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irreversible and hardly controllable, thus 
limiting their practical applications in 
information storage. 

 Electric-fi eld gating offers an effec-
tive route to confi ne electrons in nano-
scale regions. [ 2,8 ]  Compared with the 
conventional electric current control 
of magnetism, such as spin transfer 
torque, which needs a current density of 
10 6  A/cm 2 , electric-fi eld-induced magneti-
zation is expected to dramatically reduce 
the power consumption in data storage 
devices. [ 2,9 ]  The application of voltages via 
a gate electrode has been reported to suc-
cessfully control the coercivity, saturation 
magnetization, and Curie temperature 
( T  C ) of magnetic materials by electron 
density variation or even by electronic 
phase transition (PT). [ 10–12 ]  The origin of 
such a transition has been vigorously pur-
sued, with several mechanisms proposed 

to date: surface carrier density modulation, oxygen vacan-
cies formation, and internal carrier localization. [ 13–15 ]  Among 
these mechanisms, the fi eld-effect-induced oxygen vacancies, 
unlike mechanisms that are electrostatic in origin, is a unique 
approach to realizing the stable carrier density modulation 
even when the gate voltage is removed. [ 14 ]  However, a conclu-
sive mechanism for this phase transition remains under debate 
and long-term challenges for this rather contradictory situation 
are that the electronic PT is diffi cult to be directly observed and 
the entanglement between electric fi eld penetration and PT is 
complicated. [ 16,17 ]  More problematic, such a standstill in mecha-
nism not only covers the rich spectrum of PT during extreme 
metal-insulator transition but also hampers the achievement of 
reversible PT with robust phases, which is vital to the electrical 
cycle characteristics of a fi eld-effect device. In this work, we 
succeed in directly observing the formation and annihilation 
of an insulating and magnetically hard phase in the soft mag-
netic matrix in electrode-gated manganites, where a combina-
tion of electric and magnetic fi elds realizes a four-state memory 
system.  

  2.     Results and Discussion 

 We investigated the dependence of  T  C  and magnetoresistance 
(MR) on gate voltages ( V  G ) in the 20-nm-thick high-quality 
La 0.6 Sr 0.4 MnO 3  (LSMO) Hall bar gated by ionic liquid (more 
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  1.     Introduction 

 The modifi cation of electronic phases in correlated oxides is 
one of the core issues of condensed matter. [ 1,2 ]  Electronic phase 
separation introduces phases with different electron densities 
and leads to numerous fascinating phenomena. [ 3–5 ]  In mixed-
valence manganites, the lateral electronic phase separation is 
sensitive to the hole doping concentration, the temperature, 
and even some unintentional factors, making the nano-scale 
characterization and quantitative control of lateral electronic 
phase separation quite a challenging task. [ 3,6 ]  The vertical phase 
separation is expected to be more feasible for electronic struc-
ture modifi cation by strain engineering. [ 5,7 ]  However, chemical 
doping and lattice distortion inevitably introduce impurities 
and extra scattering centers to the system, which worsen the 
performances of the manganites. Moreover, these processes are 
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details are provided in the Experimental Section, Figure S1,S2 
in the Supporting Information). La 0.6 Sr 0.4 MnO 3  is selected due 
to its high  T  C  and extreme sensitivity to external stimuli, [ 18 ]  with 
the possibility of irreversible reaction with ionic liquid having 
been carefully excluded in previous work. [ 15 ]  The electronic 
phase diagram of La 1- x  Sr  x  MnO 3  is shown in  Figure    1  a, where  x  
is the doping level. The channel resistance versus temperature 
( R - T ) curves are depicted in Figure  1 b, where  T  C  is obtained 
from the metal-insulator transition temperatures (d R /d T  = 0) 
marked by the solid arrow. The change in  T  C  following  V  G  is 
denoted by the dashed arrow. The  T  C  values as a function of 
 V  G  are summarized in Figure  1 c. The pristine LSMO ( V  G  = 
0 V) is a ferromagnetic metal (FM) with  T  C  of 316 K, which 
somehow is lower than the ideal value for the given composi-
tion (circle in Figure  1 a) but is normal for a thin manganite 
fi lm. [ 3 ]  In contrast to the case of  V  G  = +2.0 V, where the elec-
tric fi eld effect is limited on the fi lm surface and the FM phase 
dominates the channel, LSMO under a positive  V  G  of 3.2 V 
exhibits ten times the resistance enhancement accompanied 
by a reduced  T  C  of 260 K, fi tting well with the tendency in the 
above phase diagram. With a further increase in  V  G  (+3.5 V), 
the sample sharply changes to an insulating phase irreversibly, 
where the electric fi eld effect is dramatically enhanced in the 
completely insulating channel with a much larger screening 
length. [ 15 ]  Note that once a positive  V  G  of +3.0 V is applied, the 
transition could only be reversed by a sizable negative voltage 
(Figure S3 in the Supporting Information), suggesting that the 
gating effect is not electrostatic in origin. [ 14 ]   

