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Amplification of spin currents is attractive for fundamental research and practical applications. It has been
recently discussed in the context of magnonic spin currents. However, amplification of spin currents that are
mediated by electron transport is less familiar. Here we propose a stimulated spin pumping mechanism for
amplifying ac electronic spin currents in a solid-state magnetic medium. The mechanism closely resembles the
optical stimulated emission process during which a coherent photon is created. Two schemes are discussed: The
first is synchronous and consists of phase-locked pulses that perturb a precessing magnetic moment. The second
is asynchronous, where a precessing magnetic moment is driven by the dc spin Hall effect and inherently locks
its phase during the interaction. Depending on the pulses’ timing/dc bias level, the pumped spin current amplifies
or absorbs the injected ac spin current mimicking the operation of the optical gain medium as seen from the gain

saturation characteristics.
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Spin current amplifiers are necessary building blocks in
spintronic networks. The advances in magnon spintronics as
well as the expected advantages in efficient data processing,
speed, and integration [1] have attracted much recent atten-
tion, and a variety of technologies for amplifying magnonic
spin currents have emerged. Parallel pumping [2,3] was iden-
tified as a key mechanism offering superior performance for
its magnon selectivity, while the spin Hall effect (SHE) ap-
proach was utilized to extend the magnon relaxation rate
[4,5]. Even the topological magnon insulator [6] in which
spin currents are carried by edge magnons was found suitable
for amplification. Despite their necessity, amplifiers of spin
currents that are mediated by electron transport have received
little attention. Here we propose a process of stimulated spin
pumping that we show to be capable of amplifying electron-
mediated spin currents. The process closely resembles the
optical stimulated emission during which a coherent photon
is emitted.

Stimulated emission is a nonadiabatic (NA) process [7].
Namely, it is a hybrid time—frequency process whereby en-
ergy is transferred between an atomic system and a driving
electromagnetic (EM) radiation before the two equilibrate.
Traditionally, magnetic systems have been explored either
in the time or frequency domains. The frequency domain
ferromagnetic resonance (FMR) experiments [8—14] probes
an adiabatic process since the EM field drives the mag-
netic system in a steady state, where energetic equilibrium
pertains. Likewise, time domain free induction decay exper-
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iments [15-21] are also not NA because the driving EM field
is absent.

Recently, the NA regime was demonstrated in ferro-
magnets (FMs) by combining the rf-driven FMR and the
time-resolved magneto-optical Kerr effect [22]. In these
experiments, the rf-driven magnetization precessions were
perturbed by an optical pulse while the response was exam-
ined before the steady state was reached. Consequently, a
variety of phenomena that are more familiar in their opti-
cal form were observed, including a controllable frequency
chirping of the magnetization, induction of coherence in the
inhomogeneously broadened spin ensemble, tuning of the
intrinsic relaxation times, and mode locking of the spin en-
semble [22,23]. The experiments were complemented by a
rigorous theory of the NA regime in FM systems that are
driven by EM radiation and spin currents [23].

The stimulated spin pumping amplification process de-
scribed here takes the NA regime in FMs a step further. Two
mechanisms are proposed, the first of which is synchronous
and utilizes optical pulses that are phase locked with the in-
jected electronic ac spin current and excite the NA regime in a
FM. By tuning the amplitude and timing of the optical pulses,
the injected ac spin current is either amplified or absorbed.
The second mechanism relies on exciting first the spin trans-
fer torque (STT) oscillator by a dc SHE. It is asynchronous
since it does not require prior preparation of the phase of
the excitation. Consequently, the injected ac spin current is
amplified or absorbed, depending solely on the dc bias current
level. We show that the operation of the asynchronous spin
current amplifier is reminiscent of the operation of the optical
amplifier, such as the erbium-doped fiber amplifier (EDFA)
or the semiconductor optical amplifier (SOA), and that the
similarity to the optical amplifier extends to the gain saturation
profiles.

At the core of the spin current amplifier is a bilayer of
a normal metal (NM)-FM as presented in Fig. 1(a). An ac
charge current of amplitude J¢ ,. is passed through the NM
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FIG. 1. Synchronous amplifier. (a) NM-FM bilayer configuration
of the synchronous amplifier (b) M, (¢) for amplification conditions.
The optically induced magnetic field pulses were 0.05 T.

and generates an ac spin current of amplitude Jg ,. by the
SHE. The ac spin current is polarized in the X direction and
drives the FMR in the presence of an effective magnetic field,
ﬁeff. The anisotropy fields are neglected so that Heff is equal
to the external magnetic field that is applied in the Z direction
and defines the energy axis. The magnitude of the external
magnetic field is Hy and is set to resonance. At the NM-FM
interface, spin pumping takes place. So far, this process is
identical to the STT-driven FMR [13]. Coherent spin current
amplification takes place when the NA interaction is excited
such that the pumped spin current, Jsp, adds constructively
to Js . (vectors indicate spin orientation). An example of
how the amplifier can be integrated in a spintronic circuit is
illustrated in Supplemental Material Note S2 [24].

