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Nonvolatile Electric-Field Control of Ferromagnetic Resonance
and Spin Pumping in Pt/YIG at Room Temperature

Rui Yu, Kang He, Qi Liu, Xucheng Gan, Bingfeng Miao,* Liang Sun, Jun Du, Hongling Cai,

Xiaoshan Wu, Mingzhong Wu, and Haifeng Ding*

Electric-field-controlled magnetism is of importance in realizing energy
efficient, dense and fast information storage and processing. Strain-mediated
converse magneto-electric (ME) coupling between ferromagnetic and ferroelec-
tric heterostructure shows promise for realizing electric-controlled magnetism
at room temperature and is attracting a number of recent investigations.
However, such ME-effect studies have mainly focus on magnetic metals. In
this work, high quality yttrium iron garnet (Y3FesO,; (YIG)) films are deposited
directly onto (100)-oriented single-crystal Pb (Mg; 3Nb;3)07Tio303 (PMN-

PT) substrates by means of magnetron sputtering. The electric-field-induced
polarization switching and lattice strain in the PMN-PT substrate results in two
distinct magnetization states in the YIG film that are nonvolatile and electrically
reversible. Because of the direct contact between the YIG and the PMN-PT
substrate, an efficient ME coupling and an almost 90° rotation of the easy

axis of the YIG film can be realized. Furthermore, the electric-field-controlled
hysteresis loop-like ferromagnetic resonance field shifts and spin pumping
signals are observed in Pt/YIG/PMN-PT heterostructures. Thus, the obstacle

is overcome via growing high-quality YIG thin films directly onto PMN-PT
substrates and an efficient manipulation of magnetism and pure spin current
transport by electric field is thereby realized. These findings are instructive for
future low-power magnetic insulator-based spintronic devices.

permits the manipulation of magnetism
by electric field instead of magnetic field
or electric current. Thus, multiferroic
materials that couple ferromagnetic and
ferroelectric order have drawn consider-
able interest. Room temperature, single-
phase multiferroic materials, however,
are still rare, and the converse ME effects
are typically small.l**! Strain-mediated ME
coupling between ferromagnetic (FM) and
ferroelectric (FE) heterostructures that
serve as an alternative approach to realize
electric-field controlled magnetism at
room temperature have been intensively
investigated recently.®® In these mate-
rials, the electric-field induced piezostrain
in the FE layer induces an effective
magnetic anisotropy in FM layer.>-1!
Converse ME effect studies usually focus
on magnetic metals. For instance, Zhang
et al. reported the mnonvolatile tuning
of magnetization in CoyyFesnB,/Pb
(Mgy/3NDy3)07Tig303  (PMN-PT)  struc-
tures,[?l while Liu et al. reported the non-

Electric-field-controlled magnetism is crucial to realize
energy efficient, dense, and fast information storage and pro-
cessing.'3l The converse magnetoelectric (ME) coupling
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volatile tuning of ferromagnetic resonance

(FMR) of the magnetically soft CoFeB

alloy using ferroelectric domain switching
of PMN-PT substrates.['3] Meanwhile, increasing attention has
focused on magnetic insulators, where a pure spin current can
transport with no accompanying charge carriers.'l With the
absence of Joule heating, magnetic insulators have great poten-
tial in ultralow power information technologies.'>!¢l Experi-
mentally, magnon-based logic gates and transistors have been
realized.'’1) Among various magnetic insulators, yttrium iron
garnet (Y3FesOy, (YIG)), has attracted considerable attention
due to its large bandgap, ultralow damping, weak anisotropy,
and high Curie temperature.?®2! In addition to its indispen-
sable contribution to microwave devices, YIG has experienced
a resurgence of interest from the spintronics community. YIG
provides a perfect platform for pure spin current related study,
including spin pumping,?2?4 spin Seebeck effect,?>? and
spin torque oscillators,?”! due to its low loss and long diffusion
length for spin currents.?!l However, high quality YIG thin
films generally can only be obtained on gallium gadolinium
garnet (GGG) substrates, to which it has a closely matched lat-
tice constant.?®! YIG film growth on FE substrates is still rare
due to the large lattice mismatch and high annealing tempera-
ture required for YIG film crystallization. Thus, in YIG-based
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Figure 1. a) Schematic illustration of the experimental setup to realize electric-field-controlled magnetism of YIG. b) The AFM image of YIG film after
annealing. c) XRD 6 — 26 scan of the PMN-PT (100) substrate (black) and annealed YIG films deposited on a PMN-PT substrate (blue). The curves
have been shifted for clarity. d) M—H loop of as-grown YIG/PMN-PT (100) heterostructure along the vertical (open squares) and in-plane direction
(solid squares). The inset presents the M—H loop near zero field. e,f) In-plane M—H loops of YIG/PMN-PT heterostructure measured with magnetic
field along 6= 45° and 135° under electric field of +5 and =5 kV cm™, respectively. The inset of (d—f) presents the zoomed-in feature near zero field.