 On the contrary, when a negative voltage is applied, the 
LSMO enters into the adjacent antiferromagnetic metal (AFM) 
phase in the diagram, which forbids the permeation of electric 

fi eld into the sample. Hence, the channel maintains metallic 
conductivity until a  V  G  as large as –5.0 V is applied. Note that 
there are some quantitative differences between the Sr doping 
and the  V  G  controlled phase diagram. The differences could 
be explained by two possible reasons: i) the phase diagram of 
bulk materials is somewhat different from that of thin fi lms in 
our case and ii) the electronic phase transition induced by the 
electric fi eld effect might not be as uniform as the scenario in 
which Sr doping takes the screening effect into account. Never-
theless, the tendency of the phase transition that is refl ected by 
the variation in channel resistance and Curie temperature fi ts 
the phase diagram well. Aside from the transportation meas-
urements of the Hall bar confi guration, a 2.5 mm × 2.5 mm 
fi lm sample gated by ionic liquid was used for magnetization 
experiments. The dependence of  T  C  on  V  G  derived from the 
magnetization experiments on the fi lm sample, as presented 
in Figure S4 in the Supporting Information, strongly sup-
ports the result obtained from the small Hall bar. In addition, 
a similar electrical manipulation in La 0.8 Sr 0.2 MnO 3  indicates 
that the application of a negative gate voltage increases the  T  C  
and the conductivity, while the application of a positive one 
reduces them (Figure S5 in the Supporting Information), reaf-
fi rming the effect of  V  G  on the phase transition tendency in 
La 1- x  Sr  x  MnO 3 , as shown in Figure  1 a. 

