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ABSTRACT

We demonstrate the electrical detection of magnon-magnon hybrid dynamics in yttrium iron garnet/Permalloy (YIG/Py) thin film bilayer
devices. Direct microwave current injection through the conductive Py layer excites the hybrid dynamics consisting of the uniform mode of
Py and the first standing spin wave (n = 1) mode of YIG, which are coupled via interfacial exchange. Both the two hybrid modes, with Py- or
YIG-dominated excitations, can be detected via the spin rectification signals from the conductive Py layer, providing phase resolution of the
coupled dynamics. The phase characterization is also applied to a nonlocally excited Py device, revealing the additional phase shift due to the
perpendicular Oersted field. Our results provide a device platform for exploring hybrid magnonic dynamics and probing their phases, which
are crucial for implementing coherent information processing with magnon excitations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042784

Hybrid magnonic systems have recently attracted wide attention
due to their rich physics and application in coherent information proc-
essing."'” The introduction of magnons has greatly enhanced the tun-
ability in hybrid dynamics, the capability of coupling to diverse
excitations for coherent transduction,'® > as well as the potential for
on-chip integration.'”'* Recently, thin-film-based magnon-magnon
hybrid systems have provided a unique platform for implementing
hybrid magnonic systems.” " Coupling between materials in the
hybrid structure can arise through the interfacial exchange interaction.
Because magnon excitations are confined within the magnetic media,
it is convenient to build up more compact micrometer-scale hybrid
platforms compared with millimeter-scale microwave circuits.
Furthermore, abundant spintronic phenomena, such as spin-torque
manipulation and spin pumping, can be used to control and engineer
the hybrid dynamics especially for magnetic thin-film devices.

One important aspect of hybrid magnonic systems is controlling
and engineering the phase relation between different dynamic compo-
nents, leading to phenomena such as exceptional points,”*” level
attraction,”™* and nonreciprocity’”*® in cavity spintronics. Phase
resolved detection of individual magnetization dynamics has been
extensively explored electrically, optically, and with advanced light
sources. In particular, electrical measurements of magnetic thin-film
devices via spin rectification effects” ** can directly transform micro-
wave magnetic excitations into sizable dc voltages. This technique has
been used to sensitively measure nanoscale magnetic devices and,
more importantly, the phase of magnetization dynamics in order to
quantify the spin torque generated from charge current flow."”>*

In this work, we establish the usefulness of electrical excitation
and detection for the study of coherently coupled magnon-magnon
hybrid modes in Y;FesO,,/NigoFeyy (YIG/Py) thin-film bilayer
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devices. This approach differs from the previous work on inductive
microwave measurements”*** in its applicability to nanoscale devi-
ces and its phase sensitivity. The coupled YIG/Py magnetization
dynamics are excited by directly applying microwave current through
the conductive Py layer. Only the Py layer contributes to the spin recti-
fication signal because the YIG is insulating, enabling clear phase-
resolved detection of the Py component of the YIG-Py hybrid modes.
We measure a constant phase for the Py-dominated hybrid modes
and a 7 phase offset across the avoided crossing for the YIG-
dominated modes. From the slope of the 7 phase shift, we can deter-
mine the interlayer coupling strength, agreeing with the measurement
from the avoided crossing. We have also characterized a nonlocally
excited YIG/Py sample, in which a phase offset compared with the sin-
gle bilayer device suggests the existence of a large perpendicular
Oersted field driving the dynamics. Our results open an avenue of
building up, reading out, and designing circuits of on-chip magnonic
hybrid devices for the application of coherent magnonic information
processing.

YIG thin films (50, 70, and 85 nm) were sputtered on Gd;GasO;,
(111) substrate with lithographically defined device patterns, followed
by liftoff and annealing in air at 850°C for 3 h.”*” Then, a second-
layer Py device (8 nm or 9 nm) was defined on the YIG device with a
lithography and sputtering, with a 1 min ion milling of YIG surface in
vacuum right before deposition. Finally, a 200 nm-thick Au coplanar
waveguide (CPW) was fabricated, which was in contact with the Py
device for electrical excitations and measurements. Figure 1(a) shows
the schematic of the spin rectification measurement. The top-view
optical microscope images of the devices are shown in Fig. 1(b) for the
single devices and (c) for the nonlocally excited devices. The dimen-
sions of the Py devices are 10um x40um in Fig. 1(b) and
6 um x 20 um in Fig. 1(c). The two Py devices in Fig. 1(c) are sepa-
rated by 2 um, one for applying nonlocal excitation signals and the
other for the spin rectification measurements. Throughout the mea-
surements, the external biasing field is applied in the sample plane and
tilted 45° away from the microwave current direction, which is the
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commonly used configuration in spin rectification measurements for
maximizing the output signals.”*

