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Modulating the Verwey Transition of Epitaxial Magnetite

Thin Films by lonic Gating

Yanliang Hou, Yang Liu, Xuxin Yang, Hongying Mao, Zhong Shi, Shuxiang Wu, Bin Lu,

Quan-Lin Ye,* and Jianting Ye*

Understanding the Verwey transition in magnetite (Fe;O,4), a strongly corre-
lated magnetic oxide, is a one-century-old topic that recaptures great attention
because of the recent spectroscopy studies revealing its orbital details. Here,
the modulation of the Verwey transition by tuning the orbital configurations
with ionic gating is reported. In epitaxial magnetite thin films, the insulating
Verwey state can be tuned continuously to be metallic showing that the low-
temperature trimeron states can be controllably metalized by both the gate-
induced oxygen vacancies and proton doping. The ionic gating can also reverse
the sign of the anomalous Hall coefficient, indicating that the metallization is
associated with the presence of a new type of carrier with competing spin. The
variable spin orientation associated with the sign reversal is originated from
the structural distortions driven by the gate-induced oxygen vacancies.

1. Introduction

Magnetite (Fe;0,) is a model system for understanding strongly
correlated oxides.'3l The correlation effect is represented by a
metal-to-insulator transition at T, = 125 K, which is well-known
as the Verwey transition.l?l Magnetite crystallizes in the cubic
inverse spinel structure (Figure 1a, inset),l! where the tetrahe-
dral A sites contain one-third of the Fe ions as Fe*" and the octa-
hedral B sites contain the remaining equal-numbered Fe?" and
Fe*" ions. The abrupt Verwey transition, manifested in electrical

transport, is caused by a first-order phase
transition associated with a complex struc-
tural distortion from cubic (space group
Fd3m ) to a monoclinic superstructure
(space group Cc).l’} The physical mecha-
nism of this transition has been a decades-
old puzzle ever since the Verwey’s first
proposal of charge ordering of Fe" and
Fe** ions on the B sites.’l Recently, the
low-temperature insulating phase has
been identified as a trimeron network
formed by a linear three-Fe-site unit with
the minority-spin t,, electrons of the Fe?*
ion delocalized at the center. The charge-
density spreading of the Fe?" ions to the
two neighboring B-site Fe*' ions at the
apex is accompanied by shortening the
Fe-Fe distance.! When the temperature increases, the trim-
erons become mobile before melting at Verwey transition tem-
perature T,. Correspondingly, the magnetite transforms from a
Verwey insulating state to a metallic phase.l>*!

Suggested by its orbital origin, external modulations that can
change the orbital details such as, chemical doping,”! strain,®!
pressure,®l and oxygen stoichiometry,'% can effectively modify
the Verwey transition. Among all other attempts, the electric
field effect using a conventional field-effect transistor has been
tried to modulate the Verwey transition in magnetite epitaxial
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Figure 1. a) Schematic of ionic gating a magnetite device and transport
measurement configuration. (Inset) Cubic inverse spinel structure of
Fe;0,4 unit cell. b) Temperature dependence of longitudinal resistivity p,,
after gating at 220 K, showing negligible changes in the transport fea-
tures, regardless of the magnitude and polarity of the gate bias. (Inset)
Ratios of longitudinal resistance change: AR =[R(V;) — R(0)]/R(0) x 100%
for ion-gated states at 220 K. c) Temperature dependence of p,, after
gating at 300 K, showing significant suppression of p,, at low temperature
and the disappearing Verwey phase with the increase of positive gate bias.
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thin films and single-crystalline nanowires.'"!2] Nevertheless,
limited by the capability of tuning carriers, the conventional
field-effect is insufficient to alter the Verwey transition.

