolasers, Nat. Nanotechnol. 9, 845
(2014).

[15] S. Das Sarma, J. Fabian, X. D. Hu, and 1. Zutié, Spin elec-
tronics and spin computation, Solid State Commun. 119, 207
(2001).

[16] S. Maekawa and T. Shinjo (eds.), Spin Dependent Transport in
Magnetic Nanostructures (Taylor & Francis, New York, 2002).

[17] L. Zutié, J. Fabian, and S. Das Sarma, Spintronics: Fundaman-
tals and applications, Rev. Mod. Phys. 76, 323 (2004).

[18] E. Y. Tsymbal and I. Zutié (eds.), Spintronics Handbook Spin
Transport and Magnetism, 2nd ed. (Taylor & Francis/CRC
Press, Boca Raton, FL, 2019).

[19] A. Hirohata, K. Yamada, Y. Nakatani, I.-L. Prejbeanu, B. Diény,
P. Pirro, and B. Hillebrands, Review on spintronics: Principles

045306-8


https://doi.org/10.1103/PhysRevB.56.R7076
https://doi.org/10.1063/1.121857
https://doi.org/10.1063/1.2146064
https://doi.org/10.1049/el:20062890
https://doi.org/10.1103/PhysRevLett.98.146603
https://doi.org/10.1063/1.2839381
https://doi.org/10.1103/PhysRevLett.102.093904
https://doi.org/10.1103/PhysRevB.82.205309
https://doi.org/10.1063/1.3554760
https://doi.org/10.1063/1.4850676
https://doi.org/10.1038/nnano.2014.195
https://doi.org/10.1016/S0038-1098(01)00111-9
https://doi.org/10.1103/RevModPhys.76.323

INTENSITY EQUATIONS FOR BIREFRINGENT SPIN ...

PHYSICAL REVIEW B 103, 045306 (2021)

and device applications, J. Magn. Magn. Mater. 509, 166711
(2020).

[20] 1. Zuti¢, G. Xu, M. Lindemann, P. E. Faria Junior, J. Lee, V.
Labinac, K. Stojsi¢, G. M. Sipahi, M. R. Hofmann, and N. C.
Gerhardt, Spin-lasers: Spintronics beyond magnetoresistance,
Solid State Commun. 316-317, 113949 (2020).

[21] J. Fabian, A. Mathos-Abiague, C. Ertler, P. Stano, and I
Zuti¢, Semiconductor spintronics, Acta Phys. Slovaca 57, 565
(2007).

[22] D. J. Hilton and C. L. Tang, Optical Orientation and Femtosec-
ond Relaxation of Spin-Polarized Holes in GaAs, Phys. Rev.
Lett. 89, 146601 (2002).

[23] M. Lindemann, G. Xu, T. Pusch, R. Michalzik, M. R. Hofmann,
I. Zutié, and N. C. Gerhardt, Ultrafast spin-Lasers, Nature
(London) 568, 212 (2019).

[24] C. Ggthgen, R. Oszwatdowski, A. Petrou, and I. Zutié, Analyt-
ical model of spin-polarized semiconductor lasers, Appl. Phys.
Lett. 93, 042513 (2008).

[25] J. Lee, W. Falls, R. Oszwaldowski, and 1. Zuti¢, Spin modula-
tion in lasers, Appl. Phys. Lett. 97, 041116 (2010).

[26] J. Lee, R. Oszwaldowski, C. Gothgen, and I. Zuti¢, Mapping
between quantum dot and quantum well lasers: From conven-
tional to spin lasers, Phys. Rev. B 85, 045314 (2012).

[27] J. Lee, S. Bearden, E. Wasner, and 1. Zutié, Spin-lasers: From
threshold reduction to large-signal analysis, Appl. Phys. Lett.
105, 042411 (2014).

[28] M. San Miguel, Q. Feng, and J. V. Moloney, Light-polarization
dynamics in surface-emitting semiconductor lasers, Phys. Rev.
A 52,1728 (1995).

[29] J. Martin-Regalado, F. Prati, M. San Miguel, and N. B.
Abraham, Polarization properties of vertical-cavity surface-
emitting lasers, [EEE J. Quantum Electron. 33, 765 (1997).

[30] M. P. van Exter, R. F. M. Hendriks, and J. P. Woerdman, Phys-
ical insight into the polarization dynamics of semiconductor
vertical-cavity lasers, Phys. Rev. A 57, 2080 (1998).

