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Ionic Modulation of Interfacial Magnetism in Light Metal/
Ferromagnetic Insulator Layered Nanostructures

Mengmeng Guan, Lei Wang, Shishun Zhao, Bin Peng,* Wei Su, Zhexi He, Guohua Dong,  
Tai Min, Jing Ma, Zhongqiang Hu, Wei Ren, Zuo-Guang Ye, Ce-Wen Nan, Ziyao Zhou,* 
and Ming Liu*

Ferromagnetic insulator thin film nanostructures are becoming the key 
component of the state-of-the-art spintronic devices, for instance, yttrium iron 
garnet (YIG) with low damping, high Curie temperature, and high resistivity is 
explored into many spin–orbit interactions related spintronic devices. Voltage 
modulation of YIG, with great practical/theoretical significance, thus can 
be widely applied in various YIG-based spintronics effects. Nevertheless, to 
manipulate ferromagnetism of YIG through electric field (E-field), instead of 
current, in an energy efficient manner is essentially challenging. Here, a YIG/
Cu/Pt layered nanostructure with a weak spin–orbit coupling interaction is 
fabricated, and then the interfacial magnetism of the Cu and YIG is modified 
via ionic liquid gating method significantly. A record-high E-field-induced 
ferromagnetic resonance field shift of 1400 Oe is achieved in YIG (17 nm)/
Cu (5 nm)/Pt (3 nm)/ionic liquid/Au capacitor layered nanostructures with a 
small voltage bias of 4.5 V. The giant magnetoelectric tunability comes from 
voltage-induced extra ferromagnetic ordering in Cu layer, confirmed by the 
first-principle calculation. This E-field modulation of interfacial magnetism 
between light metal and magnetic isolator may open a door toward compact, 
high-performance, and energy-efficient spintronic devices.
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1. Introduction

The interface between heavy metal and fer-
romagnetic insulator (FMI) heterojunc-
tions serves as important building block 
in spintronics for its capability of intercon-
version between spin and current. yttrium 
iron garnet (YIG), which has low magnetic 
damping constant (α  ≈  10−5), high Curie 
temperature (TC ≈  650 K), and very narrow 
ferromagnetic resonance (FMR) linewidth 
(≈1  Oe), is an ideal FMI. It has been dem-
onstrated that YIG exhibits a plenty of spin-
tronic couplings with the heavy metals like 
Pt, Ta, and W. These spintronic behaviors 
like spin pumping,[1] spin Hall,[2] spin See-
beck,[1,3] and magnetic proximity effect 
(MPE)[4,5] in YIG/heavy metal layered nano-
structures have attracted increasing research 
interests these years.[1,3,6–11] Current-driven 
spin–orbit torque (SOT),[12] where in 
particular, the SOT in the YIG/heavy metal 
interface,[13] is a hot topic in these researches. 
Consequently, the task of tuning of ferro-

magnetism is converted into to procure the high conversion effi-
ciency between spin and charge currents, where the heavy metals 
with strong spin–orbit interaction (SOI) play as key component.

Nevertheless, the state-of-the-art maximal of 10% conver-
sion efficiency in noble metal Pt is still limited.[14] Additionally, 
seeking heavy metal layer for spin and charge current conver-
sion limits the selection of materials, and raises the cost of real 
spintronic applications. Even with much cheaper cost, light 
metals (LMs) like Cu with weak SOI have been excluded from 
SHE devices. Surprisingly, Prof. Ando’s group revealed that the 
nature oxidation of Cu layer reaches the comparable conversion 
efficiency of Pt,[15] opening a creative path of magnetization 
modulation via LMs. Here, we utilize an alternative approach of 
ionic liquid gating (ILG) to tune ferromagnetism at light metal/
FMI interfaces, where ILG generates large charge accumulation 
at the surfaces and influence the magnetism as an interfa-
cial nanoeffect. It is highly expected that the ionic doping will 
transform the Cu condition and change the interfacial mag-
netization accordingly. Moreover, ILG method has much lower 
energy consumption, than that of spin or charge currents, due 
to negligible current flow.[16–21]