To induce a significant modulation, ionic gating stands
out as the choice, which can easily reach a field strength
>10 MV cm™. The carrier doping in the order of =10* cm~2 can
induce quantum phase transitions in insulators,> semicon-
ductors,’>1 and even noble metals such as Pt”] In addition
to the electrostatic operation, ionic gating can also realize car-
rier doping electrochemically through the creation of oxygen
vacancies or the intercalation of protons.'#-2% Therefore, ionic
gating is capable of switching the magnetic and electronic prop-
erties of magnetite, although it is yet to be applied.

Here, we report tuning the magnetic and electronic proper-
ties of magnetite by ionic gating. By suppressing the Verwey
phase, the magnetite exhibits an insulator-metal transition.
The induced metallic phase shows a variable sign reversal in
the anomalous Hall (AH) coefficient. Our analysis suggests
that the insulator-metal transition reflects the metallization of
the trimeron state due to the ionic gating, which causes both
oxygen vacancies and proton doping. Compared with the car-
riers in the pristine state, the structural distortion driven by the
oxygen vacancies induces a new type of carrier with different
spin orientation, causing the sign reversal in the AH coefficient.

2. Results

2.1. lon-Gated Magnetite Device and its Low-Temperature
Transport Properties

The ion-gated magnetite transistors (Figure la) are based on
the epitaxial magnetite thin films grown on the (100) surface
of MgO substrates (by magnetron reactive DC-sputtering in
an argon-oxygen mixture). We tune the substrate temperature
(200 °C) and oxygen partial pressure (0.01 Pa) to achieve epi-
taxial growth and stoichiometry (as detailed in Experimental
Section and Supporting Information).

The transistor has a Hall bar (300 pm in channel width) and a
coplanar side gate, which are shaped by shadow masks (as detailed
in Experimental Section and Figure S3, Supporting Information).
A widely used ionic liquid (IL): N, N-diethyl-N-(2-methoxyethyl)-
N-methylammonium bis-(trifluoromethylsulphonyl)-imide
(DEME-TFSI) was chosen as the gating media for its chemical
stability, that is, wide electrochemical window.'>1%2% The elec-
trical transport was measured in a home-built system tested by
the control experiment of gating similar devices with gold chan-
nels (as detailed in Experimental Section and Figure S4, Sup-
porting Information).?"?2 Consistent results were obtained from
six ion-gated Fe;O, devices (Device A-F, with their parameters
compared in Table S1, Supporting Information).

Figure 1b,c shows the low-temperature transport properties
of magnetite at different gated states. Before applying the gate
bias (i.e., in the pristine state), all devices (Device A-F) show
similar temperature dependences in the longitudinal resistivi-
ties py: the p,, increases with the decrease of temperature and
displays a steep rise at the T, = 99-114 K, which is determined
by the minimum found in the plot of dlog(p,,)/dT versus T. The
T, found in thin films (even with exact stoichiometric films)
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grown on MgO(100) are consistently lower and broader than the
bulk T,. This is caused by the inevitable occurrence of antiphase
boundaries (APBs) as reported in previous studies (Figure S2c,
Supporting Information).[02324 After applying the gate voltage
V¢ at 220 K (for Device B), and holding the V while cooling
down, the Verwey feature found in p,, is not noticeably affected
regardless of the magnitude and polarity of the V; (Figure 1b).
The ratio of resistance change AR = [R(V() — R(0)]/R(0) x 100%
is less than 4% (the inset of Figure 1b). The drain-source cur-
rent Ipg is also nearly V; independent (Figure S5a, Supporting
Information). All these results indicate that the electrostatic
gating at 220 K cannot affect the Verwey transition, which
agrees with the previous report.'!

On the other hand, when the identical protocol is repeated by
applying the V; at 300 K, the p,, (Device C) at low temperature
decreased significantly with the increase of V showing a phase
transition from insulator to metal. The Verwey phase with a high
resistivity is almost suppressed for Vg > 4.5 V (Figure 1c). After
removing the gate voltage (i.e., setting Vg = 0 V) and warm up
the device back to 300 K, the following measurement of the tem-
perature dependence of p,, at Vg =0V can only partially restore
the pristine resistivity. This irreversible change is further verified
by the transfer curve (Figure S5a, Supporting Information).