[31] J. Mulet and S. Balle, Spatio-temporal modeling of the optical
properties of VCSELs in the presence of polarization effects,
IEEE J. Quantum Electron. 38, 291 (2002).

[32] G. Van der Sande, J. Danckaert, I. Veretennicoff, and T. Erneux,
Rate equations for vertical-cavity surface-emitting lasers, Phys.
Rev. A 67, 013809 (2003).

[33] M. Y. Li, H. Jdhme, H. Soldat, N. C. Gerhardt, M. R. Hofmann,
T. Ackemann, A. Kroner, and R. Michalzik, Birefringence con-
trolled room-temperature picosecond spin dynamics close to
the threshold of vertical-cavity surface-emitting laser devices,
Appl. Phys. Lett. 97, 191114 (2010).

[34] N. C. Gerhardt, M. Y. Li, H. Jahme, H. Hopfner, T. Ackemann,
and M. R. Hofmann, Ultrafast spin-induced polarization oscil-
lations with tunable lifetime in vertical-cavity surface-emitting
lasers, Appl. Phys. Lett. 99, 151107 (2011).

[35] R. Al-Seyab, D. Alexandropoulos, I. D. Henning, and M. J.
Adams, Instabilities in spin-polarized vertical-cavity surface-
emitting lasers, IEEE Photonics J. 3, 799 (2011).

[36] N. C. Gerhardt and M. R. Hofmann, Spin-controlled vertical-
cavity surface-emitting lasers, Adv. Opt. Techn. 2012, 268949
(2012).

[37] S. S. Alharthi, A. Hurtado, V.-M. Korpijarvi, M. Guina, I. D.
Henning, and M. J. Adams, Circular polarization switching and
bistability in an optically injected 1300 nm spin-vertical cavity
surface emitting laser, Appl. Phys. Lett. 106, 021117 (2015).

[38] M. Lindemann, T. Pusch, R. Michalzik, N. C. Gerhardt, and
M. R. Hofmann, Frequency tuning of polarization oscillations:
Toward high-speed spin-lasers, Appl. Phys. Lett. 108, 042404
(2016).

[39] N. Yokota, K. Nisaka, H. Yasaka, and K. Ikeda, Spin polariza-
tion modulation for high-speed vertical-cavity surface-emitting
lasers, Appl. Phys. Lett. 113, 171102 (2018).

[40] M. Adams, N. Li, B. Cemlyn, H. Susanto, and I. Henning, Alge-
braic expressions for the polarisation response of spin-VCSELs,
Semicond. Sci. Technol. 33, 064002 (2018).

[41] P. E. Faria Junior, G. Xu, J. Lee, N. C. Gerhardt, G. M. Sipahi,
and I. Zuti¢, Towards high-frequency operation of spin-lasers,
Phys. Rev. B 92, 075311 (2015).

[42] J. Hecht, The bandwidth bottleneck, Nature (London) 536, 139
(2016).

[43] D. A. B. Miller, Attojoule optoelectronics for low-energy in-
formation processing and communications—A tutorial review,
J. Lightwave Technol. 35, 346 (2017).

[44] N. Jones, The information factories, Nature (London) 561, 163
(2018).

[45] J. Huang and L. W. Casperson, Gain and saturation in semicon-
ductor lasers, Opt. Quantum Electron. 25, 369 (1993).

[46] K. Panajotov, B. Nagler, G. Verschaffelt, A. Georgievski,
H. Thienpont, J. Danckaert, and I. Veretennicoff, Impact of
in-plane anisotropic strain on the polarization behavior of
vertical-cavity surface-emitting lasers, Appl. Phys. Lett. 77,
1590 (2000).

[47] T. Pusch, E. La Tona, M. Lindemann, N. C. Gerhardt, M. R.
Hofmann, and R. Michalzik, Monolithic vertical-cavity surface-
emitting laser with thermally tunable birefringence, Appl. Phys.
Lett. 110, 151106 (2017).

[48] T. Pusch, P. Debernardi, M. Lindemann, F. Erb, N. C.
Gerhardt, M. R. Hofmann, and R. Michalzik, Vertical-cavity
surface-emitting laser with integrated surface grating for high
birefringence splitting, Electron. Lett. 55, 1055 (2019).

