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We have reported on the hysteresis and training effect of spin current in Pt/ Y3;FesO,, heterostructures during
subsequent cycles of ionic liquid gate voltage V,. The inverse spin Hall effect voltage in spin pumping and spin
Hall magnetoresistance exhibit diode-like behaviors in the first half cycle of V, and also show hysteresis in the
first cycle of V,. Both the diode-like behavior and the hysteresis become weak and even vanish in the second
cycle of V, due to the training effect. The above experimental results can be well explained by the screening
charge doping model, in which the charge and the local magnetic moment are asymmetrically distributed in the
Pt layer. The applicability of this model is further confirmed by measurements of anisotropic magnetoresistance
and ferromagnetic resonance. The diode-like behavior is attributed to interplay between the asymmetrically
distributed local magnetic moment and the spin current relaxation in the Pt layer. The hysteresis and the training
effect arise from the incompletely reversible process between oxidation and reduction of Pt atoms and the
evolution of the surface morphology at the ionic liquid/Pt interface under electric gating. This work provides
new insights to improve the functional performance of electrically controlled spin current devices.

DOLI: 10.1103/PhysRevB.107.054417

I. INTRODUCTION

Due to the nonvolatile nature of spintronic devices, spin
memory and logic have become important candidates for the
development of next-generation chips, bringing spintronics
back into the focus of academia and industrial research. The
functional performance of spintronic devices depends on mul-
tiple parameters, such as the spin diffusion length (SDL) and
spin Hall angle (SHA) in the heavy metals and the spin mixing
conductance at the heavy metal/ferromagnet interface [1,2].
Many intriguing spin current phenomena have emerged, such
as spin Hall magnetoresistance (SMR) [3], Hanle magnetore-
sistance (HMR) [4], and spin pumping [5,6].

With growing demand for low energy consumption, the
nondissipative feature of ionic liquid (IL) gating has attracted
significant attention in controlling magnetism [7-11]. In par-
ticular, IL gating has shown great ability in tuning magnetic
and spin current properties in Pt/Y3;FesO, (YIG) [12-14].
The ideal spin current system, embodying strong spin orbital
coupling in Pt and a low magnetic damping factor in ferrimag-
netic insulator YIG, has played a central role in spin current
devices [1,2]. Classically, Dushenko et al. [13] observed that
the inverse spin Hall effect (ISHE) voltage in spin pumping
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experiments remains unchanged for the gate voltage V, < 0,
but it sharply decreases for V, > 0, displaying diode-like be-
havior in the electric control of the spin current. The electric
response of the spin current for V, > 0 was argued to arise
from Fermi energy shift in the entire Pt layer. Meanwhile,
Guan et al. [12] observed diode-like behavior in the electric
response of a ferromagnetic resonance (FMR) magnetic field
and inferred that the magnetic properties of the Pt layer remain
unchanged when V, < 0. In contrast, Wang et al. [14] found
that the ISHE voltage changes as a linear function of V, for
both positive and negative V.

At present, the IL gating effect in metals is attributed to
two individual effects, the Fermi level shift and the charge
accumulation around the interfaces due to the screening effect
[7]; the latter is denoted as the screening charge doping model
(SCDM) in this work. The key difference between these two
effects lies in the spatial distribution of the local magnetic
moment (LMM). In the Fermi level shift model in Pt [13],
the Fermi energy in the entire Pt layer is assumed to shift
toward lower energies when V, > 0, and the density of states
(DOS) at the Fermi energy is increased because the DOS of Pt
peaks slightly below the Fermi energy [15]. Consequently, the
Stoner criterion is satisfied, and Pt atoms in the entire Pt layer
are spin polarized. For V, < 0, the entire Pt layer is param-
agnetic. In the SCDM, in contrast, the positive-charge doped
Pt atoms in the Debye screening layer around the Pt/YIG
and IL /Pt interfaces can be spin polarized [7] by positive and
negative V,, respectively.
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In this work, we report on the hysteresis and training effect
of ISHE voltage and SMR in the Pt/YIG heterostructure dur-
ing subsequent cycles of V,. In the first half cycle of V,, the
ISHE voltage and the SMR remain unchanged for V, < 0 and
decrease for V, > 0, exhibiting diode-like behavior. They also
show hysteresis in the first cycle of V,. In the second cycle,
the hysteresis and the diode-like behavior become weak and
even vanish, exhibiting a training effect. Evidently, the electric
control of the spin current is mainly determined by the charge
spatial distribution in the Pt layer. First-principles calculations
and measurements of anisotropic magnetoresistance (AMR)
[16] and FMR confirmed the validity of the SCDM, in which
the spatial distribution of LMM in the Pt layer is asymmetric
between the Pt/YIG and IL/Pt interfaces. Finally, the diode-
like behavior, hysteresis, and training effect in the electric
control of the spin current are well explained in terms of the
SCDM.