In this work, we first epitaxially deposited YIG thin films 
with thickness at 7 and 17 nm onto gadolinium gallium garnet 
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(Gd3Ga5O12, GGG) single-crystal substrates using pulsed laser 
deposition (PLD) system. Then the samples were transferred 
into a magnetic sputtering chamber, the Cu layer with dif-
ferent thickness (0–14 nm) and 3 nm Pt were then coated onto 
them subsequently. The Cu layer here served as the coupling 
media between the YIG and ionic liquid (IL). The Pt served as 
the protection layer and the gating electrode. By adding an IL 
layer onto these YIG/Cu/Pt layered nanostructures, we estab-
lished a typical capacitor structure. When a small gating voltage 
Vg = 4.8 V was applied across the IL layer, a record-high voltage-
induced FMR field shift of 1400  Oe was obtained in the YIG 
(17  nm)/Cu (5  nm)/Pt (3  nm) at −115  °C. The first-principle 
calculation demonstrated that with the increase of electric 
field (E-field) across the IL, the positive charge of the interface 
Cu layer will increase, the nonmagnetic feature remains only 
about Cu0.6+ and then comes up a magnetic state. Thus, the 
spin ordering of the layered nanostructures will be enhanced 
and the FMR field will shift accordingly. The magnetic coupling 
between Cu and YIG is usually negligible weak and the YIG 
is also a perfect medium in radio frequency and microwave 
devices such as filters,[22–24] shifter,[25] and isolators.[26] Thereby, 
we believe that this new ME gating mechanism by inducing a 
MPE between the YIG and light metal Cu via the unique ILG 
method is of both fundamental and application potential. The 
giant FMR tunability in this YIG-based heterostructure will 
open a door toward the tunable spintronics devices like spin 

wave transistors or tunable RF/microwave devices such as low-
voltage tunable shifters.

The YIG layers are deposited using PLD method with 17 nm 
thickness. The Cu layers with various thicknesses and 3 nm Pt 
layers are then deposited on the YIG layer using the magnetic 
sputtering, details can be seen in the Experimental Sec-
tion. Figure  1a shows the cross-section transmission electron 
microscopy (TEM) image of the GGG/YIG (17 nm)/Cu (2 nm)/
Pt (3 nm) sample. The crystal lattice of the YIG layer indicates 
a (111) orientation epitaxy growth, the Cu and Pt layer can also 
be clearly seen on the YIG layer. The X-ray diffraction pattern 
of the as-deposited 17 nm YIG on GGG substrate is shown in 
Figure 1b, the (111) peak of the YIG conforms the TEM result. 
The inset in Figure 1b is the energy-dispersive spectrum of the 
metal layer, which also shows the layer distribution of Cu and 
Pt. The in-plane magnetic hysteresis loops of the YIG (17 nm) 
sample before and after the Pt (3 nm) and Cu (5 nm)/Pt (3 nm) 
capping are shown in Figure S1 (Supporting Information). 
After the capping of Pt (3 nm) capping, the hysteresis loop, as 
shown in blue curve, becomes quadrate in shape. While after 
the inserting of the Cu (5  nm) layer between the YIG and Pt 
layer, the magnetic hysteresis loop, as represented in the red 
curve, exhibits very little difference compared with the hyster-
esis loop of the bare YIG film. The magnetic hysteresis loops 
indicating that the ferromagnetic ordering (FM) was enhanced 
after the Pt (3  nm) capping, and the enhancement can be 

Adv. Funct. Mater. 2019, 29, 1805592

Figure 1.  Materials properties and influence of Cu layer on the magnetic properties. a) The cross-section TEM of the GGG/YIG (17 nm)/Cu (5 nm)/Pt 
(3 nm) sample. b) The XRD pattern of the as-deposited YIG/GGG sample. c) In-plane FMR spectra of the YIG (17 nm) (blue), YIG (17 nm)/Pt (3 nm) 
(green), and YIG (17 nm)/Cu (5 nm)/Pt (3 nm) (red) samples. d) FMR field dependence on the thickness of the Cu layer between the YIG (17 nm) 
layer and Pt (3 nm) layer.
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eliminated by inserting the Cu (5  nm) layer between the YIG 
and Pt layer. We also apply FMR spectrometer to monitor the 
change of magnetic moment of these samples. The FMR effect 
can be expressed with the Kittel formula