multiferroic heterostructures, epoxy is frequently used to bond
YIG onto the FE substrates. This type of bonding, however,
strongly reduces the ME interaction and only a limited FMR
tuning range was reported in the YIG-lead zirconate titanate
(PZT) and YIG-Y-cut langatate (LGT) systems.??3% Therefore,
it is desirable to deposit YIG onto FE substrates directly to
achieve efficient and nonvolatile electric-field-controlled tuning
of the magnetism.

In this work, we deposited high quality YIG films directly
onto (100)-oriented single-crystal PMN-PT substrates by means
of magnetron sputtering. Our YIG films exhibit a negligible
in-plane anisotropy with a coercivity of =5 Oe, which is com-
parable with those grown on GGG substrates.?®! The electric-
field-induced polarization switching and lattice strain in the
PMN-PT substrate results in two distinct magnetization states
in the YIG film that are nonvolatile and electrically revers-
ible. Because of the direct contact between the YIG and the
PMN-PT substrate, we can realize an efficient ME coupling and
an almost 90° rotation of the easy axis of the YIG film. Fur-
thermore, the electric-field-controlled hysteresis loop-like FMR
resonance field shifts and spin pumping signals are observed
in Pt/YIG/PMN-PT heterostructures. We, thus, overcame
the obstacle via growing high-quality YIG thin films directly
onto PMN-PT substrates and thereby realized an efficient
manipulation of magnetism and pure spin current transport
by electric field. These findings are instructive for future low-
power magnetic insulator-based spintronic devices.
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0.5 mm thick single-crystal PMN-PT (100) is chosen as the
substrate because it exhibits strong piezoelectric behavior. The
sample edges (x, y, and z) were cut along the pseudocubic
[00-1], [010], and [100] direction of the PMN-PT, as shown in
Figure 1a. A 50 nm thick YIG film was deposited onto the
PMN-PT (100) substrate by RF magnetron sputtering at room
temperature. The film was further annealed at 800 °C in air for
4 h. The YIG film has a smooth surface with an rms rough-
ness of only =0.3 nm, as revealed by atomic force microscopy
(AFM) (see Figure 1b). Figure 1c presents the X-ray diffrac-
tion (XRD) 6-26 scan of the PMN-PT substrate and the YIG
(50 nm)/PMN-PT sample. The additional two peaks in the
latter are from the (420) and (422) peaks of YIG, indicating the
polycrystalline nature of the YIG film. The magnetic properties
of the YIG/PMN-PT heterostructure (as-grown) are investigated
using vibrating sample magnetometer (VSM). The hysteresis
loop of the as-grown YIG film under an in-plane magnetic field
is almost square, while the loop with an out-of-plane magnetic
field shows a hard axis behavior, as shown in Figure 1d. The
inset presents the M—H loop near zero field. The small coer-
civity of H. = 5.4 Oe indicates a weak in-plane anisotropy in
our samples and permits low magnetic loss.?% These results
are comparable with those of YIG films deposited on GGG
substrates.[?8]