II. SAMPLE FABRICATION AND MEASUREMENTS

Pt (d)/YIG (tyig) heterostructures were fabricated with
d =3.0 nm and ty;g =40 nm and 50 nm. YIG single-
crystal films were epitaxially fabricated onto (444)-oriented
Gd3Gas0;; (GGG) substrates via pulsed laser deposition at
625°C. The base pressure was lower than 2 x 107 Pa, and
the O, pressure was 3.0 Pa during deposition. The deposition
rate of the YIG layer was 0.33 A/s. To improve the film
quality, the samples were post-annealed at 810 °C for 4 hours
under an O, pressure of 5 x 10* Pa. A Pt layer was fabricated
on the YIG layer at ambient temperature by DC magnetron
sputtering. The base pressure was better than 5 x 107° Pa,
the Ar pressure was 0.5 Pa during deposition, and the de-
position rate of the Pt layer was 0.70 A/s. We used X-ray
reflectivity (XRR) and x-ray diffraction (XRD) to character-
ize the layer thickness and high crystallinity of the samples,
respectively, with a Bruker D8 diffractometer with Cu Ko 1
(A1 = 0.154056 nm) and K2 (A, = 0.154439 nm). A typical
XRD pattern of the YIG layer is presented in Fig. 1(a). The
peaks near 26 = 50.58° and 117.22° correspond to the (444)
and (888) orientations in the YIG layer, respectively, while
the double peaks of GGG (444) correspond to Kol and Ka2.
The pole figures of the YIG layer and the GGG substrate
in Figs. 1(b) and 1(c) demonstrate the epitaxial growth of
the YIG (444) layer on the GGG (444) substrate. The cross-
sectional scanning transmission electron microscopy and the
selected area electron diffraction pattern in Figs. 1(d) and 1(e)
also show the epitaxial relationship between the YIG film and
the GGG substrate.

To impose a significant electric field on the film, the IL
[DEME]"[TFSI]~ was employed as the dielectric material.
A small droplet of IL was placed on the film device. Before
measurements of spin pumping, SMR, and AMR, a gate volt-
age was applied on the device and then maintained at room
temperature for 30 min to enable the formation of a stable
electric field on the film surface. Cooling the device below
182 K leads to freezing of the IL, resulting in a fixed anion
and cation distribution (and therefore electric field) imposed
by the gate voltage.

We then used the spin pumping technique to characterize
the ISHE voltage, Gilbert damping parameter, and gyromag-
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FIG. 1. (a) XRD 6-20 patterns of the GGG substrate (black) and
the YIG film (40 nm thick) epitaxially grown on the GGG (444)
substrate (red). X-ray pole figures of YIG (b) and GGG (c) along the
[800] orientation. Atomic-resolution scanning transmission electron
microscopy image along the [112] orientation (d) and selected area
electron diffraction pattern (e) of YIG/GGG.

netic ratio (y) of the Pt/YIG heterostructure [5,6,17], as
schematically shown in Fig. 2 (a). By feeding a microwave
signal into the coplanar waveguide, a RF magnetic field per-
pendicular to the sample strip was induced to excite the
magnetization precession in the YIG layer. When sweeping
the in-plane magnetic field H, the DC voltage detected by a
lock-in amplifier peaks at the resonance magnetic field Hrgs
at a specific microwave frequency f. As defined by the peak
amplitude in Fig. 2(b), the ISHE voltage Visyg obeys the
following equation [18],

LG Ogihsq Pxx d
eLwG i UsHAq O tanh
2rd

>025in @, (1)

VisHE = —
sd

where Osu, Asa, d, pxx, and G are the SHA, SDL, thick-
ness, sheet resistivity of the Pt layer, and real part of the
effective spin mixing conductance (ESMC) at the Pt/YIG
interface, respectively. Moreover, w = 27 f, the stripe length
L = 2.0 mm, 6 is the precessional angle of the YIG magneti-
zation, and g refers to the angle between the external magnetic
field and the x axis, as shown in Fig. 2(a).

