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ABSTRACT

Hybrid dynamic systems combine advantages from different subsystems for realizing information processing tasks in both classical and
quantum domains. However, the lack of controlling knobs in tuning system parameters becomes a severe challenge in developing scalable,
versatile hybrid systems for useful applications. Here, we report an on-chip microwave photon-magnon hybrid system where the dissipation
rates and the coupling cooperativity can be electrically influenced by the spin Hall effect. Through magnon-photon coupling, the linewidths
of the resonator photon mode and the hybridized magnon polariton modes are effectively changed by the spin injection into the magnetic
wires from an applied direct current, which exhibit different trends in samples with low and high coupling strengths. Moreover, the linewidth
modification by the spin Hall effect shows strong dependence on the detuning of the two subsystems, in contrast to the classical behavior of a
standalone magnonic device. Our results point to a direction of realizing tunable, on-chip, scalable magnon-based hybrid dynamic systems,
where spintronic effects provide useful control mechanisms.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0182270

magnonic physics of frequency tunability,” time-reversal symmetry
breaking,z1 dissipative coupling,25 27 etc. Particularly, on-chip, litho-
graphically defined magnon-photon structures with high cooperativ-
ities have been demonstrated,” * opening up avenues for integrating

Hybrid dynamic systems combine two or more subsystems to
achieve control, sensing, transduction, and information processing
beyond the capability of each individual ones."” Tuning the properties
of mutually interacted subsystems in a controllable way, including

their frequencies, dissipation rates, and coupling strengths, lies at the
center of developing functional hybrid systems. So far, various techni-
ques have been developed for tuning the frequencies of hybrid systems,
including varying the flux biases on superconducting qubits,” varying
external magnetic fields for spin ensembles in paramagnetic materi-
als™ or magnons in ferromagnetic materials,” ® etc. Meanwhile, mod-
ulating the coupling strengths and dissipation rates represents more
challenging tasks, with the former fixed by device geometries and
requiring specialized circuits’ "' and the later pre-determined by
intrinsic material properties.

Magnon-photon hybrid systems have recently been imple-
mented'” ”” in order to realize various critical functions, including sig-
nal isolations and frequency interconversions, by exploiting unique

functional magnetic components in large-scale circuits. Enabled by the
on-chip nanoscale device design, various spintronic effects like spin
torques”® ** and voltage controlled magnetic anisotropy’”** can be
potentially leveraged to control magnons, including their dissipations
and frequencies. However, the requirements of both efficient spin cur-
rent injections and high coupling strengths in a single device pose sig-
nificant experimental challenges. To date, a microwave photon-
magnon hybrid system with spin torque enabled tunable dissipation is
yet to be demonstrated.

In this paper, we report an on-chip microwave photon-magnon
hybrid system where the dissipation rates and the coupling cooperativ-
ity are influenced via an electrical current. Figure 1(a) illustrates the
operating principle: inside a microwave resonator inductively coupled
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FIG. 1. (a) Schematic diagram showing a magnon-photon hybrid system where the
magnon dissipation can be electrically adjusted by the spin Hall effect (SHE) using
a direct current, thereby tuning the photon subsystem and the hybrid system coop-
erativity. (b) Microscope photo of a quarter-wave planar resonator with a
2mm x 52 um [Ta/Py/Pt], stripe on top. The inset shows a current injection pad
with the magnetic stripe. (c) Device cross section along the blue dashed line in (b).
(d) Spin current injection into Py layers by the SHE in the magnetic heterostructure.

with magnons, a charge current flowing through spin Hall effect
(SHE) metals inject non-equilibrium spins into neighboring magnetic
layers and change the magnon dissipation rate «,,. This further influ-
ences the dissipations of hybridized magnon polariton modes and
modulates the cooperativity. The current-induced linewidth modula-
tion effects show strong dependence on the detuning and even exhibit
different signs at different coupling regimes, which is distinct from iso-
lated magnonic devices studied previously and reflects the coupled
dynamics nature. Our results introduce SHE as a convenient in situ
method for controlling hybridization between magnons and other
quantum objects.