[49] T. Pusch, M. Lindemann, N. C. Gerhardt, M. R. Hofmann,
and R. Michalzik, Vertical-cavity surface-emitting lasers with
birefringence above 250 GHz, Electron. Lett. 51, 1600
(2015).

[50] This is not essential but simplifies our analytical results.

[51] G. Boeris, J. Lee, K. Vyborny, and 1. Zutié, Tailoring chirp in
spin-lasers, Appl. Phys. Lett. 100, 121111 (2012).

[52] H. Hopfner, M. Lindemann, N. C. Gerhardt, and M. R.
Hofmann, Controlled switching of ultrafast circular polarization
oscillations in spin-polarized vertical-cavity surface-emitting
lasers, Appl. Phys. Lett. 104, 022409 (2014).

[53] E. Wasner, S. Bearden, J. Lee, and 1. Zutié, Digital operation
and eye diagrams in spin-lasers, Appl. Phys. Lett. 107, 082406
(2015).

[54] J. Frougier, G. Baili, I. Sagnes, D. Dolfi, J.-M. George, and M.
Alouini, Accurate measurement of the residual birefringence in
VECSEL: Towards understanding of the polarization behavior
under spin-polarized pumping, Opt. Express 23, 9573 (2015).

[55] N. Yokota, R. Takeuchi, H. Yasaka, and K. Ikeda, Lasing polar-
ization characteristics in 1.55-pm spin-injected VCSELSs, IEEE
Photonics Technol. Lett. 29, 711 (2017).

[56] T. Fordos, H. Jaffres, K. Postava, M. S. Seghilani, A. Garnache,
J. Pistora, and H. J. Drouhin, Eigenmodes of spin vertical-cavity
surface-emitting lasers with local linear birefringence and gain
dichroism, Phys. Rev. A 96, 043828 (2017).

045306-9


https://doi.org/10.1016/j.jmmm.2020.166711
https://doi.org/10.1016/j.ssc.2020.113949
https://doi.org/10.2478/v10155-010-0086-8
https://doi.org/10.1103/PhysRevLett.89.146601
https://doi.org/10.1038/s41586-019-1073-y
https://doi.org/10.1063/1.2967739
https://doi.org/10.1063/1.3473759
https://doi.org/10.1103/PhysRevB.85.045314
https://doi.org/10.1063/1.4892071
https://doi.org/10.1103/PhysRevA.52.1728
https://doi.org/10.1109/3.572151
https://doi.org/10.1103/PhysRevA.57.2080
https://doi.org/10.1109/3.985571
https://doi.org/10.1103/PhysRevA.67.013809
https://doi.org/10.1063/1.3515855
https://doi.org/10.1063/1.3651339
https://doi.org/10.1109/JPHOT.2011.2165205
https://doi.org/10.1155/2012/268949
https://doi.org/10.1063/1.4905923
https://doi.org/10.1063/1.4940713
https://doi.org/10.1063/1.5040914
https://doi.org/10.1088/1361-6641/aabda3
https://doi.org/10.1103/PhysRevB.92.075311
https://doi.org/10.1038/536139a
https://doi.org/10.1109/JLT.2017.2647779
https://doi.org/10.1038/d41586-018-06610-y
https://doi.org/10.1007/BF00420579
https://doi.org/10.1063/1.1309019
https://doi.org/10.1063/1.4980025
https://doi.org/10.1049/el.2019.1441
https://doi.org/10.1049/el.2015.2149
https://doi.org/10.1063/1.3693168
https://doi.org/10.1063/1.4862330
https://doi.org/10.1063/1.4929612
https://doi.org/10.1364/OE.23.009573
https://doi.org/10.1109/LPT.2017.2681129
https://doi.org/10.1103/PhysRevA.96.043828

XU, CAO, LABINAC, AND ZUTIC

PHYSICAL REVIEW B 103, 045306 (2021)

[57] D. Banerjee, R. Adari, M. Murthy, P. Suggisetti, S. Ganguly,
and D. Saha, Modulation bandwidth of a spin laser, J. Appl.
Phys. 109, 07C317 (2011).

[58] N. Haghighi, G. Larisch, R. Rosales, M. Zorn, and J. A. Lott,
35 GHz bandwidth with directly current modulated 980 nm ox-
ide aperture single cavity VCSELS, in 2018 IEEE International
Semiconductor Laser Conference (ISLC), Santa Fe, NM (IEEE,
2018), pp. 1-2.