At a specific f, the central resonance magnetic field Hrgs
of the measured spin pumping spectrum can be fitted by
a Lorentz function, and the dispersion for the Pt/YIG het-
erostructure can be described by the Kittel equation [19],

2
w
(;) = Hgrgs(Hggs + 4m Mg, 2

where the effective demagnetization field is 4axMex =
4nM; + Hk, M is the effective magnetization, M, is the
saturation magnetization, and Hy is the magnetic anisotropic
field. Using Eq. (2), the gyromagnetic ratio y (= —gle|/2cm,)
is fitted, where g is the Land¢ factor and e, m,, and c are the
charge and mass of electrons and the speed of light in vacuum,
respectively. With the full width at half maximum (FWHM)
linewidth AH of the resonance as a function of f, the Gilbert
damping parameter ap/yig in the Pt/YIG heterostructure can
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FIG. 2. Diode-like behavior, hysteresis, and training effect
of ISHE voltage and SMR. Schematic illustration of spin
pumping (a) and SMR and HMR (c) measurements. For
Pt(3.0 nm)/YIG(40 nm), typical spin pumping spectrum (b), mag-
netic field dependence of Ap/py in SMR and HMR (d), evolutions
of ISHE voltage (e) and SMR (f) during cycles of the gate voltage.
In (b) and (e), ¢ = 90 degrees and f = 6 GHz. In (b) and (d), V, = 0.
In (d), solid lines refer to fitted results according to Egs. (5) and
(6). In (e) and (f), arrows and symbols O—® indicate the gate voltage
sweep. Here, all measurements were performed at 7 = 100 K.

be achieved using the following equation [20],

47
AH = AHp + Pt/ YIG

/s A3)
where AH, is the broadening width induced by the inho-
mogeneity of the YIG layer. Moreover, FMR was employed
to measure the Gilbert damping parameter ay;g of the YIG
single-layer film [19]. Then, the ESMC Gg}ifx in the Pt/YIG
heterostructure can be obtained through the following equa-
tion [20],

G = %(HH/YIG — ayiG), 4)
where pup is the Bohr magneton and tyig is the YIG layer
thickness. In this work, the IL gating effect on the magnetic
properties of the YIG layer is neglected [21].

The SMR and HMR in the Pt/YIG heterostructure were
measured by a standard four-point probe, as schematically
shown in Fig. 2(c). With the external magnetic field H along
the y and z axes, SMR and HMR are defined in Fig. 2(d)
[3,4,22,23]. SMR is described by the following equation [3],

03 Asd tanh?(d /2q)

d  1/(2pxxrsaGY) + coth(d /Asq)
&)

(Ap/pxx)l = -

Due to the dephasing of electron spins caused by spin preces-
sion around the external magnetic field [4], HMR is rigorously
described using the following equation [4],

024 Asa tanh?(d /2A )
d  1/(2pxx MG )+ coth(d/As)

B _0§H)\sd tanh?(d /2Asq)
d  1/(2pxraG ) + coth(d/As) |
(6)

where the first and second terms on the right-hand side refer to
SMRs at high and zero magnetic fields, respectively. Consid-
ering spin precession around the external magnetic field H, the
V l/kgd + l/)‘?n’
where A, = «/Dh/gupB, and #, D, and B represent the re-
duced Planck constant, electron diffusion coefficient, and
magnetic induction intensity, respectively. When Agq = Ay at
H = 0, the HMR vanishes. A new approach was proposed by
Vélez et al. to independently extract SDL and SHA [4], and it
was improved later by Dai et al. [23] such that both parameters
can be rigorously extracted. Being independent of SHA, the
HMR/SMR ratio can be employed to extract SDL with the
ESMC data. Subsequently, SHA can be obtained with data
of SMR, SDL, and ESMC through Eq. (5). In measurements
of the AMR and anomalous Hall-like effect [24], the external
magnetic field was rotated in the xz plane and aligned along
the z axis.