f H H M/2 r
2

r sγ π( )= + � (1)

for the in-plane condition and

f H M/2 r sγ π( )( )= − � (2)

for the out-of-plane condition,[27,28] where f is the frequency 
of the microwave, γ/2π  = 2.8 (MHz/Oe) is the gyromagnetic 
ratio,[28] and Ms is the saturation magnetization. In our experi-
ment, all the frequency was set as 9.2  GHz as a limitation of 
the instrument. As the microwave frequency is fixed in the 
cavity, the verity of Ms can be quantitatively calculated by the 
FMR field shift. Figure 1c shows in-plane FMR spectra of the 
bare YIG (17 nm), YIG (17 nm)/Pt (3 nm), and YIG (17 nm)/
Cu (3 nm)/Pt (3 nm). With Pt capping, the in-plane Hr became 
smaller, implying a strengthened FM ordering, which is con-
sistent with the hysteresis loop change after Pt capping. As 
expected, the FMR spectra shift in the YIG (17 nm)/Cu (5 nm)/
Pt (3 nm) heterostructure decreases compared with that of the 
YIG/Pt sample. The hysteresis loop changes and the shift in 
FMR field in YIG after the Pt capping is caused by the mag-
netic proximity effect (MPE), which has been studied in many 
articles[4,8,11,29] and is originated from the coupling between  
Pt 5d and Fe 3d electrons. The decrease in hysteresis loop shape 
change and FMR shift after the insertion of Cu space layer also 

indicate the weak coupling between the YIG layer and Cu layer, 
which is further proved by recording the FMR field shift in 
YIG/Cu as shown in Figure S3 (Supporting Information), the 
FMR field was almost the same between YIG (17 nm) and YIG 
(17 nm)/Cu heterostructure of different Cu thickness. The Cu 
space layer thickness dependence of both the in-plane and out-
of-plane FMR shift is also recorded and shown in Figure  1d. 
With the increasing of the Cu thickness, the in-plane FMR 
field increased and out-of-plane FMR field decreased, both satu-
rated at a Cu thickness of 8 nm. The saturation field of the YIG 
(17  nm)/Cu/Pt (3  nm) was near that of the bare YIG, which 
also proved the weak coupling between YIG and Cu layer.

As mentioned above, the FM ordering of Pt layers in the 
proximity of the YIG film results in a torque on the YIG mag-
netization and manifests it as a shift in the FMR field. Our early 
study proved that extra magnetic moment of Pt can be induced 
via the ILG process and thus the MPE would be enhanced with 
corresponding FMR field shift. However, it seems that the 
heavy metal Pt is necessary in electric tuning of the magnetic 
properties of YIG. So here comes an interesting question, what 
will happen if we apply this ILG method on the YIG/Cu/Pt, 
where light metal Cu is at the interface?