To understand the underlying mechanism for the irreversible
change in the ion-gated magnetite at 300 K, we further meas-
ured the temporal response of drain-source current Ipg to the

05 14
<
£
(%]
\D
T=300Kk |7*
02 L L. L.
0 20 40 60 80 100 120 140 160 180
t (min)
C 10 ; ; ; ; ;
Gating at 300 K
Vo =03V
100 T,~ 102K I (MA) 4
l —— 0.329 (pristine)
= 0.354
€ —— 0.384
5 —— 0.473
— 10" — 0513 3
£
QU
b \

, \
80 100 120 140 160 180 200
T(K)

V. For gating at 300 K (Figure 2a), the Ipg shows an accumula-
tive dependence on the ON/OFF cycles of Vi = 4.0 V. The Ipg
increases sharply when V( is ON, while decreases gradually and
saturates at a larger Ipg, which is not reversible compared to the
Ins measured when V is OFF. Due to the partial recovery, the
Ips progressively increases after experiencing more ON/OFF
cycles. The cyclic gating response closely follows the gating his-
tory, which is fundamentally different from the repeatable behav-
iors observed in electrostatic charge accumulation.*7:2122] This
suggests that the mechanism of resistivity reduction by gating
at 300 K involves electrochemical effects such as gate-induced
oxygen vacancy and proton (H*) doping.’®2% In Figure 2b, we
further explored the temporal response of the Ipg at a fixed
gate voltage. For both V; = 5.0 and 5.5 V (applied at 300 K), the
Ips increases sharply within the first a few minutes, which is
then followed by a gradual increase for a longer period before
showing an even larger increase after more than 1 h of gating.
These gating stages clearly show two different electrochemical
processes with distinct temporal responses. Therefore, compared
with Vg, the Ipg then becomes the more direct guidance to char-
acterize different gating stages. As shown in Figure 2c, the tem-
perature dependence of p,, (Device D), guided by the increase of
Ips at 300 K, shows a remarkable reduction at low temperature.
This result is consistent with the data shown in Figure 1c, indi-
cating that the higher Ipg measured at room temperature corre-
sponds to a stronger gate-induced electrochemical reaction.

b o7p : :
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Figure 2. a) Temporal response of drain-source current Ips to the “ON/OFF” cycles of V=4V at 300 K. b) Temporal changes in the Ips at Vg =5.0 and
5.5V applied at 300 K. c) Temperature dependence of p,, at different gating states. The states are characterized by their different Ips values measured as
function time at 300 K and a constant gate voltage. Progressively, the state with higher Ips shows a larger decrease of the resistivity at low temperature
and stronger suppression of the Verwey phase. d) Schematic illustration of the possible electrochemical effects including migration of proton (H*) and
creation of oxygen vacancies in the magnetite channel during the ionic gating at 300 K.
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Figure 3. a) MR ratio showing a decrease of MR ratio with the increase
of gate bias. (Inset) Temperature dependence of p,, after gating at 300 K,
showing a significant decrease of the resistivity at low temperature with
the increase of positive gate bias. b) Magnetic field dependence of Hall
resistivity p,, showing a sign reversal of the AH coefficient after ionic
gating. c) Magnetic field dependence of Hall resistivity p,, gated at V¢ =

Adv. Funct. Mater. 2021, 31, 2104816 2104816 (4 Of8)