(A/O/;Oxx)2 = _Re{

effective SDL obeys the equation 1/Ay =

III. FIRST-PRINCIPLES CALCULATIONS

We then performed first-principles calculations using the
Vienna ab initio simulation package (VASP) [25,26] to assess
the IL gating effect. The calculations were based on DFT
and the generalized gradient approximation (GGA) with an
interpolation formula as given by Vosko, Wilk, and Nusair
[27] and a plane-wave basis set within the framework of
the projector augmented wave (PAW) method [28,29]. The
cutoff energy for the basis was 500 eV, and the convergence
criterion for the electron density self-consistency cycles was
10~® eV. In the Brillouin zone, we sampled (15 x 15 x 15)
k-point grids using the Monkhorst-Pack scheme [30] to ensure
that the results converged. The details of the first-principles
calculations were analytically described in a previous
study [12].

IV. RESULTS AND DISCUSSION

Diode-like behavior, hysteresis, and training effect in elec-
tric response of spin current in Pt/YIG. As shown in Figs. 2(e)
and 2(f), the ISHE voltage and SMR exhibit a few distinguish-
ing features: (1) In the first half cycle of V,, the ISHE voltage
and SMR remain almost unchanged when V, increases from
—4.0 to 0 (V), while they decrease when V, further increases
up to 4.0 V, demonstrating diode-like behavior [13]. It is
noted that the ISHE voltage changes more sharply than SMR.
(2) Both the ISHE voltage and SMR exhibit hysteresis when
V, sweeps, indicating that the electric response of the spin
current is irreversible. Since the ISHE voltage and SMR at
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FIG. 3. Diode-like behavior, hysteresis, and training effect of
ESMC, SDL, and SHA. For Pt(3.0 nm)/YIG(40 nm), the AH vs
f at different V, (a). ESMC G (b), SDL Ay (c), and SHA 65y
(d) vs V, in the first (black) and second (red) cycles. In (a), the inset
numbers refer to the gate voltage, and solid lines refer to fitted results
according to Eq. (3). In (b), (c), and (d), the arrows and symbols
®O-® indicate the gate voltage sweep. Here, all measurements were

performed at 100 K.

Ve, = —4.0'V are reduced after one cycle of V,, the spin current
is partially recovered. (3) In particular, the diode-like behavior
and hysteresis of both the ISHE voltage and SMR become
weaker or even vanish in the second cycle of V, compared
to those of the first cycle, exhibiting a training effect in the
electric response of the spin current.

Furthermore, Egs. (1) and (5) suggest that the ISHE voltage
and SMR strongly depend on SDL, ESMC, and SHA [1,2]. To
unravel the origin of the results in Fig. 2, it is essential to ex-
tract the above three spin current parameters at various V. As
shown in Fig. 3(a), the FWHM linewidth AH in the Pt/YIG
heterostructure scales as a linear function of the microwave
frequency f, and apy/yig in Eq. (3) is found to change with V.
ESMC, SDL, and SHA in Figs. 3(b)-3(d) exhibit diode-like
behavior, hysteresis, and training effect during subsequent
cycles of Vg, similarly to ISHE voltage and SMR. In particular,
when V, increases from 0 to 4.0 V in the first half cycle of V,,
SDL and ESMC increase, whereas SHA decreases.

For comparison, we also investigated the electric response
of the spin current in the 8-W (3.0 nm)/YIG (40 nm) het-
erostructure. The B phase of the W layer is identified by the
nonmetallic behavior [31], where dpx/dT < O in Fig. 4(a).
In our experiments, the electric response of the spin current
in B-W/YIG is found to almost vanish, although the sheet
resistivity decreases for V, > 0, as shown in Figs. 4(b)—4(f).
Moreover, since the SHA and sheet resistivity of the 5-W
layer are much larger than those of the Pt layer [1,32], the
ISHE voltage in the 8-W/YIG heterostructure is approxi-
mately one order of magnitude larger than that of the Pt/ YIG
heterostructure when the input microwave power is identical
and V, is zero in the two experiments, as shown in Figs. 2(b)
and 4(e). Furthermore, although M. remains unchanged, the
gyromagnetic ratio y is 16.4 and 16.6 (GHz/kOe) for V, = 0
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FIG. 4. Electric control of the spin current in 8-W (3.0 nm)/YIG
(40 nm) heterostructures. The sheet resistivity py, versus temperature
at V, = 0 (a), V, dependencies of p, (b), SMR and HMR (c), ESMC
(d), typical spin pumping spectra at different V, (e), V, dependence
of anomalous-Hall-like resistivity pau (f). In (e), ¢ = 90 degrees and
the rf frequency f = 9.0 GHz. Dashed lines in (a), (b), (c), (f) serve
as a guide to the eye. Measurements in (b), (c), (d), (e), (f) were
performed at 7 = 100 K.

and V, > 0, respectively, leading to a shift of the resonance
field for V, > 0 away from that of V, =0, as shown in
Fig. 4(e).