In situ ILG process on the YIG/Cu/Pt is monitored in the 
FMR cavity with the schematic of the gating process shown in 
the inset of Figure 2a,b,d. The samples can be rotated with the 
sample holder to verify the magnetic field direction. The temper-
ature can also be changed in the cavity. Under a positive Vg, the 
anions (TSFI+) and cations (DEME−) inside IL migrate toward 
the Cu/Pt electrode and Au electrode, respectively. The anions 
generate an enormous surface charge density up to 1015 cm−2,  
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Figure 2.  E-field tuning of the magnetic response of the YIG/Cu/Pt samples. a) The in-plane FMR spectra of the YIG (17 nm)/Cu (5 nm)/Pt (3 nm) 
under sequential gating voltages measured at room temperature. b) The in-plane FMR spectra of the YIG (17  nm)/Cu (5  nm)/Pt (3  nm) under 
sequential gating voltages measured at room temperature. c) In-plane and out-of-plane FMR field shift dependence on the gating voltage. d) Angular 
dependence of the FMR field of the YIG (7 nm)/Cu (5 nm)/Pt (3 nm)/IL/Au heterostructure (orange-square line for the initial state and red-round line 
for the 4.5 V states) and the angular dependence of the ILG-induced FMR shift (blue-triangle line) at room temperature.
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producing a strong interfacial E-field at the IL/Pt interface. 
Figure 2a,b shows the in-plane and out-of-plane FMR curves of 
the YIG (17 nm)/Cu (5 nm)/Pt (3 nm) under different gating 
voltage, respectively. At room temperature, the FMR field shift 
increase with the increasing of the gating bias voltage. The in-
plane set and out-of-plane field shift show opposite tendency 
with the increasing of the gating voltage. As can be dedicated 
from Equations  (1) and (2), the FMR shift in our experiment 
signify a gain of the magnetic moment in the sample. Both 
the in-plane and out-of-plane FMR field shift dependent on the 
gating voltage are shown in Figure 2c, a maximum FMR shift of 
480 Oe toward the high end is achieved along the out-of-plane 
direction under 4.8 V gating voltage at room temperature, cor-
responding to a magnetic-electric (ME) tunability of 100 Oe V−1.  
Figure  2d shows the angular dependence FMR field of the 
as-grown YIG (7  nm)/Cu (5  nm)/Pt (3  nm) and 4.8  V gated 
sample, as well as the ILG-induced FMR shift, respectively. The 
maximum FMR field shift of this sample is 633 Oe achieved in 
the out-of-plane direction. The room temperature tunability of 
this sample is 131 Oe V−1, which is even larger than that of the 
YIG (17 nm)/Cu (5 nm)/Pt (3 nm) sample. The magnetic cou-
pling is essentially an interfacial effect between YIG and metal. 
The larger tunability is originated from the smaller thickness 
of YIG.

The in-plane FMR curve of the YIG (17  nm)/Cu (5  nm)/
Pt (3 nm) under temperature from −115 to 25 °C is shown in 
Figure  3a. With the decreasing of temperature, the thermal 
distribution decreases, thus the effective magnetic moment in 
the sample increases accordingly, then the FMR field shifts as 
the result of the increasing magnetic moment. The influence 

of ambient temperature during the ILG process is also ana-
lyzed and shown in Figure 3b,c. The variation between the ini-
tial state and 4.5 V gating state of the YIG (17 nm)/Cu (5 nm)/
Pt (3  nm) is recorded. Interestingly, with decreasing the tem-
perature, the Hr shift induced by the ILG increased. A much 
greater FMR shift of 1400  Oe with the out-of-plane magnetic 
bias is achieved at −115 °C via IL gating in the YIG (17 nm)/
Cu (5  nm)/Pt (3  nm) sample. With temperature decreasing, 
there appeared a stronger magnetic coupling between the YIG 
and Cu interface, which is evidenced by the larger Hr difference 
between the in-plane and the out-of-plane direction. This effect 
can be explained as: the thermal distribution under low tem-
perature is much lower and the ME effect is thereby enhanced 
relatively. This phenomenon also appears in other multiferroics 
systems like Ni-doped LaAlO3/SrTiO3,[30] perpendicular mag-
netic anisotropy (PMA) structures,[31] etc. As mentioned above, 
the voltage we applied on the Au electrode was positive and that 
on the Pt/Cu is negative. We defined this electric field direction 
as the P state, which can drive the cations to the Pt end. On 
the contrary, the N state is defined as the negative voltage was 
applied on the gold wire. The out-of-plane FMR shift of a YIG 
(17 nm)/Cu (2 nm)/Pt (3 nm) sample under the N state and P 
state is shown in Figure  3d. Negative voltage is applied grad-
ually to −4.5  V first, the FMR field decreases with increasing 
the gating voltage. When the voltage is decreased to 0  V, the 
FMR field increases accordingly. Similarly, in YIG (17 nm)/Cu 
(5 nm)/Pt (3 nm), the resonance field increase with increasing 
the gating voltage. Surprisingly, the FMR field decrease with 
the repeal of the gating voltage. Besides, the reversibility of 
FMR switching is also studied, as illustrated in Figure S2  
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Figure 3.  The influence of the gating temperature and reversible gating voltage on the gating process. a) The FMR shift on the YIG (17 nm)/Cu (2 nm)/
Pt (3 nm) under different voltage from −4.5 to 4.5 V ILG voltage alone the out-of-plane at room temperature. b) The reproducible test of the gating 
process in YIG (17 nm)/Cu (2 nm)/Pt (3 nm) along the out-of-plane at room temperature.
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(Supporting Information). These results illustrated that the Hr 
could be switched back and forth by applying negative and posi-
tive voltage across the IL layer at room temperature, indicating 
a good reversibility.