The aforementioned results suggest the following mechanism
shown schematically in Figure 2d for the ionic gating at 300 K.
After applying a positive gate bias, the protons (H*) dissolved in
IL can be intercalated into the magnetite channel due to their
small size.?”) Meanwhile, the strong electric field in the Helm-
holtz double layer is also sufficient to drive oxygen slowly out
of the oxide (Fe;0,) into the IL, consequently, creating oxygen
vacancies in the magnetite channel.['#11 The gate-induced proton
intercalation and oxygen-vacancy generation both have an elec-
trochemical nature, which is the main cause of the decrease of
Py at low temperatures shown in Figures 1c and 2c.®?%! When
V¢ is reduced to 0 V, a reversible proton exchange is expected
because the small protons can easily diffuse away from the mag-
netite channel and return to the IL, which is analogous to the
discharge process of a secondary battery.?") Whereas, once cre-
ated, the oxygen vacancies are more stable in the channel.l'®l
Hence, p,, can recover only partially (Figures 1c and 2). Although
both electrochemical processes are assisted by the electrostatic
effect due to the formation of a Helmholtz double layer, field-
driven proton doping appears to be the dominating process in
our device in a time scale shorter than 1 h. The reversible proton
exchange between the IL and channel is accompanied by the
creation of oxygen vacancies, taking an even longer time, and is
responsible for the irreversible part in the electrical properties.

2.2. Magnetotransport and Sign Reversal of the AH Coefficient

The presence of gate-induced oxygen vacancies can disturb stoi-
chiometry. Recent reports show that oxygen vacancies in Fe;O,
thin films can increase spin-orbit coupling,*”! introducing a
gapped state and spin-flipping.?%¥] As a result, it is highly
expected that the electrochemical processes discussed above can
also change spin-related properties in magnetite and signifi-
cantly influence magnetotransport. Since the state of the gated
device can only be partially recovered due to the electrochemical
effects, to study the magnetotransport, we prepared an identical
device (Device E) that shows a similar temperature dependence
with T, = 100 K and started from the pristine state (the inset of
Figure 3a, similar as results observed in all devices). Take the
Ips as guidance, we reach the states shown in Figures 1c and 2c
for the magnetoresistance (MR) and Hall resistivity by applying
a magnetic field B perpendicular to the channel surface. As
shown in Figure 3a, the MR ratios, defined as

MR < [P=(B)=p=(0)]
P (0)

were measured above the Verwey transition at 150 K for dif-
ferent gating states. In the pristine state, the MR shows a
non-saturated negative value of =7% at the maximum field
of £7 T. The MR exhibits a quadratic field dependence at low
field, due to the existence of the sharp antiferromagnetic
APBs in the magnetite thin film grown on MgO substrate (see

x100% 1

5.0 V (red dots, the same as the red curve in b). A plateau is observed
within the low fields of 0.2 T, which can be separated into a negative
AH component (blue curve) and a positive AH component (pink curve),
using the analysis reported in Ref. [29].

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure S2¢, Supporting Information).?®! After the ionic gating,
while keeping the quadratic low-field dependences, the MR
decreases with the gating voltage, and the maximum value
of MR (£7 T) in the state prepared by Vg = 5.5 V is reduced
to =1%. Identical behavior was observed in the MR curves
measured at 100 K for the different gating states of the device
(Figure S6a, Supporting Information). As shown in the inset of
Figure 3a, the p,, increases significantly for the pristine state
below the Verwey transition, affecting the accuracy of the Hall
effect and MR. Therefore, we choose to compare magnetotrans-
port at high temperatures.

As shown in Figure 3b, the Hall resistivity p,, measured at
150 K can be described by an empirical relationship:
Py =RoB+ RytieM 2)
where Rg and R, are the ordinary and AH coefficients, respec-
tively. The M is the spontaneous magnetization, and g, is the
vacuum permeability. In the pristine state, the ordinary Hall
coefficient Ry, is negative for the electron transport, and the AH
coefficient R, is also negative, which is consistent with the pre-
vious report of the epitaxial magnetite thin films.[?324 After the
ionic gating at 300 K, the sign of the AH coefficient R, is sur-
prisingly reversed from negative to positive, while the ordinary
Hall coefficient Ry remains negative, indicating the type of the
conduction carrier remains to be electron. A closer look at the
Hall resistivity p,, shows that there exists a plateau in the low
field of £0.2 T for the gating state accessed at Vg = 5.0 V. As
shown in Figure 3c, the plateau indicates an intermediate state
in the process of sign reversal, which can be separated into
two components:?! a negative R, coming from the pristine
state and a positive R, developed after ionic gating. As being
further gated at 5.5 V, the AH resistivity completely reversed
to positive without further showing any plateaus. It is worth
noting that although the sign reversal of R, can be resolved
at 150 K above the T, the characteristic plateau disappears
at 100 K (Figure S6b, Supporting Information) for the same
state accessed at V¢ = 5.0 V. This indicates that the positive Ry
induced by ionic gating supersedes the contribution of negative
R, from the pristine state and dominates the low-temperature
behavior. Namely, for the state with positive R, at 100 K, its
sign reversal is completed either in a lower gating state or at
a higher temperature.?l On the other hand, this also supports
our choice to compare the magnetotransport at 150 K, at which
the competing behavior can display fully.