We start by addressing the synchronous amplification
scheme. In this scheme, the NA regime in the FM is excited by
applying a train of ultrashort optical pulses that momentarily
demagnetize the FM and perturb the steady precessional state
[15,17,22], as illustrated in Fig. 1(a). Also, other all-electrical
means for achieving similar perturbations are possible. The
pulses are phased locked with js ac While each pulse is mod-
eled as an effective instantaneous torque in the y direction.
Using the Landau-Lifshitz—Gilbert—Slonczewski (LLGS) for-
malism under the macrospin approximation, we simulated
100-fs pulses at a repetition rate, I'rep, of 100 MHz, which rep-
resents realistic experimental conditions [25]. The temporal
evolution of the 2 component of M, M., is depicted in Fig. 1(b)
for amplification conditions. Figure 1(b) shows the case where
the relative phase, ¢+, between the optical pulses and Js ac 18
such that fsp is in phase with fs ac, and amplification is max-

imal. We denote this condition by ¢ = 0°. Before turning
on Jc ac, M is aligned with ﬁeff. Once Jc 4 is turned on, the
generated Jg .. drives the steady precessional state by STT.
At t = 150 ns, the optical pulses are applied and initiate the
spin mode locking [22] that excites the NA interaction. Over
time, the steady NA interaction builds up and stabilizes at
~230 ns. In between pulses, M, rises and the Zeeman energy
decreases. This energy is transferred to Js . by the emission
of the spin pumping current, Jp. Depending on the relative
phase between Jsp and Js ,c, which is denoted by ¢y, ..,
fs ac 18 either amplified or absorbed.

ML;lgm(g YW x 7
[26], where M, is the magnetization saturation, gS » is the spin
pumping conductance at the NM-FM interface, and /7 is the
reduced Planck constant. Jsp has the form of a damping-like
torque and therefore increases the intrinsic Gilbert damping,
o, by asp = ?ﬁ(gﬁ,)%, where tgy is the thickness of the
FM layer.

The parameters of the simulation were chosen to model
a Pt/CoFeB system [27] (listed in Supplemental Material
Note S1 [24]), such that the relaxation time is long enough
and the response builds up from pulse to pulse as shown in
Fig. 1(b) for r = 150 to 230 ns. This condition is met when
v oHoow < Trep, Where fig is the permeability of the vacuum.
On the other hand, when this condition is not fulfilled, each
perturbation acts as an isolated event and the overall amplifi-
cation drops significantly. The same principles described for
amplification hold for absorption as well. This is achieved by
setting ¢, = 180°, and is presented in Supplemental Material
Fig. S2 [24]. In a broader context, the synchronous spin cur-
rent amplification/absorption process is based on the same
timing principles that dominate the Ramsey interferometry
method of separated phase-shifted fields [28,29].

The gain characteristics of the synchronous amplifier are
presented in Fig. 2. The amplified spin current JS ou 1S @
sum of Js ac and ]Sp In our case, JS ac 18 polarized in the
X direction. Accordingly, the spin current gain is given by
(Js ac + Jsp )/ (5 ac ). Figure 2(a) illustrates the dependence
of the gain on the relative timing of the pulses. It also presents
the data for optically induced magnetic pulses of 0.01 to
0.05 T, in addition to a strong pulse of 0.15 T. For weak
pulses (0.01 T and 0.02 T), the torque exerted by the pulses
is insufficient to reach amplification independently of ¢,¢, and
the magnetization dynamics are primarily dictated by the STT
induced by fS ac- This is readily seen from the plots of ¢, ..
of Fig. 2(b). For the 0.01-T and 0.02-T cases, ¢y, —j, . 1S
always between 90° and 180°, so that only destructive inter-
ference of fsp and fs ac takes place.