The MPE between YIG and heavy metals like Pt and Ta 
has been proved in many works, our result in Figure 1c also 
proves the existence of MPE in the interface of YIG and Pt. 
However, it has also been proved that there is almost no MPE 
between the YIG and light metal like Cu.[13,32,33] Recently, 
Ando and co-workers[15] found that the spin–torque genera-
tion efficiency of a Cu/Ni81Fe19 bilayer is enhanced by over 
two orders of magnitude by tuning the surface oxidation 
of Cu, reaching the efficiency of Pt/ferromagnetic metal 
bilayers. To a certain degree, the loss of electrons in the Cu 
atoms, which then form CuOx, induces the magnetic change 
in the Cu layer. In our work, as YIG is an ideal insulator, the 
ILG voltage will induce an electron density change which is 
big enough to modulate the magnetic properties of Cu. Thus, 
the magnetic properties of the YIG/Cu/Pt heterostructure will 
change accordingly.

The first-principle calculations have been carried out to reveal 
the inner mechanism. Technically, we use the VASP code[34,35] 
to do all the calculations based on the density functional theory 
(DFT) and the generalized gradient approximation (GGA) 
with an interpolation formula according to Vosko, Wilk, and 
Nusair[36] and a plane-wave basis set within the framework of 
the projector augmented wave (PAW) method.[37,38] The cutoff 
energy for the basis was 500 eV, and the convergence criterion 
for the electron density self-consistency cycles was 10−6 eV. In 
the Brillouin zone, we sampled (15 × 15 × 15) k-point grids 
using the Monkhorst–Pack scheme[39] to make sure the results 
were converged.

In principle, the application of IL gating will generate a 
strong interfacial E-field on the sample. However, it is difficult 

to build up a chemical potential shift on metals due to the 
strong screening effect. The electrons of Cu layer will be forced 
to separate to the edge of the film by the sign of the charge, 
which is dependent on the direction of E-field. The electron 
accumulation on both sides of Cu/Pt can build up an oppo-
site electric field to balance the external electric field (screening 
effect). When a positive gating voltage is applied in our case, we 
obtain a negative charge accumulation on Pt/IL interface and a 
positive charge accumulation on YIG/Cu interface theoretically 
distributed in the area less than 1 nm from the surface, which 
is also the origin of the electron depletion at YIG/Cu interface. 
These charge accumulations, however, also build a backward 
E-field to balance the E-field from IL. In this case, numerically, 
the charge number of Cu on at the Cu/IL interface will be the 
same as the applied voltage Vg, that is, Cun−, n  =  Vg. On the 
contrary, the Cu on the interface between Cu and YIG will be 
Cun+ to neutralize the total system. We start with Cun+ first 
by removing electrons and then calculated the corresponding 
magnetization of Cu. As plotted in Figure  4c with increasing 
the positive charge of Cu, the nonmagnetic feature remains 
only about Cu0.6+ and then comes up a magnetic state. This 
process is quite predictable as that the orbit of Cu is 3d104s1, 
so we need to take the 4s1 first and then the Hund rules can 
bring us the magnetization as that the unfilled d bands is the 
key issue for the magnetization in 3d materials. In this sense, 
the tendency of the magnetization of Cu as a function of the 
positive charge in Figure 4c can be understood directly. More-
over, for a clear view, the integration of density of states (DOS) 
of Cu0, Cu0.6+, and Cu3+ is analyzed in Figure 4d–f for s, p, and 
d orbit, respectively, where the integration to the Fermi energy 
stands for the occupation numbers. It can be seen that, below 
positive charge equals 0.6, only the occupation numbers of s 
and d orbit become smaller while that of d orbit is almost a con-
stant. And when the positive charge is larger than 0.6 (Cu3+), 
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Figure 4.  First-principle calculation of the induced magnetic moment of Cu with positive charge. a,b) The schematic of the Cu layer transform during 
the gating process. c) The magnetization as a function of positive charge. b–d) The integration of the DOS of Cu0, Cu0.6+, and Cu3+ for s, p, and  
d orbits, respectively.
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the occupation numbers of d orbit decrease a lot while that 
of s and p orbits almost vanish, which confirms our previous 
analysis. To further clarify the principle in the gating experi-
ment, we also characterized the surface charge accumulation 
as a function of the DC gating voltage (QV) in dry N2 atmos-
phere as demonstrated in Figure S2a (Supporting Information) 
in green-round line. The surface charge density of the sample 
in N2 increased with the sequentially increasing gating voltage, 
and tend to saturate at 3  V, consisted with the Hr trend. The 
gating process had also been recorded in high vacuum envi-
ronment, as shown in Figure S7. The results were similar to 
that in the N2 environment. These results are consistent with 
our previous observations, we believe that it is the electrostatic 
effect that dominated in the MPE gating manipulation process.