[59] M. Lindemann, N. Jung, P. Stadler, T. Pusch, R. Michalzik,
M. R. Hofmann, and N. C. Gerhardt, Bias current and tem-
perature dependence of polarization dynamics in spin-lasers
with electrically tunable birefringence, AIP Adv. 10, 035211
(2020).

[60] P. Moser, J. A. Lott, P. Wolf, G. Larisch, H. Li, N. N. Ledentsov,
and D. Bimberg, 56 fJ dissipated energy per bit of oxide-
confined 850 nm VCSELS operating at 25 Gbit/s, Electron. Lett.
48, 1292 (2012).

[61] P. E. Faria Junior, G. Xu, Y.-F. Chen, G. M. Sipahi, and I. Zutié,
Waurtzite spin lasers, Phys. Rev. B 95, 115301 (2017).

[62] C. Brimont, M. Gallart, A. Gadalla, O. Crégut, B. Honerlage,
and P. Gilliot, Dislocation density and band structure effects on
spin dynamics in GaN, J. Appl. Phys. 105, 023502 (2009).

[63] A. Bhattacharya, M. Zunaid Baten, I. lorsh, T. Frost, A.
Kavokin, and P. Bhattacharya, Room-Temperature Spin Polari-
ton Diode Laser, Phys. Rev. Lett. 119, 067701 (2017).

[64] N. Yokota, K. Nisaka, H. Yasaka, and K. Ikeda, High-speed
modulation of 1.55-um VCSELs with spin polarization mod-
ulation, in 2018 Conference on Lasers and Electro-Optics
(CLEO), San Jose, CA, 2018 (IEEE, 2018), pp. 1-2.

[65] M. Lindemann, N. Jung, M. Burghard, T. Pusch, G. Xu, L. Zutié,
D. Birkedal, R. Michalzik, M. R. Hofmann, and N. C. Gerhardt,
Intensity and polarization dynamics in ultrafast birefringent
spin-VCSELs (unpublished).

[66] 1. Zutié, A. Matos-Abiague, B. Scharf, H. Dery, and K.
Belashchenko, Proximitized materials, Mater. Today 22, 85
(2019).

[67] M. Battiato, K. Carva, and P. M. Oppeneer, Superdiffusive Spin
Transport as a Mechanism of Ultrafast Demagnetization, Phys.
Rev. Lett. 105, 027203 (2010).

[68] T. Kampfrath, M. Battiato, P. Maldonado, G. Eilers, J. N6tzold,
S. Mihrlein, V. Zbarsky, F. Freimuth, Y. Mokrousov, S. Bliigel
et al., Terahertz spin current pulses controlled by magnetic
heterostructures, Nat. Nanotechnol. 8, 256 (2013).

[69] S. Garzon, L. Ye, R. A. Webb, T. M. Crawford, M. Covington,
and S. Kaka, Coherent control of nanomagnet via ultrafast spin
torque pulses, Phys. Rev. B 78, 180401(R) (2008).

[70] A. Kirilyuk, A. V. Kimel, and T. Rasing, All-optical switching
of magnetization: From fundamentals to nanoscale recording,
in Spintronics Handbook Spin Transport and Magnetism, edited
by E. Y. Tsymbal and L. Zuti¢, 2nd ed. (Taylor & Francis/CRC
Press, Boca Raton, FL, 2019).

[71] I. V. Rozhansky, V. N. Mantsevich, N. S. Maslova, P. L
Arseyev, N. S. Averkiev, and E. Léhderanta, Split-off states
in tunnel-coupled semiconductor heterostructures for ultrafast

modulation of spin and optical polarization, Phys. Rev. B 101,
045305 (2020).

[72] V.N. Mantsevich, I. V. Rozhansky, N. S. Maslova, P. I. Arseyev,
N. S. Averkiev, and E. Lédhderanta, Mechanism of ultrafast
spin-polarization switching in nanostructures, Phys. Rev. B 99,
115307 (2019).

[73] G. Xu, T. Zhou, B. Scharf, and 1. Zutié, Optically Probing Tun-
able Band Topology in Atomic Monolayers, Phys. Rev. Lett.
125, 157402 (2020).

[74] N. Nishizawa, K. Nishibayashi, and H. Munekata, Pure circu-
lar polarization electroluminescence at room temperature with
spin-polarized light-emitting diodes, Proc. Nat. Acad. Sci. USA
114, 1783 (2017).