As the pulses’ magnitude increase, their influence becomes
noticeable. By a process referred to as injection locking [30],
M starts to follow the pulses and ¢, s . is set such that
amplification can be reached as seen for 0.03 T and 0.05 T. As
the intensity of the pulses is further increased, the STT arising
from Js o becomes negligible compared to the torque induced
optically, and M is eventually locked solely to the pulses. This
limit is illustrated in Fig. 2(b) for the case of strong 0.15-T
pulses for which ¢, _;; . depends linearly on ¢,;. Generally,
fsp and fS ac add constructively when the pulses drive M such
that the transverse (i.e., X, ¥) components of M and fsp change

The spin pumping is given by Jsp =
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FIG. 2. Synchronous amplification. (a) ¢,;-dependent gain in dB
(10g,6[(J5 ac + J5p)./(Js ac)c])- (b) ¢r-dependent phase between the
spin pumping and the injected ac spin current. (c) Gain saturation
profiles for ¢, = 0°. Inset presents the gain saturation of the optical
amplifier. (a) and (b) are calculated for J¢ ,o = 108 A/m?.

sign compared to the unperturbed case. In the same manner,
when the pulses are turned off at r = 640 ns, M, increases to
its maximal value at r = 650 ns, after which the phase of M,
is inverted and fgp and fs ac add destructively again. A careful
examination of M, reveals a frequency chirping that is typical
of a NA interaction [29] and has been addressed in FMs in
Ref. [22] (see Supplemental Material Fig. S3 [24]).

The gain saturation profiles of the synchronous mechanism
are presented in Fig. 2(c). The traces are plotted as a function
Jc ac- In contrast to the gain saturation profiles of the optical
amplifier illustrated qualitatively in the inset, the spin cur-
rent gain saturates monotonically already for very low J¢ o
amplitudes. While in the optical amplifier such as the EDFA
or SOA, the gain saturates due to carrier depletion at optical
powers above the saturation power, the synchronous amplifier
saturates already at weak inputs because the gain relies purely
on the pulse’s timing and magnitude. As J¢ 4 is increased,
the ac STT overcomes the optically induced torque so that
@Jso—Js .. Decomes closer to the initial destructive interference
region and the gain eventually becomes negative. Since the
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FIG. 3. Asynchronous spin current amplification. (a) Scheme of
the STT oscillator used in the asynchronous amplification. (b) Gain
saturation profiles for Je gc of 0—2J¢ spr. Symmetric Je 4. values
with respect to J¢ str are plotted with the same color code. (c) Depen-
dence of the gain on the dc spin current for J¢ ,. of 103 — 10° A/m?.
Inset presents qualitatively the bias current-dependent gain saturation
profile of the optical amplifier for three levels of input optical power.
The red solid line in the inset corresponds to the highest input power
and magenta corresponds to the lowest.

system does not have any form of spin reservoir, saturation
takes place immediately [31,32]. For extremely large J¢ 4, fgp
is eventually negligible compared to J 4 and the gain medium
is transparent.

The second mechanism we discuss is asynchronous and is
based on the STT-driven self-oscillations. In Fig. 3(a), ﬁeff is
set in the Z direction and the oscillator is excited by injecting
a dc charge current, J¢ q¢, that is converted by the SHE to a dc
spin current of magnitude Jg 4. polarized in the ﬁeff direction.
Self-oscillations in the FM are obtained at the critical J¢ ¢
value of J¢ srr, given by Je st = zef(j)ts*;:“EH" - +‘Z‘;‘_)‘;‘:P)2. Here
as well, agp expresses the additional spin angular momentum
losses that result from the spin pumping process. Amplifi-
cation in this case is asynchronous. The phase of the STT
oscillator is locked to fg ac and is determined during the first
few cycles of the interaction. Depending on the magnitude
of Jc des Js ac is either amplified or absorbed. The gain sat-
uration profiles are presented in Fig. 3(b). In contrast to the
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synchronous amplifier, now the gain profiles resemble those of
the optical amplifier: The small signal gain is constant and the
gain saturates at large J¢ ,. values. The similarity to the optical
amplifier stems from the analogy between the injection of
incoherent carriers in the optical amplifier and the phase-less
spins in the spin current amplifier. As a function of Jc 4, the
gain profiles are antisymmetric around the critical current so
that when J¢ 4. < Je stT, absorption takes place and, above
Jc str, amplification is reached. This behavior is summarized
in Fig. 3(c).