In order to investigate the electric-field-controlled properties
of the YIG/PMN-PT FM/FE heterostructures, a 50 nm thick Ag
layer was grown as the bottom electrode using DC magnetron
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Figure 2. a) Schematic illustration of the experimental setup for FMR spectrum measurements. b) Typical FMR spectra of the as-grown YIG and after
applying with electric fields of £5 kV cm™ at 6= 40° under the microwave excitation at 9.78 GHz. c) Angular dependent resonance field for the as-grown
YIG film and with an applied field of 5 kV cm™'. Symbols are the experimental data and the lines are fitting results by using Equation (1). d—f) Replots
of c) in the polar map upon different conditions. Note that a background of 2800 Oe is subtracted for better illustration.

sputtering. A Pt (0.8 nm)/Cu (4 nm) layer was grown on top of
the structure and served as the top electrode as well as the pure
spin current detecting layer and the protective layer. A schematic
diagram of the sample sequence and the experimental configu-
ration is shown in Figure 1a. The electric field is applied along
the z-direction, with the gate voltage V defined as the voltage at
the top electrode with respect to the bottom one. We note that
before the electric field dependent measurements, five cycles
sweeping of electric field between -5 and +5 kV cm™! were per-
formed to reduce the memory effect. All curves were obtained
after the removal of the electric field. We performed the XRD
measurements after polarizing the film with +5 kV cm™ and
did not observe apparent shift of the XRD peak (<0.03%). This
could be understood as the typical in-plane strain of PMN-PT
is only =0.1% under 5 kV cm™.[123132] With the relatively large
thickness (50 nm) of the YIG film, the strain should be sig-
nificantly smaller. Figure le presents M—H loops of YIG after
applying +5 kV cm™!, where the magnetic fields were aligned
along 6=45° (open squares) and 135° (solid square). In both
cases, the coercivity value increases to =32 Oe due to the piezos-
train induced by the PMN-PT. Interestingly, the magnetization
value at low field for 6=45° is smaller than that for 6=135°
(see the amplified view in the inset), indicating that the direc-
tion of the easy axis is closer to 6 = 135° for +5 kV cm™.
Similar measurements were carried out after applying an
electric field of =5 kV cm™; the results (Figure 1f) show the
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opposite behavior compared to those obtained for +5 kV cm™.
Namely, the magnetization value at low field for 6=45°
(open circles) is larger than that for 6=135° (solid line), as
shown in the amplified view in the inset. These results demon-
strate that the electric field can induce an effective modulation
on the magnetic anisotropy of the YIG film.

To obtain quantitative information on the modulation of the
magnetic anisotropy of our samples, angle-dependent FMR
measurements were carried out, with the schematic illustra-
tion of the experimental setup shown in Figure 2a. Figure 2b
presents typical FMR spectra of the as-grown YIG and the film
with an electric field of +5 kV cm™ applied for 6=40°. Note
that the as-grown film refers to the sample where the top and
bottom electrodes have not been grown and for which no elec-
tric-field sweeping was carried out. Under microwave excitation
at 9.78 GHz, FMR occurs at H, = 2946 Oe for the as-grown
YIG film. After the electric field is applied, the resonance fields
shift to lower values due to the strain-induced anisotropy. The
H, value for the YIG/PMN-PT heterostructure after applying
+5 kV cm™ (=5 kV cm™) is larger (smaller), exhibiting a hard
(easy) axis behavior, consistent with the hysteresis loop meas-
urements in Figures le,f (45°case). In order to quantify the
anisotropy constants, angular dependent FMR measurements
were performed; the data are presented in Figure 2c. The
relation between the resonance field H, and the microwave
frequency fis determined by the equation®3!

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where 7 is the gyromagnetic ratio =2.8 GHz/kOe, Hy is the
2