The AH effect (AHE) arising from spin-orbit interactions
has been addressed in theories considering the intrinsic and
extrinsic mechanisms.B'=33 A fruitful method experimentally
testing the different mechanisms is by measuring the scaling
between the AH conductivity o4 and the longitudinal con-
ductivity oy,. For the cubic symmetry in magnetite and perpen-
dicularly applied magnetic field, we can obtain

o= 1o (o +(p3") ] g
and

O = pw/[(pm)2 +(pf?f’)z]. (4)

Adv. Funct. Mater. 2021, 31, 2104816 2104816 (5 of 8)

T MR | MR | L] R |
[ data from references of Fe O, thin film ]
10% £ @ (001)-oriented (90-300 K) (Ref. 27) E
b ---- fitting with o= 1.65 o P ]
- ¢ 40nm (T>110K) (Ref.28) ' -
10" £ & 20nm (T> 108 K) (Ref.28) & ,*
fiting with o = 1.64 & ,” ]
— 10° | A ? e
E o =
S ok €
> n, ion-gated magnetite
& i s » @®150K0V ]
102 o ©150K 5.0V
E , O150K 5.5V 3
[ , »100K OV ]
103 F * $100K 5.0V
i o~ [>100K 5.5V
10+ [ ><yI . XX oo flttlng wnh o= 1 55
100 10 102 103 10 105 108
o, (S/m)

Figure 4. Relationship between the magnitude of the AH conductivity
|0'AH I=lpq |/[(pxx +(p H)2] and the longitudinal conductivity

pxx/[(pxx) +(pa2 for ion-gated magnetite at different gating
states which are compared with the data measured in similar systems:
from Ref. [23] for the (001)-oriented epitaxial Fe;O,4 thin film grown on
MgO(001) by laser molecular-beam epitaxy and from Ref. [24] for the epi-
taxial Fe;O4 thin films (thickness of 40 and 20 nm) grown on MgO(001)
by pulsed laser deposition. The scaling relationship in the power-law form
of O'fyH o< % . The best fitting shows the exponent a = 1.55, which is
consistent with the theoretical value of 1.6. The identical scaling exponent
ocis found in all accessed states after ionic gating at 300 K.

In the present system, we cannot obtain the pj” by extrapo-
lating the linear part of p,, (B) at high field back to the zero
field. This is because the magnetization does not saturate at the
high field due to the presence of the APBs. The Hall resistivity
at the maximum magnetic field of 7 T can be a good approxi-
mation of the pAH that is, p5” = p,(7 T), since the ordinary
Hall re31st1V1ty P2 becomes negligibly small compared with
the p5? valuel?*?4 Figure 4 shows the relationship between
the 05" and o, for magnetite at different gating states and
temperatures (Figure 3b and Figure S6b, Supporting Informa-
tion), which is compared with reference materials take from
Refs. [23] and 4. By fitting our data with the scaling relationship in
the power-law form: 04" « o2, the best-fitting yields exponent
o = 1.55, regardless of different gating states. The value of our
fitting exponent « is close to the theoretically predicted value of
1.6.12% This indicates that the AHE in our device is caused by the
damping of the intrinsic contribution in the dirty regime.?*2433]
The consistent power-law dependence obtained in the scaling
for different levels of oxygen vacancy and/or doping of protons
further confirms the universality in the scaling relationship in
our devices.[?324