[75] N. Nishizawa, M. Aoyama, R. C. Roca, K. Nishibayashi, and
H. Munekata, Arbitrary helicity control of circularly polarized
light from lateral-type spin-polarized light-emitting diodes at
room temperature, Appl. Phys. Express 11, 053003 (2018).

[76] H. Munekata, Low-threshold pure-circular polarization electro-
luminescence from spin-light-emitting diodes consisting of
oxidized Al/AlAs tunnel barriers, Proc. SPIE 11288, 112880Q
(2020).

[77] M. Alouini, J. Frougier, A. Joly, G. Baili, D. Dolfi, and J.-M.
Georges, VSPIN: A new model relying on the vectorial descrip-
tion of the laser field for predicting the polarization dynamics of
spin-injected V(e)CSELs, Opt. Express 26, 6739 (2018).

[78] A. Sinsarp, T. Manago, F. Takano, and H. Akinaga, Electrical
spin injection from out-of-plane magnetized FePt/MgO tunnel-
ing junction into GaAs at room temperature, Jpn. J. Appl. Phys.
46, L4 (2007).

[79] S. Hovel, N. C. Gerhardt, M. R. Hofmann, F.-Y. Lo, A. Ludwig,
D. Reuter, A. D. Wieck, E. Schuster, H. Wende, W. Keune et al.,
Room temperature electrical spin injection in remanence, Appl.
Phys. Lett. 93, 021117 (2008).

[80] J. Zarpellon, H. Jaffres, J. Frougier, C. Deranlot, J. M. George,
D. H. Mosca, A. Lemaitre, F. Freimuth, Q. H. Duong, P.
Renucci, and X. Marie, Spin injection at remanence into III-V
spin light-emitting diodes using (Co/Pt) ferromagnetic injec-
tors, Phys. Rev. B 86, 205314 (2012).

[81] X. Lin, W. Yang, K. L. Wang, and W. Zhao, Two-dimensional
spintronics for low-power electronics, Nat. Electron. 2, 374
(2019).

[82] H. Dery, Y. Song, P. Li, and L. Zutié, Silicon spin communica-
tion, Appl. Phys. Lett. 99, 082502 (2011).

[83] L. Zuti¢ and H. Dery, Taming spin currents, Nat. Mater. 10, 647
(2011).

[84] A. Khaetskii, V. N. Golovach, X. Hu, and 1. Zutié, Proposal for
a Phonon Laser Utilizing Quantum-Dot Spin States, Phys. Rev.
Lett. 111, 186601 (2013).

[85] P. Stadler, W. Belzig, and G. Rastelli, Ground-State Cooling of a
Carbon Nanomechanical Resonator by Spin-Polarized Current,
Phys. Rev. Lett. 113, 047201 (2014)

[86] M. Mantovani, A. D. Armour, W. Belzig, and G. Rastelli, Dy-
namical multistability in a quantum-dot laser, Phys. Rev. B 99,
045442 (2019).

045306-10


https://doi.org/10.1063/1.3556959
https://doi.org/10.1063/1.5139199
https://doi.org/10.1049/el.2012.2944
https://doi.org/10.1103/PhysRevB.95.115301
https://doi.org/10.1063/1.3056657
https://doi.org/10.1103/PhysRevLett.119.067701
https://doi.org/10.1016/j.mattod.2018.05.003
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1038/nnano.2013.43
https://doi.org/10.1103/PhysRevB.78.180401
https://doi.org/10.1103/PhysRevB.101.045305
https://doi.org/10.1103/PhysRevB.99.115307
https://doi.org/10.1103/PhysRevLett.125.157402
https://doi.org/10.1073/pnas.1609839114
https://doi.org/10.7567/APEX.11.053003
https://doi.org/10.1117/12.2545701
https://doi.org/10.1364/OE.26.006739
https://doi.org/10.1143/JJAP.46.L4
https://doi.org/10.1063/1.2957469
https://doi.org/10.1103/PhysRevB.86.205314
https://doi.org/10.1038/s41928-019-0306-2
https://doi.org/10.1063/1.3624923
https://doi.org/10.1038/nmat3097
https://doi.org/10.1103/PhysRevLett.111.186601
https://doi.org/10.1103/PhysRevLett.113.047201
https://doi.org/10.1103/PhysRevB.99.045442