in-plane uniaxial anisotropy field, Hy, is the in-plane four-fold
anisotropy field, M. is the effective magnetization, ¢ denotes
the angle between magnetization and x-axis, and ¢, denotes
the angle between one of the in-plane uniaxial anisotropy
axes and x-axis. For the as-grown YIG film (blue circle), H, is
almost constant when rotating the in-plane field. Fitting the
H,—6 curve with Equation (1), we determine the in-plane uni-
axial anisotropy field Hy = 7.7 Oe, and the in-plane fourfold
anisotropy field Hy = 0.5 Oe, respectively. After polarizing the
PMN-PT substrate, we observed a >100 Oe modulation of H, of
the YIG film for the 9.78 GHz excitation, which is more than one
order of magnitude larger than the modulation of =6 Oe for the
5-GHz excitation®” where the YIG film was not directly bonded
onto the FE substrate. Fitting the angular dependent H, curves,
we obtain Hy = 50.8 Oe and Hy = 2.6 Oe for YIG/PMN-PT
under +5 kV cm™, and Hy = -74.0 Oe and Hy = -12.9 Oe
for YIG/PMN-PT under —5 kV cm™. In consistent with the clear
two-fold symmetries observed in Figure. 2¢, we find Hy is much
larger than Hy, for all three cases. And Hy of YIG/PMN-PT
is considerably larger after the application of the electric field.
When the YIG/PMN-PT is positively (negatively) polarized, the
easy axis lies along 120°/300° (50°/230°). To better illustrate the
effect, we also present the corresponding H,—6 plots in the polar
maps in Figure 2e,f), which demonstrate the influence of the
electric field on the magnetic anisotropy of the YIG film. The
resonance field H, curve of the as-grown YIG film is almost a
circle, indicating negligible in-plane magnetic anisotropy. After
being electrically polarized, a sizable uniaxial magnetic anisot-
ropy emerges, where the easy axis depends on the direction of
the applied electric field. Compared with the as-grown YIG film,
the easy axis for the positively (negatively) polarized case shifts
about 60° (50°) counterclockwise (clockwise). Thus, we demon-
strated the direct deposition of YIG films onto PMN-PT with
similar magnetic properties as for YIG films grown on GGG
substrates, and we observed a close to 90° rotation of the mag-
netic anisotropy axis for the YIG/PMN-PT heterostructure.

In addition to applications in microwave devices, YIG is
also widely used as a pure spin current source for spintronics
studies, including studies on the spin pumping??24 and the
spin Seebeck effect.’>?%1 Here spin pumping refers to the
injection of a pure spin current by a YIG film into a neigh-
boring nonmagnetic material during FMR with microwave
excitation.?* YIG is also used to quantify the spin Hall angle
of nonmagnetic metals with strong spin-orbit coupling due to
its favorable interface and being free from an impedance mis-
match.®* Figure 3a presents a schematic illustration of the
experiment setup for electric-field-controlled spin pumping.
The sample is placed onto a coplanar waveguide. In order to
achieve high sensitivity, we modulate the microwave with TTL
out signal from a lock-in amplifier, which further picks up the
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voltage signal as a function of external magnetic field. Under
microwave excitation, the magnetization of the YIG film pre-
cesses and pumps the spin current j; into the Cu (4 nm)/Pt
(0.8 nm). j; is further converted into an electrically detect-
able charge current j. via the inverse spin Hall effect (ISHE)
through . =(2¢/7)0sujs x6 , where G denotes the spin-
polarization direction of J; and is parallel to the magnetic
field, and h is the reduced Planck constant, 6y is the spin Hall
angle.*®! The spin pumping voltage can be described by

Vep = ]5,(0)%1211;/1&19SH tanh( t; ) ()

sd

where Ay, R, and w is the spin diffusion length of Pt, resist-
ance (980 Q), and width (0.5 mm) of Cu/Pt stripe, respectively.
And J5(0) refers to the spin current that pumped into Pt at
the interface. Figure 3b presents typical curves for as-grown
Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT measured at 6 GHz. A
positive spin-pumping-induced voltage Vsp is obtained, exhib-
iting a symmetrical Lorentzian shape with the resonance
field at 1516 Oe when the magnetic field is along the x-axis
(+H).3%37] Reversing the field direction changes the sign of
the voltage but not its magnitude, which provides evidence of
its pure spin current origin. We performed similar measure-
ments of spin pumping at different microwave frequencies
and obtained a relationship between fand H, that fits the Kittel
Equation (Figure 3c). The result yields a saturation induction of
47M.g = 1377 Oe, which is comparable to the reported values
of YIG film grown by magnetron sputtering.?¥] The inset of
Figure 3c presents the linear dependence of half linewidth AH
of Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT (as-grown)on PMN-PT