3. Discussion

As shown in Figures 2 and 3, the low-temperature transport
of ion-gated magnetite film shows two main results: 1) a clear
suppression of the Verwey phase due to the formation of

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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conduction channels with higher conductivity after ionic gating
and 2) a gating-dependent sign reversal of AHE in the pro-
cess of establishing this new conduction channel. The nearly
metallic low-temperature state shown in Figure 2 is induced by
suppressing the Verwey phase. As shown in the further analysis
(Figure S7, Supporting Information), the gating-enhanced con-
ductivity is established on the pristine insulating trimeron
states. Instead of a gradual weakening the Verwey transition,
the suppression of the insulating state is manifested as a pro-
cess of building up an enhancing conduction channel that sets
in at =80 K. In all gated states, although the Verwey transition
becomes weaker and broader, there always exists a contribu-
tion from the pristine Verwery transition close to Ty. These
transport signatures indicate that, by destroying the uniform
trimeron state, an increasingly metallic network is gradu-
ally formed by gating, which bypasses the insulating Verwery
regions that remain unchanged after gating. Consistently, the
contribution from the pristine Verwery phase, that is, the dip
corresponding to Ty (Figure S7, Supporting Information) in
the temperature dependence of dlog(p,,)/dT, diminishes in the
gate-induced states with enhanced conductivity.

The sign reversal of the AH coefficient has been experi-
mentally observed in many magnetic systems as a function
of chemical doping,**343¢ and electric-field gating.l*”38 Var-
ious mechanisms have been proposed theoretically.}**l The
phenomenological theory relates the sign change to a change
of the effective spin-orbit coupling with varying chemical
potential.?*) On the other hand, it was shown that doping-
induced sign reversal observed in CuCr,Se,,Br, is due to the
change of Berry-phase,l*® that is, the appearance of the sharp
and spiky features in the sum of Berry curvature of the occu-
pied bands, which varies with the dopant concentration.[*!

In ion-gated magnetite, the ordinary Hall coefficient
remains electron-like. Therefore, we can exclude a global
change in Fermi surface topology as the origin of sign reversal.
Also, the contribution from skew scattering to the AHE is
negligible in our device, because the contribution from skew
scattering is dominant in the clean regime. Furthermore,
according to the magnetic properties and XPS spectra of the
ion-gated devices, the formation of FeO and/or Fe phases can
be safely excluded (Figures S9 and S10, Supporting Informa-
tion). As shown in the universal scaling relation (Figure 4), by
excluding the mechanisms discussed above, the AHE of our
device is most likely originated from the intrinsic mechanism
related to the Berry-phase curvature of magnetite, which con-
tributes regardless of the gating state. In the pristine state,
only the minority down-spin electrons of Fe?* on B sites act
as the conduction carriers, and the AH coefficient is negative.
After ionic gating at 300 K, the creation of oxygen vacancy
by the electrochemical gating may cause the partial reduc-
tion of Fe** to Fe?* (Figure S10, Supporting Information), and
induce a structural distortion as reported in similar correlated
oxides.'8-204] Hence, the doped electrons are a new type of
carrier having a minority spin-up state that appears on the A
sites. Consistently, a similar contribution to the transport was
previously reported in the high-temperature magnetotrans-
port of magnetite single crystals.*! Since the AHE is closely
related to the spin-dependent scattering of carriers through
spin-orbit interaction, the sign reversal of the AHE in our
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ion-gated devices can be attributed to the newly induced car-
riers at the A sites with a competing spin that orientated
oppositely to that in the pristine state.