 We now turn to investigate the origin of the electronic PT. 
X-ray photoelectron spectroscopy (XPS) was used to analyze the 
fi lm samples under different voltages, which were prepared in 
the same way as in magnetization measurements (Figure S6 
in Supporting Information).  Figure    2   depicts the Mn 2 p  core-
level spectra of the samples under varied gate voltages. The 
positions of the Mn 2 p  3/2  core-level peaks are summarized in 
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 Figure 1.    a) Electronic phase diagram of La 1-x Sr x MnO 3  with varying doping level  x . The abbreviations denote spin-canted insulating (CI), ferromag-
netic insulating (FI), ferromagnetic metal (FM), antiferromagnetic metal (AFM), antiferromagnetic insulating (AFI), paramagnetic insulating (PI), and 
paramagnetic metal (PM) phase. b) Temperature dependence of the resistance for a channel with various gate voltages. The solid and dashed arrows 
indicate the  T  C  and its tendency with  V  G , respectively. c)  V  G  dependence of  T  C .
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Figure  2 f, which shift from 641.17 eV to 641.72 eV as gate volt-
ages change from +5.0 V to –5.0 V, suggesting that the positive 
gating voltages decrease the Mn 4+ /(Mn 3+ +Mn 4+ ) ratio, while 
the negative ones do the opposite. To extract more information 
from the Mn valence evolution, multiple-peak fi ttings for the 
Mn 2 p  core-level spectra are performed. LaMnO 3  and MnO 2  
spectra are used as references of the main peaks of the Mn 3+  
and Mn 4+  states, respectively. [ 19,20 ]  The proportion of the Mn 4+ /
(Mn 3+ +Mn 4+ ) in the samples could then be estimated by the 
areas of the Mn 3+  and Mn 4+  peaks. The Mn 4+ /(Mn 3+ +Mn 4+ ) 
ratio in the pristine sample ( V  G  = 0 V) is approximately 0.40, 
which is in good agreement with the stoichiometric ratio in 
La 0.6 Sr 0.4 MnO 3  fi lms. Remarkably, at  V  G  = +3.0 V, the Mn 4+ /
(Mn 3+ +Mn 4+ ) ratio is 0.25, which is a value that is extremely 
close to the FM-FI phase boundary. For the extreme case of  V  G  = 
+5.0 V with the Mn 4+ /(Mn 3+ +Mn 4+ ) ratio of 0.20, a tail peak at 
higher binding energy due to the introduction of Mn 2+  ions 

is marked by the arrow. [ 21 ]  With a negative bias of –3.0 V, the 
Mn 4+ /(Mn 3+ +Mn 4+ ) ratio is approximately 0.47 and remains in 
the range of FM in Figure  1 a. The ratio increases abruptly to 
0.66 for  V  G  = –5.0 V, driving the sample to the AFI phase region 
(Figure  1 a) with an insulating feature at temperatures lower 
than 80 K (Figure  1 b).  

 The suppression of conductivity and magnetism by gate volt-
ages due to the Mn valence variation indicated the existence 
of phase separation. We now address the question of how the 
mixed phases behave in magnetic fi elds. Concomitant magneti-
zation and magnetoresistance (MR) curves of LSMO under dif-
ferent gate voltages are obtained at 10 K ( Figure    3  ). The max-
imum point in the MR curve of the pristine sample suggests 
that the coercivity of LSMO is 0.16 kOe (left axis of Figure  3 a), 
which is corroborated by the magnetization loop (right axis of 
Figure  3 a). MR and corresponding magnetization curves under 
a series of gate voltages are shown in Figure  3 b–g. When  V  G  
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 Figure 2.    a−e) Mn 2 p  XPS spectra of samples with different gate voltages. f)  V  G  dependence of Mn 2 p  3/2  peak position (left axis) and Mn 4+ /(Mn 3+ +Mn 4+ ) 
ratio (right axis).
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reaches +2.5 V, a subtle secondary switching at a higher fi eld 
in the magnetization loop is observed, followed by the broad-
ening of the MR curve in the high magnetic fi eld direction. The 
most eminent feature observed here is that two broader peaks 
at ±0.55 kOe are superimposed besides the spikes at ±0.16 kOe, 
accompanied by an increase in resistance at  V  G  = +3.0 V. The 
corresponding hysteresis loop exhibits apparent dual coercivi-
ties (right axis in Figure  3 c) at 0.16 kOe and 0.55 kOe. The car-
rier localization effect in the insulator increases the screening 
length of the electric fi eld, and the HMI phase expands 
promptly as  V  G  further increases to +3.2 V, giving rise to the 
coercivity of 0.55 kOe in the LSMO, with a high resistance of 
≈34 kΩ (Figure  3 d). Indeed, +3.0 V is the critical  V  G  to excite 
the ferromagnetic PT in LSMO from soft FM into the hard 
magnetic insulating (HMI) phase, consistent with the ferro-
magnetic insulating (FI) phase in the region of low hole doping 

(Figure  1 a). An even larger  V  G  (e.g., +3.5 V) leads to a highly 
insulating state beyond the measurement limits (Figure  1 b).  