. 2 .
on microwave frequency. From AH=AH, +a f 2% we obtain the
Y

damping factor o = (8.55 + 0.48) x 1073, which is comparable
with the reported values for polycrystalline YIG thin film.3%40
Since spin pumping is closely related to the dynamics of the
ferromagnet,*!l it is also interesting to study the influence of the
electric field on it. Figures 3d—i present the spin pumping signal
Vsp after being polarized under different electric field values
(from +5 to =5 kV cm™ and back to +5 kV cm™), where the
magnetic field is along the x-axis and f= 6 GHz. At +5 kV cm™!
polarization, the resonance field H, is =1522 Oe and the ampli-
tude of Vgp is =0.85 uV (Figure 3d). Decreasing the electric-
field to —0.5 kV cm™! does not introduce any apparent changes
(Figure 3e). However, a noticeable decrease of the H, values
to =1472 Oe is observed upon further decreasing the electric
field to —4 kV cm™ (Figure 3f). Meanwhile, Vgp also decreases
to =0.77 uV. We obtain a similar curve when the sample has
been negatively polarized at =5 kV cm™! (Figure 3g). Increasing
the electric field back to +5 kV cm™! gives the reverse behavior.
The signal does not change significantly when the electric
field is increased back to +0.5 kV cm™ (Figure 3h). However, a
sharp change occurs after the electric field is further increased
to +4 kV cm™ with H, = 1522 Oe and Vgp = 0.85 wV, which are
almost the same values as for the initial stage with +5 kV cm™!
(Figure 3i). Thus, we observed a two-level control of both H,
and Vgp within one cycle of electric-field modulation. This
demonstrates that the electric field does not only influence
the anisotropy constant, but also modulates the spin pumping

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Schematic illustration of the experimental setup to perform the electric-field-controlled spin pumping experiments. b) Typical curves
of the spin pumping signal for Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT (as-grown) measured at 6 GHz along +x-direction (+H) and —x-direction (—H).
c) The microwave frequency f dependent resonance field H,. Symbols are the experimental data and the line is the fitting using Kittel's Equation. Inset
presents the linear dependence of half linewidth of Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT (as-grown) on f. Symbols are the experimental data and the
line is the linear fitting. d—i) Snapshots of the spin pumping signal Vsp after being polarized with different electric fields (from +5 to =5 kV cm™, and
back to +5 kV cm™), where the magnetic field is along the x-axis. The vertical lines corresponding to the resonance field of as-grown YIG and are used

to illustrate the relative peak shift.

signal of the Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT.*243] We note
that all the spin pumping measurements were performed in the
absence of an electric field. Thus, the electric-field-controlled
behavior of both the resonance field and the spin pumping are
nonvolatile.

Figures 4a,b summarize the electric-field-dependent reso-
nance field H, and spin pumping amplitude Vsp (H,) (the spin
pumping voltage obtained at H,). Both quantities exhibit hyster-
esis loop features as we sweep the electric field. H, and Vgp are
larger (smaller) when the PMN-PT substrate is positively (nega-
tively) polarized, and the switches occur at around +3 kV cm™.
The loop-like electric responses of H, and Vgp are associated
with the polarization switching of the PMN-PT substrate, as
revealed by the polarization current peak shown in Figure 4c
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and the ferroelectric hysteresis loop shown in Figure 4c inset.
Otherwise, butterfly-type curves would be obtained if only
polarization rotation is involved. Along with the electric-field
controlled spin pumping voltage, we also find the simultaneous
change of half linewidth of FMR curves. The spin pumping
voltage is larger when AH is smaller, as presented in Figure 4d.
This could be partially understood as follows. The narrower
FMR line leads to the increased angle of precession, resulting in
the increased Vsp. Therefore, we observe an inverse relationship
between the FMR linewidth and Vgp. Similar observations have
also been reported in other systems.*?#4 The observed inversed
relation also indicates the modulation of the spin pumping
voltage is caused by the change of the spin pumping efficiency.
Due to the large thickness of YIG and small thickness of Pt, we