Asymmetric spatial distributions of charge and LMM in
Pt/YIG. Since the results in Fig. 3 indicate that SHA, SDL,
and ESMC are multivalued functions of V,, the electric control
of the spin current is not caused by the Fermi level shift but by
the charge spatial distribution in the Pt layer, which is char-
acterized by the results of the LMM in Fig. 5. The effective
magnetization Mg shows diode-like behavior in the first half
cycle of V, [12,33], as shown in Fig. 5(b). A negligibly small
Hg in the magnetically soft YIG layer, as defined in Eq. (2),
results in Mg >~ tY:’;“ZS, where AS and my, are the area and
total magnetic moment of the sample, respectively. Defined as
the increment of M. when V, changes from 0 to 4.0 V in the
first half cycle of V,, AMc is 16.0 and 12.1 (emu/cm3) for
tyic = 40 and 50 (nm), respectively, as shown in Fig. 5(b).

Since the magnetic moment of the YIG layer is inde-
pendent of V, [21] and assuming that there is no magnetic
proximity effect in the Pt/ YIG heterostructure [16], the diode-
like behavior of Mg in the first half cycle can be easily
characterized by the Fermi level shift model as the DOS of
Pt peaks slightly below the Fermi energy [15]. In the SCDM,
in contrast, the IL gating establishes an electric double layer
(EDL) at the IL/Pt interface, as shown in Fig. 5(a). For
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FIG. 5. Asymmetric spatial distributions of charge and LMM
in Pt. For Pt(3.0 nm)/YIG(40 nm), sketch for charge spatial dis-
tribution for V, > 0 and V, < 0 (a), M versus V, at T =100 K
(b), for Pt"" atoms with Vg > 0, calculated magnetic moment mp
vs n (¢) and DOS vs E — Er with n = 0 and 5 (d), sketch for the
charge asymmetric spatial distribution in the Pt layer for V, > 0
(e), angular dependent Ap/px at T =5 K with the magnetic field
rotating in the xz plane and V, changing in the order of 0, —4.0,
and 4.0 (V) (f). In (a) and (e), FM and PM stand for ferromagnetic
and paramagnetic states, respectively. In (b), the data (green solid
circles) of Pt(3.0 nm)/YIG(50 nm) in the first half cycle of the IL gate
voltage are also given for comparison, and the arrows and symbols
®O-O indicate the gate voltage sweep, AMer = Mg (B) — Mg (A) =
12.1 emu/cm? for tyig = 50 nm and AMeg = Meg(C) — Mo (A) =
16.0 emu/cm? for #y;g = 40 nm. In (c), the data of the 8-W/YIG
heterostructure (black solid squares) are also given. In (e), regions
I and III are negatively and positively charged, respectively, and
region II is electrically neutral. Solid lines in (c) and (f) serve as
a guide to the eye and refer to fitted results, respectively. In (f),
Ap = pxx sin? yu and yy refer to the angle between H and the z axis
in AMR measurements.

Ve > 0, positive and negative charges accumulate on the IL
and Pt sides of the EDL, respectively. Accordingly, positive
charges in region I are shifted toward region III due to the
Debye-screening effect, as marked in Figs. 5(a) and 5(e),
and Pt atoms in region III become positively charged, Pt"".
The results of first-principles calculations in Fig. 5(c) show
that the magnetic moment of Pt"" emerges for 4.5 < n < 6.
For bulk Pt without IL gating, the product of the DOS at
the Fermi energy with the Stoner parameter is estimated to
be approximately 0.6 [34]. As shown in Fig. 5(d), the DOS
at the Fermi energy is enhanced by a factor of 2.0 when
n = 5.3. Consequently, the product of the DOS at the Fermi
energy with the Stoner parameter will be approximately 1.2

if the Stoner parameter remains the same, and the Stoner
criterion for the appearance of ferromagnetism is satisfied [7].
Therefore, Pt atoms in region III contribute to M.g. Mean-
while, the Pt atoms in regions I and II are paramagnetic.
Conversely, the Pt atoms are ferromagnetic in region I and
paramagnetic in region III for V, < 0. Since the LMM in
region I is not exchange-coupled to the YIG magnetization
due to paramagnetic regions II and III acting as a spacer, the
measured Mg remains unchanged when V, < 0, as shown in
Fig. 5(b). Since both models work, the FMR is not an effi-
cient method to evaluate the LMM spatial distribution in the
Pt layer.