We utilize coplanar waveguide resonators to reach high magnon-
photon coupling strengths.”® Figure 1(b) shows an image of a
quarter-wave resonator made of copper on a sapphire substrate
defined through the combination of lithography and ion beam etching.
Compared with superconducting resonators,” * the utilization of nor-
mal metals removes the stringent requirement on operation tempera-
ture and provides a larger thermal budget. The side-coupled resonator
is 2.5 um thick, 60 um wide, and 6 mm long, which results in a funda-
mental mode with resonant frequency ,/2n ~5GHz and an
unloaded quality factor of 18 at room temperature [Fig. 2(a)]. The fab-
ricated Cu resonator is covered with a layer of 900 nm thick SiO, to
avoid direct electrical contact between the resonator and the magnetic
layers above. For the fundamental mode, the current distribution
reaches a maximum at the shorted end of the resonator [inset of
Fig. 2(a)], corresponding to the position with the strongest inductive
coupling strength, where a [Ta(4) /Permalloy(Py)(t)/Pt(4)], (units in
nanometers) superlattice structure of 52 um wide and 2mm long is
deposited, as shown by the light green color region in Fig. 1(b). To
apply a direct current, Cu contact pads are connected onto the stripe
[Figs. 1(b) and 1(c)], which are wire bonded to the leads of an external
current source. The magnon-photon coupling strength ¢ depends on
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FIG. 2. (a) Microwave transmission of an unloaded quarter-wave resonator at room
temperature. The inset shows the simulation of current density distribution of
the fundamental mode, where red (blue) area represents regions with high (low)
current densities. (b) Microwave transmission signals in a sample with
[Ta(4)/Py(8)/Pt(4)]5, stripe. The spectra under certain frequencies are magnified
by 10 or 20 times for displaying them on the same plot. To be comparable with
the rest of the work, the magnetic resonance was measured under a current of
J. = +9.6 x 10° Aim? flowing through the magnetic stripe. (c) Frequency vs
applied field of ferromagnetic resonance, with the blue solid line representing fitting
to the Kittel formula. The dashed square shows the field and frequency range
focused on for the rest of our experiment, where the magnon (blue) and the resona-
tor photon (red) modes are coupled. (d) Microwave transmission signals at 4.3 GHz
under opposite current polarities.

the total spin numbers N through g = g,\/N;, where g, is single spin
coupling strength as determined by the device geometry.'”'® In order
to examine the influence of SHE in systems with different couplings,
two types of magnetic wires with different N; are used in our experi-
ment, corresponding to (¢,7) = (4,15) and (t,n) = (8, 30), respec-
tively. Instead of using a single thick magnetic layer, we divide it into
multiple repeats of thin individual layers to ensure that each Py layer is
thin enough for efficient spin torque, and at the same time to achieve a
high N; for large coupling strength. Under an applied charge current,
the heavy metals Ta and Pt with opposite spin Hall angles,” " located
at the opposite surfaces of the Py layer, will inject spins with the same
polarization into Py through SHE [Fig. 1(d)]. The thicknesses of Pt
(Ta) are chosen to be comparable to their spin diffusion lengths™ for
blocking spin flows in the unwanted directions and maximizing the
spin Hall efficiency. During the measurement, an in-plane magnetic
field B is applied at 45° angle with respect to the magnetic stripe
[Fig. 1(b)] so that finite magnon-photon coupling and SHE-induced
magnetic dissipation tuning can be reached simultaneously. The device
is mounted in a cryostat and the microwave transmission coefficient
S>1 between port 1 and port 2 of the fabricated devices [Fig. 1(b)] is
measured by a Vector Network Analyzer. Under the applied direct
currents, the estimated device temperatures are 110 and 100K for sam-
ples with (¢,n) = (4,15) and (t,n) = (8, 30), respectively, based on
resistances of the heterostructure bars.

The S,, is first measured over a broad frequency to characterize
the uniform magnon mode of the magnetic heterostructure. As an
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example, Fig. 2(b) shows the signals from the sample with a
[Ta(4)/Py(8)/Pt(4)],, stripe as a function of applied fields. Away
from the resonator mode near 4.8 GHz, the signal represents ordinary
ferromagnetic resonance (FMR), whose resonant frequencies and
fields are summarized by blue dots in Fig. 2(c). The blue solid line rep-
resents fitting to the Kittel formula w,,(B) = y+/B(B + pyM;) with
saturation magnetization u,M; = 1.0 T and gyromagnetic ratio
y/2m = 28 GHz/T. At each frequency, we measure the resonance sig-
nals while applying direct currents with opposite polarities =I onto
the stripe. In Fig. 2(d), the magnon linewidth is larger under +I than
—I, consistent with SHE-induced magnetic damping change.”>*’ For
the rest of the work, we focus on the hybrid system dynamics when
the magnons and photons are near resonance, as denoted by the
dashed square in Fig. 2(c).