 Compared with the scenario of positive  V  G , the amplitude of 
manipulation is dramatically reduced under negative  V  G  (–2.0 V 
and –3.0 V), as refl ected in the MR and magnetization curves 
in Figure  3 e,f, respectively. However, the situation changes 
abruptly once the hole concentration reaches the threshold of 
the antiferromagnetic insulating (AFI) phase region, e.g., in 
the case of  V  G  = –4.0 V illustrated in Figure  3 g. An insulating 
phase emerges in the sample, exhibiting a resistance of 12 kΩ, 
with broadened peaks in the MR curve and a canted magneti-
zation loop. In addition, as the double exchange effect is sup-
pressed in the AFI manganite, no MR signal except for noise 
is observed for  V  G  = –5.0 V (not shown here). In contrast to 
the metal-insulator transition observed in correlated oxide pre-
viously, [ 14–16 ]  the two separated phases with different conductive 
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 Figure 3.    Channel MR acquired by sweeping the magnetic fi eld along the channel (left axis) and the normalized magnetization curves measured with 
the magnetic fi eld applied in-plane along the (100) direction of the substrate at 10 K (right axis) under different  V  G : a) 0 V, b) +2.5 V, c) +3.0 V, d) +3.2 V, 
e) −2.0 V, f) −3.0 V, g) −4.0 V.
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behaviors here are ferromagnetic, exhibiting notable responses 
to the magnetic fi eld. 

 To investigate the distribution of the HMI phase we now 
attempt to directly characterize the formation and annihilation 
of the HMI phase. First, note that no clear shift of the Mn 2 p  
peaks is observed in the XPS depth profi le (Figure S7 in the Sup-
porting Information), proving that the HMI phase is randomly 
distributed in the fi lms. Next, high-resolution transmission elec-
tron microscopy (HRTEM) characterization is used to directly 
image the distribution of the HMI phase. Based on the fact 
that the electric fi eld effect is stable even after removing the  V  G  
(Figure S3 in the Supporting Information), the fi lms formerly 
treated by specifi c  V  G  are prepared into HRTEM specimens. 

 Representative HRTEM Fourier-fi ltered images with dif-
ferent  V  G  are presented in  Figure    4  a–d, while the original 
HRTEM images and the corresponding mechanism for the 
Fourier-fi ltered image are shown in Figure S8 in the Supporting 
Information. The Fourier-fi ltered image for the alignment of 
(100) planes of pristine LSMO and STO, as demonstrated in 
Figure  4 a, indicates that there are no obvious crystal defects. 
The situation is different when  V  G  = +3.0 V (Figure  4 b). The 
areas marked with the dashed ovals contain quite a few clearly 
recognizable dislocations (highlighted by ⊥), corresponding to 
the HMI phases with rich point defects, that is, oxygen vacan-
cies induced by the electric fi eld, which could assemble to form 
the line defects such as dislocations (see Figure S10 in the Sup-
porting Information for more details). [ 22 ]  Although the oxygen 
vacancies migration is not directly observed, the Mn valence 
variation in XPS and microstructure evolution in HRTEM 
under different gate voltages suggest the formation and anni-
hilation of oxygen vacancies. [ 14 ]  This is also supported by the 
demonstration of oxygen vacancies-based conduction fi laments 
for resistive switching behaviors, based on the cutting-edge 
nano-characterization methods [ 23,24 ]  and theoretical calcula-
tions. [ 25 ]  The HMI phase is most likely concentrated around the 
area with a high density of dislocations, where the magnetiza-
tion switching would be pinned by the defects. [ 26 ]  Although it is 
likely that no oxygen vacancies could emerge for  V  G  = –5.0 V, 
the transition from Mn 3+  ( r  = 0.65 Å) to Mn 4+  ( r  = 0.53 Å) could 
also explain the existence of defects in the fi lms. Note that 
this direct observation convincingly demonstrates that the 
HMI phase is randomly embedded in the matrix, rather than 
concentrating in specifi c regions such as the surface or the 
bottom of the fi lms, which is compatible with the XPS depth 
profi ling results. Interestingly, the crystal quality of the fi lms 
after a sequence of  V  G  = +3.0 → −3.0 V is almost unchanged 
compared with its pristine counterpart, indicating that a neg-
ative voltage could drive the HMI → FM phase transition in 
turn. The crystal structure alternation undergoing such a gating 
process is reaffi rmed by the X-ray diffraction characterization 
(Figure S9 in the Supporting Information).  