Differently from FMR measurements, all Pt atoms in re-
gions I, II, and III contribute to AMR. Thus, we performed
AMR measurements at 7 = 5 K to further identify the phys-
ical origin of the LMM. Figure 5(f) shows that AMR is
enhanced not only when V, > 0 but also when V, < 0, which
contradicts the first mechanism dictating that there should
be no AMR when V, < 0. Because AMR enhancement with
highly doped Pt"* occurs for either positive or negative V,, the
LMM in region I also contributes to AMR when V, < 0 [16].
Therefore, SCDM can reconcile both the diode-like behavior
of M in Fig. 5(b) and the AMR results in Fig. 5(f). Finally, it
is noted that the LMM consists of two parts. In addition to the
part induced by charge doping under IL gating, the second part
comes as a result of the magnetic proximity effect [16,35], as
demonstrated by a nonzero AMR at V, = 0 in Fig. 5(f). Since
the second part is independent of V,, we focus only on the first
(and the LMM only refers to this first part).

To quantitatively confirm the mechanism of the LMM
in the SCDM, it is necessary to compare the experimental
results and first-principles calculations. Considering that mag-
netization reaches a maximum at approximately V, = 4.0 V
in experiments and approximately n = 5.3 in first-principles
calculations in Figs. 5(b) and 5(c), it is reasonable to compare
the data. To avoid the complex relation between V, and n,
we assume that all Pt"* atoms in region III have the same
valence state n. Since M. enhancement derives exclusively
from the Pt atoms in region III, the estimated enhance-
ment from the first-principles calculations will be AMg =
= A;’y"—;é”, where Ij is the screening length of region III
and Mp, represents the saturation magnetization of Pt atoms in
this region. Thus, when the atomic magnetic moment of Pt""
is mpy = 0.78up at n = 5.3, Ip is estimated to be 1.34 nm
and 1.26 nm with AMs = 16.0 and 12.1 (emu/cm?) for
tyig = 40 and 50 (nm), respectively.

Calculations also show that ferromagnetism cannot be pro-
duced in B-W by any charge doping, as shown in Fig. 5(c).
Different magnetic properties in Pt/YIG and B-W/YIG het-
erostructures can be understood as follows [15]: There are
two implicit conditions for the generation of ferromagnetism:
(a) unpaired spin-resolved orbitals and (b) strong localization
of the orbitals. Although unpaired spin-resolved orbitals ex-
ist in bulk Pt 54°6s', ferromagnetism fails to occur because
d electrons are weakly localized. When introducing positive
charge doping and n > 4.5, the d electrons become strongly
localized, as demonstrated by the enhanced DOS near the
Fermi energy for n = 5.3 in Fig. 5(d). Accordingly, ferromag-
netism occurs in Pt"T atoms with 4.5 < n < 6.0. However,
positive charge doping cannot induce any magnetic moment
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in B-W because of the much weaker localization of d orbitals
in 8-W 5d*6s> compared with that of Pt 5d°6s!. Furthermore,
because magnetism greatly affects spin transport, the AMR,
ISHE voltage, and ESMC in the 8-W/YIG heterostructure
should be more insensitive to positive charge doping than
those in the Pt/YIG heterostructure with Pt acting nearly as
a ferromagnet.

Mechanism of diode-like behavior in electric control of
SDL, SHA, and ESMC in Pt/YIG. The SDL results in Fig. 3(c)
are ascribed to an interplay between the asymmetrically dis-
tributed LMM and the spin current relaxation process, as
analyzed below. Our experiments revealed that the electronic
diffusion coefficient D monotonically decreases from 5.8 x
1079 to 3.7 x 107° (m?/s) when V, increases up to 4.0 V in
the first half cycle. Since D = v% 7, the electron momentum
relaxation time t, is also expected to decrease with increas-
ing V, [36]. Additionally, because Ay = /D7y, the increase
in SDL with Vg in Fig. 3(c) indicates that the spin current
relaxation time 7, becomes longer at a larger V,. Opposite
variation trends of 7y and 7, suggest that the spin current
relaxation process in the present Pt/YIG heterostructure is
dominated by the D’yakonov-Perel’” mechanism [23,37,38],
unlike the results of Dushenko et al. [13]. In this perspective,
7, is mainly determined by the 7, of Pt atoms in region III.
With the presence of LMM in the same region when V, > 0,
7, is reduced significantly, yet it changes little in the absence
of LMM when V, < 0. Therefore, the diode-like behavior of
Asq in Fig. 3(c) can be simply characterized.