4. Conclusion

In conclusion, we have utilized ionic gating to tune the low-
temperature insulating Verwey state into metallic continuously,
which also causes the reversal of the sign of the AH coefficient.
The tuning of magnetic and electronic properties of magnetite
is driven by the ion-gating induced proton additions and oxygen
vacancies which result in the variable structural distortions and
hence the modulation of orbital configurations. Recent work has
shown that the trimeron correlations can persist well above T, up
to 300 K and even higher temperatures.i*] Hence the changes in
transport properties by ionic gating at 300 K may already reflect
the breaking up of the trimeron states. Namely, the proton addi-
tions and oxygen vacancies at room temperature can already
form a glassy disordered state that leads to metallization. The
ionic gating provides a simple and effective method to tune the
low-temperature correlated state, which is crucial for the further
study of the Verwey and similar correlation transitions.

5. Experimental Section

Preparation of Epitaxial Fe;O, Thin Films: The epitaxial thin films of
magnetite (Fe;O,) were grown by magnetron reactive DC-sputtering
in the presence of an argon-oxygen gas mixture (100:2). High purity
(99.99%) Fe and one-side polished MgO (100) single crystals were used
as the sputtering source and growth substrates, respectively. The MgO
(100) substrates were first heated to 600 °C with a rate of 10 °C min™
and kept for 2.5 h at 600 °C to eliminate any possible contamination on
the surface and hence ensure a good film-substrate interface. The key
parameters of substrate temperature and oxygen partial pressure for
the epitaxial growth of stoichiometric Fe;O, thin films were optimized
as discussed in Figures S1and S2, Supporting Information.

Devices Fabrication: The main procedures to make magnetite devices
for ionic gating are illustrated in Figure S3, Supporting Information. First,
a Hall bar-shaped Fe;O, film was deposited on MgO (100) substrate
(5 X 5% 0.5 mm3), using a shadow mask with a length of 3 mm and
a width of 300 um (Figure S3a, Supporting Information). Afterward,
Ti (10 nm)/Au (50 nm) electrodes were deposited by magnetron
DC-sputtering, for both current/voltage probes and co-planar side gate
by aligning a shadow mask for electrodes with the Hall bar channels
(Figure S3b, Supporting Information). The effective channel length
between the centers of the two electrodes for measuring longitudinal
voltage V,, is 400 um. The prepared devices were then attached
to the PPMS sample puck by silver paste (Figure S3c, Supporting
Information). Finally, a small droplet of ionic liquid (DEME-TFSI,
Kanto Chemical Co.), serving as the ionic media, was applied to cover
both the film channel and the gate electrode to complete the device
(Figure S3d, Supporting Information).

Electrical Transport Measurements: The electrical transport was
measured in a Physical Property Measurement System (PPMS-9,
Quantum Design). The resistance of the pristine Fe;0, film was in the
MQ range after the Verwey transition. Therefore, a small Vps = 0.3 V was
applied to minimize the Joule heating.*l The sweep rate of the gate bias
is 10 mV s7'. All electrodes show ohmic contact to the film verified by
their linear I/V response. The temperature dependence of resistivities
was measured in the warming-up process for a fixed ionic gating state
set at 220 or 300 K. To measure magnetic field dependences of MR and
Hall resistivity shown in Figure 3 and Figure S6, Supporting Information,
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the device was firstly applied with a smaller fixed gate voltage (e.g.,
5.0 V) at 300 K for 2 h. A constant current of 100 uA was used for all the
magnetotransport measurements. The measurement parameters for all
devices are summarized in Table S1, Supporting Information.

Structural Characterizations: X-ray diffraction (XRD) was measured for
the out-of-plane 6-26 scans. And the rocking curves were measured on a
Bruker D8 XRD with W/® scan. Raman spectra were measured by Micro-
Raman Spectrometer (Renishaw inVia). And the X-ray photoelectron
spectroscopy (Kratos AXIS Supra) was measured using the K,
(1253.6 eV) line of Mg. The magnetization of the thin film was measured
by Magnetic Property Measurement System (MPMS-VSM, Quantum
Design) for characterizing the sample quality.

Supporting Information

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