When the frequencies of the magnon w,, and the microwave res-
onator , are close to each other, the resonance spectra are influenced
by their mutual coupling. Figures 3(a) and 3(b) show microwave trans-
mission signals of two resonators with [Ta(4) /Py(4) /Pt(4)],s (sample
1) and [Ta(4)/Py(8)/Pt(4)]5, (sample 2) magnetic stripes, respec-
tively, measured in the presence of applied direct currents. The mag-
non-photon coupling strengths are determined to be g/2m = 98
+3MHz and g, /2n = 268 == 7 MHz for the two samples (discussed
later). Moreover, we determine the dissipation rates (half width at half
maximum, or HWHM) of magnon and resonator under applied cur-
rents independently, K, /27 =495+ 4MHz and K, /2m = 53.2
+1.2MHz for sample 1, and K, /27 = 592 = 9MHz and k,,/27
= 110 = 1 MHz for sample 2, based on the measurement away from

aB (b) = dB

N
=
g
il -0+ -10
i
Li
1
Py,Pt.
N [TayPysPta)1s 12 12
10 20 30 40 50 60 10 20 30 40 50 60
B (mT B (mT
(c) (mT) (d) (mT)
[—+1 [—+1
-7.91—-1 — 1
@ |AB.=6.33+007mT 2 75 AB. —822:+0.22mT
T golAB-1=564+006mT, o AB .| =7.84+0.13mT,
= -7.92 = 17 !
i o 7| N
B 36 37 7.9t f2 26 27
20 30 20 30 40
(e) B (mT) 6} B (mT)
-9 ki1 = 67.0 £ 1.1MHz k41 = 124 + 3.0MHz
a Ky = 69.7+1.2MHz o 8 £y =112 +2.4MHz
& <
— -10 = -9
) @ 19
-11}B1 B,
4.55 4.63 an 4.46 4.67 4.88
f (GHz) f (GHz)

FIG. 3. (a), (c), and (e) are for sample 1 and (b), (d), and (f) are for sample 2. (a)
and (b) Microwave transmission as a function of frequency and in-plane magnetic
field. (c)-(f) Comparison of microwave transmission signals with opposite current
polarities at a fixed frequency or applied field specified in (a) and (b). The data are
measured under average charge current densities through the heterostructures
[Je| = 1.7 x 10" Am? in sample 1 and [J.| = 9.6 x 10° A/m? in sample 2,
respectively. Results in (a) and (b) correspond to ones measured under positive
currents.
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the frequency crossing (see S1 of the supplementary material). With
these parameters, the cooperativities for the two samples are calculated
to be C=g*/Kkui, =0.39+0.02 and 1.10 = 0.05, respectively.
Consistent with the low C in sample 1, Fig. 3(a) shows a simple cross-
ing of the two modes, with frequencies of w,;/2n = 4.64 GHz (red
line) and w,(B) fitted well with the Kittel formula (blue line).
Meanwhile, the larger C value of sample 2 leads to the appearance of
mode anticrossing in Fig. 3(b). The two hybrid modes [purple and
green branches in Fig. 3(b)] can be described by w+(B) = w,,

+A(B)/2 + \/A(B)® +4¢2/2, where ®,,/2n =4.74 GHz and

A(B) = w,,(B) — w; is the detuning between magnons and resonator
photons.”