In this work, we achieved ionic modulation of the magnetic 
ordering in YIG/Cu/Pt heterostructure. We develop a YIG/Cu/
Pt/IL/Au capacitor structure, the interfacial charge accumu-
lation produces an FM ordering in the Cu near the Cu/YIG 
interface, thus an MPE-like coupling appeared in the YIG/Cu 
interface and influence the magnetic properties of the total 
system. Giant ME tunability up to 311  Oe V−1 is achieved via 
small gating voltage (<5  V) in the YIG/Cu/Pt heterostructure. 
The first-principle calculation reveals an E-field-induced FM 
ordering in Cu layer and corresponding FMR field tunability 
via the gating process. This novel IL gating of YIG/heavy metal 
system is of great research interest and practical significance 
for high-performance voltage-tunable YIG-based spintronic 
devices.

2. Experimental Section
Sample Preparation and Structural Properties: The YIG thin films 

were deposited onto (111)-oriented GGG substrates by pulsed laser 
deposition. The GGG (111) substrates were first ultrasonically cleaned 
with acetone, alcohol, and deionized (DI) water, subsequently. Then the 
substrate was mounted in the PLD chamber with the base pressure of 
8.5 × 10−5 Pa, a commercial Y3Fe5O12 ceramic was used as the target and 
a KrF excimer laser (Bruker D8 ADVANCE) was employed as the ablation 
source with 248 nm wavelength, 1 Hz repetition rate, and 240 mJ pulse−1 
laser beam energy. The substrate temperature was maintained at 800 °C, 
while the target–substrate distance was fixed at 60 mm. The YIG/GGG 
samples were then transferred to the off-axis magnetron sputtering 
chamber. Cu layer and Pt layer were deposited on the YIG samples, 
subsequently. The deposit power was set at 20 W to maintain a low 
deposit rate.

Magnetic Properties Measurements: The in-plane magnetic hysteresis 
loops of the samples were measured using a LakeShore 7404 vibrating 
sample magnetometer (VSM). FMR curves of the samples were 
measured using an X-band electron spin resonance (FMR) system 
(JOEL, JES-FA200). During the FMR test, the samples were located in 
the microwave cavity, the direction of the magnetic field was changed 
by rotating the sample. The test temperature can be changed using a 
temperature control kit.

The IL [DEME]+[TFSI]− was chosen as the gating material for its 
potential tunability and well-studied physicochemical properties. A 
grid structure, Au/IL/Pt, was formed using Au and Pt as the gating 
electrode. Gating voltages from 0 to 4.8  V were performed to the grid 
structure using a Keysight B2901A Precision source/Measure Unit. In 
the IL phase, the anions and cations migrate toward the Au electrode 
and Pt electrode, respectively, driven by the E-field. The charge carrier 
particles generate an enormous surface charge density up to 1015 cm−2, 
producing a strong interfacial E-field. The E-field influences on the 
magnetic properties of these samples were recorded by in situ FMR and 

VSM test. During the gating process, low-temperature FMR curves were 
performed in a cryogenic chamber by using liquid N2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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