The diode-like behavior of SHA in the first half cycle of V,
in Fig. 3(d) can also be understood in a similar way. Owing
to the D’yakonov-Perel’ mechanism of the spin current relax-
ation [23,37,38], sy (III) plays a major role in the measured
SHA of the Pt layer, in contrast to sy (I) and 65y (II), which
play minor roles. Accordingly, we observe 6sy = Osy (III).
With the presence of the LMM in region III for V, > 0,
Osu (IIT) is significantly reduced due to the spin splitting of the
chemical potential [39,40], whereas it changes little with the
absence of the LMM for V, < 0. Consequently, the measured
SHA exhibits diode-like behavior in the first half cycle of
V, in Fig. 3(d). Finally, since the LMM in region III can
contribute to the Gilbert damping parameter of the Pt/YIG
heterostructure [41], the latter exhibits diode-like behavior in
the first half cycle of V.

Mechanisms of hysteresis and training effect in electric
control of spin current in Pt/YIG. Since the charge Q in the
EDL is at the heart of the SCDM, it is of vital importance
to gain deep insight into the evolution of Q with V,. The
magnitude of Q (= CV,) is proportional to the capacitance
C of the capacitor between two electrodes, and the latter de-
pends on the surface morphology of the IL and the oxidation
and reduction of Pt atoms at the IL /Pt interface [42,43]. Due
to these irreversible and nonequilibrium evolutions, C is not
constant and rather exhibits hysteresis and training effects dur-
ing subsequent cycles of V, [42-45]. Therefore, Q is expected
to have similar behaviors when V, is swept.

The above analysis is verified by the experimental results
in Fig. 6. First, atomic force microscopy measurements show
that the surface root mean square (RMS) roughness R, of
the Pt layer at the IL/Pt interface remains unchanged for
V, > 0, whereas it increases from 0.143 nm to 0.443 nm

(a) after +5V (b)

after-5V

Oxidation

— st

2nd

Reduction
L L L L

4 2 0 2 4
v,¥)

FIG. 6. Oxidation and reduction of Pt atoms at the IL/Pt in-
terface. Atomic force microscopy images of the Pt surface after
applying positive (a) and negative V, (b) with a scanned area size
of 2 x 2 um?. The sheet resistivity at T = 100 K during subsequent
cycles of the gate voltage (c). Cyclic voltammetry with a sweep rate
of 100 mV/s for Pt(3.0 nm)/YIG(40 nm) (d). In (c), the arrows and
symbols O-® indicate the variation of the gate voltage. Measure-
ments in (a), (b), and (d) were performed at room temperature.

when V, changes from 0 to —4.0 V, as shown in Figs. 6(a)
and 6(b). Second, the asymmetric distribution of the LMM
results in a decrease in the sheet resistivity of the Pt layer.
This is because the resistance of ferromagnetic region III is
increased, whereas that of paramagnetic region I is decreased
when V, > 0. Similarly, the application of negative V, also
results in a decrease in the sheet resistivity. As a result, the
sheet resistivity is expected to change nonmonotonically as a
function of V,, with a maximum at V, = 0. Apparently, the
monotonic variation in the sheet resistivity in Fig. 6(c) is
consistent with the larger surface roughness of the Pt layer
for V, < 0 in Fig. 6(b). The incompletely reversible process
between oxidation and reduction of Pt atoms and the evolution
of the surface morphology at the IL /Pt interface are suggested
to play major and minor roles in the surface degradation of the
electrode (Pt) under electric gating [33,46], respectively.