We apply direct currents on magnetic stripes while measuring S,
spectra to inspect the influence of SHE onto the hybrid system dynam-
ics. For sample 1, Figs. 3(c) and 3(e) shows the comparison of the
transmission signals under =1 at a fixed frequency f; = 5.00 GHz or a
fixed field B; = 26 mT [black lines in Fig. 3(a)]. First, with a large
detuning at f; [Fig. 3(c)], we are observing the current’s influence onto
the pure magnon mode. The transmission spectra under +I exhibit
larger linewidth than —I, consistent with Fig. 2(d). On the other hand,
with a small detuning [Fig. 3(e)], the resonator mode linewidth is
decreased (increased) under a positive (negative) current, which is
opposite to the trend for pure magnons in Fig. 2(c). This trend of the
resonance linewidth change is also opposite to the changes observed in
sample 2 with a higher cooperativity, where for both the fixed fre-
quency [f, = 5.18 GHz, Fig. 3(d)] and fixed field traces [B, = 32 mT,
Fig. 3(f)], the linewidth changes have the same sign with the pure mag-
non case. To check the robustness of the observed effects, we also mea-
sure the spectra by reversing the applied magnetic field directions and
find that the current-induced linewidth change flips its sign in both
samples, consistent with the SHE (see S8 of the supplementary
material).

The two samples not only exhibit opposite signs in dissipation
rate changes under applied currents, but also show distinct detuning
dependences. Figure 4 illustrates the HWHM linewidth variations
oK = (k41 — k_1)/2 as a function of applied fields, where x.1 (x_1) is
the dissipation rate measured under +I (—I). Here, we extract the
influence of the SHE and avoid contributions from heating by

(2) (b)
30
N 60{} Orm [TasPyPty15 N
B LS T 5
=) —Axﬂﬁbﬁ—&;&ﬂ— 2
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FIG. 4. (a) Current-induced linewidth modulation of magnon and resonator photon
modes, dkm and dk;, as a function of applied field in sample 1. To assist the visual-
ization, ox;, (red dot and line) has been scaled by 20 times. (b) Current-induced
linewidth modulation of the upper and lower branches dxy and dx; as a function of
applied field in sample 2. A pentagram (circle) dot in (a) or (b) represents a data
point obtained by a field (frequency) sweep at a fixed frequency (field), whose reso-
nant field (frequency) is shown by the curves with the same color in Figs. 3(a) and
3(b) correspondingly.

Appl. Phys. Lett. 124, 072401 (2024); doi: 10.1063/5.0182270
© Author(s) 2024

124, 072401-3

YE¥S:LL 20T UoIeN vL


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

comparing the linewidths under *I. For sample 1, the two distinct res-
onance modes are the magnon and resonator photon modes [blue and
red dashed lines in Fig. 3(a)]. Correspondingly, dx,, remains nearly
constant across the measured field range in Fig. 4(a) as expected from
SHE-induced magnetic damping change, while Jx, shows a negative
peak when the detuning of the two subsystems is small. The opposite
signs in dx,, and Jx, demonstrate that SHE has opposite effects on the
magnon and resonator linewidths in the coupled system with a low
cooperativity. In sample 2, because of mode hybridization, the reso-
nances separate into upper and lower branches [green and purple
dashed lines in Fig. 3(b)], with the corresponding current-induced
linewidth change shown in Fig. 4(b) (green and purple dots for dxy
and 0k, separately). Far away from the anticrossing, the detuning A is
much larger than the coupling strength; therefore, the two modes
remain at the isolated magnon and resonator photon modes, which
accounts for the constant positive or zero values of dx,,, at high
and low fields. At zero detuning, the mutual coupling lifts up the
degeneracy and leads to the formation of magnon polaritons cy/;
= (am * a,)/+/2 with a,, and a, being the annihilation operators of
magnons and resonator photons. Under this condition, the dissipation
rate change caused by the SHE reaches one half of the pure magnon
case, as reflected in the mid-field region of Fig. 4(b).

To quantitatively understand the SHE on the two samples with
different cooperativities, we adopt the input-output theory, which
describes the microwave transmission signal as a function of excitation
frequency  and applied magnetic field B:""**

Su=1- T z G

i(wr — o) + K, + i{om(B) - @) + 1)