 The magneto-transport and magnetization measurements 
reveal the evolution of the HMI phase as a function of the gate 
voltage, while the XPS and HRTEM analyses indicate that the 
HMI phase is randomly embedded in the soft FM matrix, which 
is similar to the common lateral phase separation in mangan-
ites. [ 6 ]  These characterizations collectively provide a novel expla-
nation of the electronic PT in conductive manganites under the 
infl uence of the electric fi eld effect. Figure  4 e illustrates that 

the HMI phase undergoes a process of nucleation and growth: 
i) The screening length of the electric fi eld in a metallic channel 
is less than 1 nm, [ 27 ]  limiting the effect of electron doping only 
on the surface of the LSMO for the case of  V  G  ≤ +2.5 V; ii) The 
increase in positive gate voltages transforms the surface LSMO 
to the insulating state, which enlarges the screening length of 
the electric fi eld and accelerates the PT in the sample by mod-
ulating the oxygen vacancies. In particular, electrons tend to 
gather around the intrinsic insulating spots, possibly formed 
during LSMO deposition, [ 6,15 ]  giving rise to the local prefer-
ential growth of the HMI phase due to the conceptual carrier 
localization effect with high densities of Mn 3+  and dislocation 
( V  G  = +3.0 and +3.2 V). [ 15 ]  iii) Once the channel is fi lled by the 
HMI phase, the strong electric fi eld effect produces a highly 
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 Figure 4.    Fourier-fi ltered images of LSMO with different gate voltages 
and growth model for HMI phase: a)  V  G  = 0 V, b)  V  G  = +3.0 V, c)  V  G  = 
−5.0 V, and d)  V  G  = +3.0 → −3.0 V. The ⊥ and dashed ovals mark the dis-
location and estimated areas with high dislocation density, respectively. 
e) Schematic of the growth of the HMI phase with different gate voltages.
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insulating character ( V  G  ≥ +3.5 V), which is almost irreversible, 
even with a negative voltage. 

 It is generally considered that a channel under electric fi eld 
modulation could be treated as two parallel layers: the layer 
near the gate-channel interface is effectively affected by elec-
trostatic doping, whereas the layer underneath remains unaf-
fected. [ 13,16 ]  Here, we improve this model by providing direct 
experimental evidence of the random nucleation and growth of 
the HMI phases across the fi lm, thus enabling the proposal of 
a conceptually novel model of the phase transition tuned by the 
electric fi eld. This novel model, moreover, can be readily gen-
eralized in other correlated electron systems. In addition, we 
determine the fraction of the HMI phase as a function of the 
gate voltages and temperatures in a quantitative manner (see 
Figure S11 in the Supporting Information), revealing that the 
HMI phase fraction reaches its maximum at approximately 
260 K, which is consistent with the Curie temperature meas-
urements in Figure  1 b. 