We explain the antisymmetry using the analogy to the
Bloch vector formalism [33-35]. To this end, we transform
M to the density matrix elements of a two-level system (TLS)
according to M, = p11 — p2» and pjp = (M,— jM,)/2, where
p11 and py; are the occupation probabilities of the ground
and excited states, respectively, and p;, is the off-diagonal
term of the density matrix. Under this transformation, the
LLGS equation describes the dynamics of an effective TLS as
follows [32,36,37] (see Supplemental Material Note S3 [24]):

o1 = A1 = yipn + 2[S(p12)RVi2) — R(012)I(Vi2)]
022 = Ao — y2p20 — 2[S(p12)R(V12) — R(p12)I(Vi2)] (1)
p12 = —(jo + Yin)p12 + jlo11 — p2)Vi2,

where A and A, are the injection rates into the ground and
excited states, and y; and y; are the decay rates of the ground
and excited states, respectively. w is the natural resonance
frequency of the TLS, yiy, is the inhomogeneous broadening
of the system, and V), is the interaction term. y; and y, are
related to « [23] and are introduced phenomenologically in
the optical equations [36], in contrast to the Gilbert damping
that describes a Rayleigh friction process [38]. A; and A,
are relevant in the optical equations and are zero in our case.
With the previous transformation, y; and y, are given by (see
Supplemental Material Note S4 [24])
_ Jeac :|
Je str

o+ oy M, — M,
y1(M.) = —yHy z 2< )[1
I+ (a + asp) M;
_ Jeae :|
Jestr)

o + agp (MS+MZ>[1
1+ (o +asp)* \ M,
2)

2(M;) = yHy

Since M, < M, the term yHoH‘E‘;—“;Py(%) is always
SP s

non-negative, resulting in y; » o< F[ I—JJCC S;T], so that above
the critical current, y; and y, change signs. Amplification
in the TLS occurs when the population is inverted—namely,
when M, is negative (see Supplemental Material Fig. S4 [24]).
Below the critical current, Je 4 < Je st1, 72 > 0, and y; < 0,
resulting in M, > 0 and the population inversion is negative.
Therefore, absorption takes place and ¢;,,_j, . 1S such that
Jsp and Jg add destructively. Compared to the synchronous
amplifier where ¢;,,_j, .. is set by the optical pulses, here it is
set by the population difference, p;; — p2,. Similarly, above
the critical current, y; and y, change sign so that M amplifies

JS ac-

The transition from absorption to amplification around
Je str 18 less abrupt the larger Je 4 is, as seen in Fig. 3(c).
For small J¢ 4, the STT oscillator dictates the dynamics. In
contrast, when J¢ , is large, e.g., for J¢ oo = 10° A/m?, the
ac STT dominates the dynamics and, in addition, the gain
is saturated, as seen in Fig. 3(b). Therefore, the transition
from absorption to amplification is moderate. At J¢ 4. values
slightly beyond J¢ st of up to ~1.04 - J¢ st [marked by the
dashed black frame in Fig. 3(c)], the behavior resembles the
bias current-dependent gain profile of the optical amplifier
[39] presented in the inset of in Fig. 3(c). Beyond ~1.04 -
Je stT, the spin current gain decreases and the behavior of the
spin and optical amplifiers deviate. We explain this deviation
by the density matrix formalism. The amplified spin current is
g.iVen by (JS Out)x = (JS ac T JSP)X in which (JSP))( & M\'MZ -
MM, ~ MyM, since M, is slowly varying compared to M,.
This translates to (.i:gp)x & (P12 — p21)(P11 — p22). At the crit-
ical current, transparency occurs—namely, (p1; — p22) = 0.
On the other hand, when Jc 4. > Jc stT, M becomes antipar-
allel to H.; because of the large antidamping torque, and
the transverse magnetization components decrease, resulting
in p12, p21 — 0. Therefore, (j:gp)x — 0 in both limits. It is
also seen that the expression for (Jsp), is antisymmetric with
respect to the transparency point at J¢ str.

Finally, we point out an additional difference between the
spin current amplifier and the optical amplifier that is found in
the dc excitation process. In the TLS optical amplifier model,
the incoherent current injection increases pp1, p2 [32,40], as
illustrated in Eq. (1) by the term A;,. In contrast, in the
density matrix formalism of the spin current amplifier, the
incoherent spin injection manifests through the decay terms,
e.g., v1.2 in Eq. (2), by the antidamping STT according to the
LLGS equation.

In summary, we present two mechanisms for amplifying
electronic ac spin currents by stimulated spin pumping. The
first mechanism is synchronous and provides control over
the phase of the pumped spin current thereby revealing the
inner workings of the NA amplification process. The second
mechanism is asynchronous and is a closer analogue of the
optical amplifier. The similarity stems from the dynamics
of converting incoherent carriers/spins into coherent carri-
ers/spins. Our findings stimulate further connections between
well-established concepts from laser physics and spintronics
technology. For example, a saturable spin current absorber
that gives rise to a mode-locked spin current emission capable
of exerting a torque that is stronger than observed to date may
be considered. Likewise, Gilbert-type loss terms that benefit
from a rigorous physical origin can be introduced into the
optical TLS. Future work should relate to spatially distributed
traveling wave propagation effects and, most importantly, to
the experimental realization of the spin current amplifier.
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