where K, is the coupling of the resonator to the external circuit. Under
SHE, spins affect S,; of the hybrid system via modulating «,, through
Ookm(I) =7y Hoi\?figwl 2% (OpJ™ + @Ta]CTa), with 7 and e representing the
Planck’s constant and electron charge, frpy being the thickness of each
Py layer, 0 being the angle between magnetization and injected spin
moments, Op;, Or,, ]CP t ]CTa being the spin Hall angles and charge
current densities of Pt and Ta layers," where the latter two can be
approximately determined using a parallel circuit model on the hetero-
structure of Fig. 1(d). The eigen frequencies and the effective dissipa-
tion rates as a function of I can be determined using the transfer
function in Eq. (1). In the following, we discuss the approximate solu-
tions applicable to samples 1 and 2 separately, with both cases satisfy-
ing K, > K,. For sample 1 with low coupling strength, the effective
linewidth of the magnon mode is close to its intrinsic value r,, e (I)
~ 1 (I) (see S2 of the supplementary material), which is to the lead-
ing order not influenced by its coupling with the resonator. This is
consistent with the constant dx,, . (I) observed across the field range
in Fig. 4(a). Using resistivities pp; = 12 p€ cm, pp, = 80 pQ cm, and
pra = 180 uQcm,” """ and spin Hall angles ®@p = 0.3" and
Or, = 0.2, we calculate dx,,(]I|)/2m = 27 MHz, agreeing well
with the experimental data [blue solid line in Fig. 4(a)]. Meanwhile,
the dissipation rate of the resonator photon mode can be approxi-
mated as (see S2 of the supplementary material)

Ko (1) }

A 4 k(1]

1+ ¢ (2)

Kr,eff(I) ~ Ky

pubs.aip.org/aip/apl

For the special case of zero detuning A =0, a simple relation follows:
Kr et (I) = K, [1 + C(I)], which is enhanced from the unloaded value
by C(I)."” When r,,(I) increases under an applied current, the corre-
sponding C = g*/k,k, decreases, resulting in a smaller r, e (1),
which qualitatively explains the negative dip in the low detuning
region of Fig. 4(a). Quantitatively, from Eq. (2), we get

2 2
2 Km_A

Ok et (|I]) = —g 5 % 0K (|1]). (3)

(k2, +A%)
The red line in Fig. 4(a) represents fitting using Eq. (3), where the sin-
gle fitting parameter g is determined, g/2n = 98 = 3 MHz, reaching
reasonable agreement with the estimated value of 108 MHz using the
geometry of the resonator and the volume of the magnetic stripes.”

We now turn to the discussion of sample 2. First, for the strongly
coupled system with g > Ky, k,, it can be shown that the current-
induced dissipation rate changes of the hybridized modes are

Oy = cos?y. X 0k (|1]), where ((cosy.  siny. )" is the eigen-
state of the hybrid system Hamiltonian H = wyal a, + w.ala,
+g(al a, +ala,) with cos?y. = [1 = A//A* 4 4g2]/2 (see S2 of
the supplementary material). The linear dependence of Jxy,, on
OKkm(]I|) is consistent with the intuition that the dissipation change of
the hybridized modes originates from its magnon portion whose mag-
nitude is cos>y.. . This analysis gives simple results dxy/; ~ diy, or 0
when |A] > 2g, and dxy/, = 0%,y /2 when A=0. In our sample, the
condition of g > K, K, is not fully satisfied. However, one can show
that a similar formula of dry/, = [1 = A/ \/A2 +4g2 — (i — 1,)%]/
2 X 0Ky (|I]) approximately describes the current’s influence on dissi-
pation rates, as represented by the green and purple solid lines in
Fig. 4(b). Through the o« fitting, we determine g/2n = 268 =7 MHz
for sample 2, consistent with the result obtained by fitting the two
branches w~(B) in Fig. 3(b). The magnon dissipation ,,(I)/27 is
electrically tunable and results in the current-induced cooperativity
change ~ 4%.

In summary, we experimentally investigated the influence of
the SHE on magnon-photon hybrid system dissipation. The spin
injection not only changes the magnon polaritons dissipation rates
but also adjust the magnon-photon cooperativity C(I) = g?/
K:Kkm(I). The current-induced cooperativity change can be further
enhanced by scaling down the resonator channel width and using
low damping magnetic material and high SHE alloys or topological
materials.””** Our discovery can provide a useful control mechanism
for tuning the transduction between magnons and other quantum
objects. Finally, by further tuning the dissipation rate to a negative
value, we expect highly coherent self-oscillations through the spin-
photon coupling, enabling an on-chip, electrically pumped spin-tor-
que-oscillator maser device.*’

See the supplementary material for device fabrication and mea-
surement, derivations of SHE on hybrid system linewidths, simulations
on resonators, transmission signals with opposite field polarities, var-
ied detunings, and different current magnitudes.
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