 Based on the microstructure characterization and property 
measurement, the HMI phase can be annihilated by a nega-
tive  V  G ; therefore, it is promising to realize the FM/HMI phase 
transition reversibly by electrical manipulation.  Figure    5  a illus-
trates the  V  G  dependence of the channel resistance measured 
at  T  = 260 K, which is lower than the  T  C  of ferromagnetic 
LSMO but higher than the condensation temperature of ionic 
liquid. In these measurements,  V  G  is changed in the sequence 
of +3.0 V → –5.0 V → +3.0 V (indicated by the arrows) with a 
step of 0.5 V. The resistance is recorded after the gate voltage 
is applied for 30 min. Under no external magnetic fi eld ( H ), 
as the  V  G  decreases from +3.0 V to 0 V, the channel resistance 
decreases slowly from 23.9 kΩ to 22.7 kΩ, where the HMI 
phase dominates. As the voltage is swept down, the resistance 
decreases sharply to 16.3 kΩ when  V  G  = –3.5 V, suggesting that 
the accumulated electrons are “neutralized” by the negative volt-
ages in a HMI → FM transition (“I” in Figure  5 a). We note that 
the LSMO at this stage is close to the pristine state. However, as 
 V  G  further decreases to –5.0 V, excessive holes are injected into 
the manganite layer, driving the resistance up to 20.8 kΩ (II). 
For the voltage sweep in reverse (–5.0 V → +3.0 V), the resist-
ance is reduced from 20.8 kΩ (–5.0 V) to 16.9 kΩ (+1.0 V) fi rst 
(III) and then increases to 25.6 kΩ (+3.0 V) (IV). The closed 
electroresistance (ER) loop proves that the electronic PT and 
the resulting resistance transition are reversible with a hyster-
esis feature. By adding the CMR nature of manganites to the 
reversible ER behavior, it is possible to achieve the four non-
volatile states in such systems. As expected, once a magnetic 
fi eld  H  = 5 kOe is applied, the channel resistance loop exhibits 
nearly the same shape as that at zero fi eld but with a reduced 
resistance. This result illustrates that the LSMO channel gated 
by ionic liquid is a four-state non-volatile memory cell, where 
four resistance values can be achieved by a given  V  G  sweep pro-
cess and an applied magnetic fi eld.  

 To examine the stability and repeatability of the PT, sub-
sequent gate voltage pulses of ±3 V are applied to manipu-
late the ER of the LSMO, as displayed in the upper panel of 
Figure  5 b. For each voltage pulse, the holding time is approxi-
mately 15 min, and only 2∼3 min is required to obtain a relative 
stable channel resistance (Figure S3 in the Supporting Informa-
tion). The lower panel of Figure  5 b presents the concomitant 

resistance response at zero-fi eld and 5 kOe measured at 260 K. 
Given that the FM/HMI transition is motivated by the gate 
voltage, a positive gate voltage +3.0 V introduces the HMI 
phase with a high resistance in the manganite, while a negative 
 V  G  = –3.0 V neutralizes the electrons in the channel and reduces 
their resistance, resulting in an ER% = 45.3% and 53.5% for 
 H  = 0 kOe and 5 kOe, respectively, essentially undergoing pro-
cess “I” in Figure  5 a. Here, ER% is defi ned as ( R  high – R  low )/ R  low , 
where  R  high  and  R  low  are resistances at  V  G  = +3.0 and –3.0 V, 
respectively. Simultaneously, the magnitude of magnetoresist-
ance [MR% = ( R  5 kOe – R  0 )/ R  0 ] varies from –3.9% to –9.1% as  V  G  
is switched from +3.0 to –3.0 V. The ferromagnetic phase tran-
sition induced by application of the gate voltage, which differs 
drastically from the generally observed metal-insulator transi-
tion, [ 13,14 ]  guarantees that the system exhibits a remarkable 

 Figure 5.    a) Channel resistance versus  V  G  with  H  = 0 kOe and 5 kOe. 
b) Channel resistance as a function of time under a ±3.0 V voltage pulse 
with  H  = 0 kOe and 5 kOe. The top panel is the schematic of the applied 
gate voltage versus time.
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response to the magnetic fi eld as well, thus providing a rich 
platform for multilevel storage. Such a reversible PT with stable 
ER and MR could be manipulated near 300 K, which promises 
future room temperature operations after further optimization. 
Note that the modifi cation time (2–3 min) here is much longer 
than the requirement of information storage but is acceptable 
for sensors. The modifi cation time promises to be dramatically 
reduced once a new type of ionic liquid with higher working 
speed is synthesized.  