Figure 1(d) shows the field-swept spin rectification signals of the
YIG(70 nm)/Py(9nm) single device at different frequencies. We
observe both the nominal Py and YIG uniform mode resonances, as
reported previously,”””” even though the signals come from only the
Py layer. For the Py uniform mode, the excitation is mainly due to a
finite Oersted field projection to the dynamic mode, which has also
been observed in a single CoFe layer in our prior work.” For the YIG
excitation, the interfacial exchange coupling creates coupled modes
with finite amplitude on the Py, leading to a modulation of the Py resis-
tance even for mode that is nominally the YIG uniform mode. In addi-
tion, the YIG (n= 1) perpendicular standing spin wave (PSSW) mode
is also excited when it intersects with the Py uniform mode, forming an
avoided crossing between the two modes at w./2n = 7.9 GHz
[Fig. 1(f)]. The separation of the two hybrid peaks is 8.5 mT, which is
larger than the extrapolated individual linewidths of the Py (n=0) and
YIG (n=1) modes (uyAHp, = 5.5 mT, pyAHyg = 3.0 mT). Far
away from the avoided crossing, the excitations of the YIG (n=1)
mode are almost unnoticeable [Fig. 1(e)], which is due to the weak cou-
pling of the uniform Oersted field to the odd PSSW modes. Thus, the
drive of the YIG (n = 1) mode is dominated by excitation of the admix-
ture of the Py mode due to the interfacial exchange.” **

To analyze the spin rectification signals, the measured line shape
for each peak can be fitted to the following function:

Vic = Im

1

V0€i¢AH
(Hs — H,) — iAH |

where Hp is the biasing field, H, is the resonance field as a function of
frequency, AH is the half-width-half-maximum linewidth, Vj is the
peak amplitude, and ¢ represents the mixing of the symmetric and
antisymmetric Lorentzian line shapes and reflects the phase evolution
of the Py component in the YIG-Py hybrid dynamics. The operator
Im|[] takes the imaginary part. This technique has been used to probe
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FIG. 1. (a) lllustration of electrical excitation and detection of YIG/Py bilayer devices. The in-plane external biasing field is kept as 45° from the I direction along the Py devi-
ces. (b) and (c) Optical microscope images of the device and Au coplanar waveguide antenna for (b) single devices and (c) nonlocally excited device. (d)—(f) Spin rectification
signals for the YIG(70 nm)/Py(9 nm) single device, with the mode anticrossing between YIG (n= 1) and Py (n = 0) modes marked by the dashed box. (¢) Zoom-in line shape
of (d) at 11 GHz, where the extrapolated YIG (n=1) and Py (n=0) peaks are well separated. (f) Line shape at 8 GHz, where the YIG (n=1) and Py (n=0) modes are
degenerate in field. The red and green dashed curves in (f) denote the fit of the two YIG-Py hybrid modes.
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the damping-like and field-like torque components”” ****> as well as

in recent optical rectification experiments.”” " Moreover, the single
source of spin rectification signal from Py allows convenient theoreti-
cal analysis for studying the phase evolution of the hybrid dynamics,
as will be shown below.

Figures 2(a)-2(c) show the extracted H, as a function of fre-
quency o for tyjg = 50, 70, and 85 nm, respectively. The two hybrid
modes, marked as blue and green circles, are formed between Py uni-
form and YIG (n = 1) modes. With different fy;g, the mode intersec-
tion happens at different frequencies due to the effective exchange
field poHe = (240 /M;)k? with k = 1/tyig, which shifts the YIG
(n=1) mode toward higher frequencies. Figure 2(d) plots the
extracted p1,H,, as a function of (7/tyig)% good linear dependence
confirms the role of the exchange field. By fitting the data to the Kittel
equation plus the exchange field, we obtain similar values of magneti-
zation in all films as p1yMpy = 0.81 T, yyMyig = 0.19 T. From the lin-
ear fits in Fig. 2(d), we obtain A,, = 4.7 pJ/m for the YIG film.

The mode anticrossing behaviors in Figs. 2(a)-2(c) can be fitted
to the equation developed by the two coupled magnon resonances™