The incompletely reversible process between oxidation and
reduction of Pt atoms permits the dynamic resistance to alter
both the effective voltage on the Pt/YIG heterostructure and
the subsequent leakage current [42,44]. Figure 6(d) shows the
hysteresis and training effect of the peak currents near V, =
4.0 and —4.0 (V) in the cyclic voltammetry, where these peak
positions correspond to the oxidation and reduction of the
Pt electrode. Therefore, the experimental results in Fig. 6 are
consistent with the previous argument describing the incom-
pletely reversible process between oxidation and reduction
of Pt atoms and the evolution of the surface morphology at
the IL/Pt interface under electric gating [42,43]. Moreover,
due to the law of charge conservation, the charge Q in the
EDL is also known to exhibit hysteresis and training effects
in cyclic voltammetry. Since the LMM depends on Q, the
electric control of the spin current in Figs. 2 and 3 can be
easily captured using the SCDM. Again, the electrochemical
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stability window in the IL /Pt system is characterized by cyclic
voltammetry to be 8.0 V [45].

Reversible electric control of spin current is technolog-
ically immensely important in applications of spintronic
devices and can be implemented by two approaches. First,
since the leakage current in the cyclic voltammetry changes
reversibly in the second cycle of Vg in Fig. 6(d), a reversible
electric response of the spin current is also expected after
many cycles. Spin current measurements in one cycle of V,,
at low temperatures, requires tens of hours, which is much
longer than the timescale of several minutes in cyclic voltam-
metry at room temperature. Second, when the sweep range
of V, is much smaller than the electrochemical window of the
IL/electrode (Pt), the leakage current and thus the spin current
also change reversibly with V,. Since the electric response of
the spin current cannot be maximized in this configuration,
it is essential to find ideal ILs with a large electrochemical
stability window for significant and reversible modulation of
the spin current by IL gating [13].

This work helps to solve the discrepancy in the electric
response of Pt/YIG among different research groups. The
reversible electric control of the spin current in Ref. [14] may
arise from two possible sources. First, when n < 4.5 due to
a small charge Q in the EDL or a large Debye screening
length in the Pt layer, LMM fails to occur, and the electric
response of the spin current in the Pt/YIG heterostructure is
thus determined by the Fermi level shift. Second, the sweep
range of V, is smaller than the electrochemical window of
IL/Pt. In these two cases, the electric response of the spin
current is reversible. Moreover, the diode-like behavior of the
ISHE voltage in Ref. [13] may not come as a result of a
Fermi level shift but instead from a combination of the asym-
metrically distributed LMM and the spin current relaxation
process. Furthermore, since the LMM in region I and the YIG
magnetization are separated by paramagnetic regions II and
IIT acting as spacers, as schematically shown in Fig. 5(a),
FMR cannot probe the LMM near the IL/Pt interface for
V, < 0. Hence, a conclusion on the magnetic properties of

the Pt layer for V, < 0 could not be drawn only from FMR
measurements [12]. Finally, the opposite variation trends of
Osu and Mg with V, in Figs. 3(d) and 5(b) directly confirm
the magnetic proximity effect on SHA of Pt [39], and explain
inconsistencies of SHA in Pt reported in the literature [1,2,47],
considering the run-to-run variation of magnetic proximity
effect in individually fabricated samples [35].

Summary. We have experimentally demonstrated the hys-
teresis and training effect during electric control of spin
current in the Pt/ YIG heterostructure through subsequent cy-
cles of V,. SHA, SDL, and ESMC all manifest diode-like
behavior, hysteresis, and training effects during V, cycling,
leading to similar behaviors in ISHE voltage and SMR. There-
fore, the electric response of the spin current in the Pt layer
cannot be explained by the Fermi level shift but by the SCDM.
In this model, the charge and the LMM are suggested to
be asymmetrically distributed in the Pt layer for either pos-
itive or negative V,, which is confirmed by AMR and FMR
measurements. In combination with the spin current relax-
ation process, the asymmetrically distributed LMM generates
diode-like behavior in the electric control of the spin current.
Meanwhile, the incompletely reversible process between the
oxidation and reduction of Pt atoms and the evolution of
the surface morphology at the IL/Pt interface under electric
gating result in the hysteresis and training effect in the elec-
tric control of the spin current. Moreover, opposite variation
trends of SHA and LMM with V, further confirm the mag-
netic proximity effect on SHA in Pt. The relaxation process
of the spin current is dominated by the D’yakonov-Perel’
mechanism. The present work will increase interest in electric
control of spin current, which has potential applications in
energy-efficient spintronic devices.
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