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electric field-dependent a) resonance field H, and b) spin pumping amplitude Vsp (H,) for Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT. c) Polarization
current loop of PMN-PT and ferroelectric hysteresis loop of PMN-PT (inset). Electric-field-dependent d) half linewidth and e) spin pumping signal for
Cu (4 nm)/Pt (0.8 nm)/YIG/PMN-PT obtained at 1516 Oe (the resonance field of the as-grown YIG). f) Electric-field-induced, nonvolatile switching of

the spin pumping signal under a fixed magnetic field of 1516 Oe.

find the damping factors of YIG and YIG capped with Cu/Pt
are almost the same within experimental error margin. Thus,
we did not obtain a meaningful effective mixing conductance
of Pt-YIG interface. Using the reported spin Hall angle (0.032)
and spin diffusion length (8.4 nm) of Pt* we estimated the
injected spin current density with Equation (2) and found it
varied from 4.4 x 107! ] m™2 (45 kV cm™) to 3.9 x 107! ] m~2
(-5 kV cm™). The estimated spin current density is comparable
with previous reported values for Pt on single-crystalline YIG
substrate (10711-107° ] m2).4%]

We emphasize that in the hysteresis loop of the spin pumping
amplitude Vgp (H,), the magnetic field is not a constant for dif-
ferent electric fields, as the electric field also has influence on
the anisotropy constant, as on the resonance field H,. Although
one can find two levels for the spin pumping voltage amplitude
Vsp (H,), it would be more appealing to realize the two-level
states with electric-field modulation only. Interestingly, if the
magnetic field is fixed at the resonance field of the as-grown
YIG/PMN-PT system, Hy = 1516 Oe, the spin pumping voltage
Vsp (H = Hy) also has a loop-like response with the electric
field, as presented in Figure 4e. As the PMN-PT is subjected
to +5 kV cm™, the remnant state “1” results in a maximum
value (Figure 4f); Upon applying -5 kV cm™! electric-field, the
spin pumping voltage switches to the remnant state “0” with
a minimum value (Figure 4f); further reversing the electric
field back to +5 kV cm™ returns the pumping voltage to its
maximum value (Figure 4f). Such a procedure can be repeated
without any apparent attenuation. Therefore, nonvolatile,

Adv. Electron. Mater. 2019, 1800663

1800663 (6 of 7)

tunable, and stable high/low voltage states can be achieved by
switching the polarity of the electric field only.

In summary, we have grown high-quality YIG thin films
directly onto single-crystal ferroelectric PMN-PT substrates by
magnetron sputtering. Due to the efficient direct coupling at the
interface between the YIG and the PMN-PT, considerable FMR
frequency modulation and an almost 90° rotation of the ani-
sotropy easy axis of YIG by ferroelectric polarization switching
only were demonstrated. Both the FMR resonance field and the
spin pumping amplitude exhibit hysteresis-loop behavior when
sweeping the applied electric field. Furthermore, two distinct,
stable, and nonvolatile states were realized by switching the
polarity of the electric field only. These achievements may pave
a way for applications of insulator-based FM/FE heterostruc-
tures and attract more interest in electric-field-controlled mag-
netism in magnetic insulators, which already play increasingly
important roles in spintronic devices.

Experimental Section

A 50 nm thick YIG film was deposited onto a (100) PMN-PT substrate by
RF magnetron sputtering at room temperature in an Ar pressure of 0.3
Pa and a target-to-substrate distance of 6.9 cm. The film was annealed
at 800 °C for 4 h in air. The morphology and structural properties of
the YIG film were characterized by AFM and XRD, respectively. The
capping bilayer Pt (0.8 nm)/Cu (4 nm) and the bottom electrode Ag
(50 nm) were deposited using DC magnetron sputtering at room
temperature. The magnetic hysteresis loops were measured using a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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VSM at room temperature. The ferromagnetic resonance spectra were
measured using a commercial electron paramagnetic resonance (EPR)
apparatus as well as a homemade spin pumping setup. For the same
sample, both techniques yielded the same linewidth. The spin pumping
signal was obtained using our home-designed coplanar waveguide. The
leakage current for PMN-PT substrate under sweeping electric field was
measured on Keithley 6517B. The ferroelectric hysteresis loops were
measured on a Precision Premier Il (Radiant Technologies, Inc.). All
experiments were performed at room temperature.
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