2
Hyg + Hp Hyig — Hp
UoH+ = Mofyi Mofy +g @

where o Hyic = v/ 16Mg /4 + @*/7* — oMyic/2 + poH,,  and

HoHpy = |/ igM3, /4 + @ /7* — 1pMpy /2 are the solutions of the

Kittel equation for the YIG (n=1) and Py modes,
7/21 = (g /2) x 27.99 GHz/T, and g is the interfacial exchange
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FIG. 2. (a)-(c) Extracted resonance peak positions of (a) YIG(50 nm)/Py(8 nm), (b)
YIG(70 nm)/Py(9nm), and (c) YIG(85nm)/Py(9nm) single devices. The mode
degeneracy between the Py uniform mode and YIG (n=1) mode happens at
w¢/2n = 19.5 GHz for (a), 7.9 GHz for (b), and 4.7 GHz for (c), denoted by vertical
dashed lines. (d) Exchange field for different tys.
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coupling strength in the magnetic field domain. In our previous
work,”* we derived that g =f(o) \/ J/Mpytpy - ]/ Myigtyig, where J
is the interfacial exchange coupling strength. The factor f(w) ~ 0.9
accounts for the nonlinearity due to the demagnetizing field. Data fit-
tings to Eq. (2) yield an averaged gy = 8.7 mT and J = 0.066 mJ/m?;
the latter is consistent with the reported value of 0.06 mJ/m? for con-
tinuous thin films.”* We also double-check the value of ] by measuring
the inductive ferromagnetic resonance of a 200 um x 40 um YIG
stripe from the same fabrication as the YIG(50 nm)/Py(8 nm) device,
with the peak dispersion shown as stars in Fig. 2(a). From the Kittel fit-
ting, we obtain a constant resonance field offset of yyHy = 13.8 mT
between the YIG stripe and the YIG/Py device. From this static offset,
we extract | = poHrMyigtyic = 0.110 m]/mz,24 in good agreement
with the value of 0.112 mJ/m? obtained above from the avoided cross-
ing for tyjg = 50 nm. The YIG/Py device shows a higher resonance
field than YIG, confirming the antiferromagnetic exchange coupling
between YIG and Py.

Next, we show the evolution of ¢ for the hybrid modes, which
are the main results of this work. Figure 3(a) shows the extracted
phases for the three modes in the YIG(70 nm)/Py(9 nm) single
device, with the color corresponding to the resonance field plot in
Fig. 2(b). The two hybrid modes exhibit a clear phase crossing
where their resonance fields intersect at w./2n = 7.9 GHz (vertical
dashed line). For the Py-dominated hybrid modes, which are repre-
sented by the blue circles lower than o, and the green circles higher
than w,, the phase stays at a constant level (q,’)Py = —0.23 ). This is
expected in spin rectification measurements, where a consistent
phase relation between the Py dynamics and the microwave current
is maintained in a broad frequency domain. For ideal field-like exci-
tations as illustrated in Fig. 3(c) in the single device, we expect
¢py, = —m/2. Experimentally, the deviation of ¢p, may be due to
the self-spin torque providing a finite damping-like drive compo-
nent.”” Alternatively, the phase offset may be also a reflection of the
inhomogeneous mode profile of Py in the presence of the YIG/Py
interfacial exchange boundary as well as the nonuniform current
distribution across the thickness of Py.

The phase of the YIG-dominated hybrid modes, on the other
hand, evolves from below qbpy to above ¢p, with an increment of
nearly 7. As a rough explanation, by passing through the avoided
crossing, the frequency of the YIG-dominated mode evolves from
below the Py resonance frequency to above it. This leads to a phase
shift of 7 for the Py susceptibility. Because the YIG dynamics is driven
by the interfacial exchange from the Py excitation, a phase shift of = is
also expected in the YIG-dominated mode. Furthermore, due to the
strong magnon-magnon coupling, the 7 phase shift does not take a
sharp transition at o, but takes a gradual transition with the transition
bandwidth determined by the coupling strength gy

To quantitatively understand the phase evolution of the hybrid
mode, we follow the susceptibility tensor which has been derived in
our prior work, see Eq. (S-4) in the supplementary material of Ref. 24.
In the limit of weak damping and ignoring the precession ellipticity,
the dynamics of the Py uniform and YIG (n=1) modes can be
expressed as

Ity
Mpy = Y & (3a)
Hp — Hp, — iAHp, — H
b by T 10y Hp — Hyig — iAHyig
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FIG. 3. Phase evolution of the spin rectification signals for (a) YIG(70 nm)/Py(9 nm) single device and (b) YIG(85 nm)/Py(9 nm) nonlocally excited device, with their microwave
current flow and field distribution illustrated in (c) and (d), respectively. The blue and green curves show the theoretical prediction from Eq. (5) with (b) gy = 4.0 mT for (a) and
5.3 mT for (b). The error bars indicate single standard deviation uncertainties that arise primarily from the fitting of the resonances. () Theoretical plots of phase evolution from

Eq. (5) using the H; in (a) and ¢p, = 0 for different gy

guipy
Hgp — Hyig — iAHyig '’

myig = (3b)
where mpy and myig denote the unitless transverse components for
Py and YIG, respectively, AHpy an})lc AHyig denote their linewidths.
For the Py layer, the effective field hy,, is exerted from the microwave
current flowing through. For the YIG layer, the effective field g;mpy is
provided by the interfacial exchange when the Py magnetization pro-
cesses. Note that because YIG is an insulator, the spin rectification sig-
nal is only contributed by rpy, which significantly simplifies the
theoretical analysis. Equation (3a) can be rewritten as