  3.     Conclusions 

 In conclusion, electronic phase separation in LSMO was suc-
cessfully controlled by an electric fi eld applied on the ionic 
liquid, replicating the tendency in the classic phase diagram 
based on the Sr doping concentration in La 1– x  Sr  x  MnO 3 . A suit-
able gate voltage was proven to generate a hard magnetic and 
insulating phase in the magnetically soft matrix, which is theo-
retically different from the simple metal-insulator transition 
induced by the electric fi eld. We combined the direct obser-
vation of the formation and annihilation of the HMI phase, 
followed by the variation in the Mn 4+ /(Mn 3+ +Mn 4+ ) ratio and 
dislocation density, with magneto-transport and magnetization 
measurements, demonstrating that the HMI phase is randomly 
embedded all over the fi lm instead of initiating at the surface 
and spreading to the bottom. The reversible ferromagnetic 
phase transition not only enables a new realm for recognition 
of the origin and process of the phase transition in correlated 
oxides but also sheds promising light on the metal-insulator 
transition in colossal magnetoresistance materials. The observa-
tion of the four-state memories close to room temperature con-
trolled by a combination of electrode gating and magnetic fi eld 
represents a signifi cant opportunity for the application of elec-
trical control of magnetism for multilevel storage approaches.  

  4.     Experimental Section 
  Sample Preparation : All of the samples were grown using pulsed 

laser deposition (PLD) from a stoichiometric La 0.6 Sr 0.4 MnO 3  target 
by applying a KrF excimer laser. During the growth, the substrate was 
held at 800 °C and in an oxygen background pressure of 100 m Torr. 
The growth was monitored in situ using RHEED (refl ection high-
energy electron diffraction) analysis, which enables precise control 
of the thickness at the unit cell scale and accurate characterization 
of the growth dynamics. The fi lms are grown in layer-by-layer mode 
according to the RHEED oscillations at a growth rate of 0.77 nm/min 
(Figure S1a in the Supporting Information). The samples were slowly 
cooled to room temperature in 100 Torr of oxygen at a rate of ≈5 °C/min 
to improve the oxidation level after growth. The fi lm was patterned into 
a Hall-bar structure with a gate located in the vicinity of the channel by 
photo-lithography and wet etching, as shown in Figure S2 (Supporting 
Information). The effective channel is 600 µm long and 100 µm wide. All 
Ti (20 nm)/Au (80 nm) electrodes were deposited using electron-beam 
evaporation. Hard-baked photoresist was used for electrical isolation 
between the gate and the channel. A drop ionic liquid  N , N -diethyl- N -(2-
methoxyethyl)- N -methylammonium bis-(trifl uoromethylsulfonyl)-imide 
(DEME-TFSI) was used as the electrolyte. Samples with large areas of 
2.5 mm × 2.5 mm are required, and almost the entire fi lm is gated by 
ionic liquid before the corresponding XPS, magnetization, HRTEM, and 
XRD measurements. 

  Sample Characterization : Conductivity and magnetoresistance were 
determined in the physical property measurement system (PPMS) with 
a constant in-plane current of 10 µA. The gate voltage was applied using 
an Agilent 2901A instrument. All of the transport experiments were 
performed after maintaining  V  G  for 30 min without special instruction. 
A Quantum Design superconducting quantum interference device 
(SQUID) measurement system (QD MPMS-7) was used to measure 
the magnetic properties along the (100) direction of the substrate in the 
temperature range of 10 K to 350 K.  

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