E;Y(HB — Hyig — iAHyig)

(Hg — H, —iAH,)(Hp — H_ —iAH_)’

ﬁ’le = (4)
where the values of H- are defined in Eq. (2) and AH- is the line-
widths for the two hybrid modes. Compared with Eq. (1), the phase
for the H-+ resonance can be finally expressed as

— _AHYIG _ —AH;
.= tan ! ———— ) —tan ' ————). (5
¢+ = dpy + tan <H: " Hyo o\ g (5)

In Eq. (5), the first term comes from a finite phase offset between fl;y
and the microwave current, the second term comes from the numera-
tor and provides the 7 phase shift, and the last term is usually close to
zero in the strong coupling regime as the linewidth is much smaller
than the resonance detuning. The calculation results of Eq. (5) are
plotted in Fig. 3(a), which nicely reproduce the experimental data and
the positive increment of phase for the YIG-dominated hybrid mode.
We also plot the calculated phase evolution for different values of gy
in Fig. 3(e). For small gy, the YIG-dominated mode shows a rapid
phase shift near the mode crossing frequency. As gy increases, the
phase transition regime broadens because gz defines how quickly the
hybrid mode evolves to uncoupled individual modes.

The phase-resolved spin rectification measurement of the hybrid
modes is also repeated on a nonlocally excited device. With the excita-
tion and detection schematics shown in Fig. 3(d), the microwave cur-
rent flows through a nonlocal Py electrode, which provides an Oersted
field that is perpendicular to the Py device being measured. For the
detection, due to the inductive coupling between the two adjacent Py
devices, a finite microwave current flows through the second Py
device, which leads to a measurable spin rectification voltage when the
Py magnetization dynamics is excited. Figure 3(b) shows the measured
¢ for the three modes. Above w./21 = 4.7 GHz, the YIG-dominated
mode exhibits a phase advance close to 7/2 compared with the Py-
dominated mode, which agrees with the theoretical prediction. For the
Py-dominated mode, the extracted value of ¢p, = —0.99 7 also agrees
with theoretical prediction of ¢p, = —7 due to the additional —7/2
phase offset from the perpendicular Oersted field from the nonlocal
antenna. Below 4.7 GHz, the anomalous phase drift is accompanied by
the linewidth drift and is due to the weak signals. Thus, we consider
this low-frequency phase drift as to be an artifact due to weak signals
rather than a significant effect. Note that the nonlocal excitation sche-
matic should eliminate the spurious phase offset due to the complex
excitation profile because the out-of-plane Oersted field is rather
uniform.

The YIG uniform modes exhibit a consistent phase of ¢p, = 7/2
in both Figs. 3(a) and 3(b). Note that we still use ¢p, to represent the
phase because the spin rectification signals come from the motion of
the Py layer induced by the resonance of YIG via the interfacial
exchange.”"*° The value of ¢py suggests a dominating in-plane
Qersted field on the YIG layer from the microwave current flowing
through the adjacent Py layer. For the YIG(70 nm)/Py(9 nm) single
device, the only Py layer acts as an antenna which is highly efficient in
exciting the YIG uniform mode [Fig. 3(c)]. For the YIG(85nm)/
Py(9 nm) nonlocally excited device, the unchanged ¢p, = 7/2 shows
that the perpendicular field from the nonlocal Py antenna is still
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insignificant compared with the induced microwave current in the Py
device being electrically measured, with the latter much more efficient
in producing an in-plane Oersted field on the YIG layer underneath.
Note that the sign change of ¢p, from the Py-dominated uniform
mode is caused by the negative value of g from antiferromagnetic
coupling, adding an additional 7 phase to the YIG uniform mode. A
similar observation has also been reported in Ref. 57.

In conclusion, we have demonstrated phase-resolved electrical
measurements of YIG/Py bilayer devices with a strong magnon-mag-
non coupling. The micrometer-wide and nanometer-thick devices
serve as an on-chip miniaturized two-cavity hybrid system, where the
two microwave cavities are composed of two exchange-coupled thin
layers of magnon resonators. Furthermore, the unique coupling mech-
anism and the confined magnon resonance allow versatile geometric
configuration, such as the nonlocal device, as well as convenient elec-
trical excitation and detection. In the recent rapid development of cav-
ity spintronics and magnon hybrid systems,” "' lots of emerging
physics and device engineering including exceptional points,”"" level
attraction,"”>** and nonreciprocity’ >’ have utilized coherent inter-
action of different microwave ingredients. Our results provide a plat-
form for implementing and realizing these findings in geometrically
confined, thin-film-based dynamic systems and for studying the driv-
ing and coupling interactions, which are critical for applications in
coherent information processing.
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