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a classic model for the manipulation of 
carrier density by electrical means, con-
stituting the cornerstone of the semicon-
ductor industry; [ 8 ]  c) the magnetization 
switching is driven reversibly by applied 
electric fi elds, which is expected to have a 
great technological impact on information 
storage. [ 9,10 ]  However, electrical control 
of the missing member—orbital degree 
of freedom, whose small perturbations 
would lead to giant responses in the elec-
tric and magnetic properties [ 11,12 ] —has 
thus far remained an interesting concept 
lacking experimental insight.  

 The orbital represents the shape of elec-
tron cloud. [ 13 ]  In mixed-valence mangan-
ites, the occupancy of the  d  orbital controls 
the magnitude and anisotropy of the inter-
atomic electron-transfer interaction and 
hence exerts a key infl uence on the chem-
ical bonding and physical properties. [ 4,13 ]  

For example, orbital occupancy tunes the magnetic behaviors of 
manganites with the help of strain design, persistently associ-
ated with several antiferromagnetic (AF) structures. [ 14,15 ]  How-
ever, the lattice distortion inevitably introduces impurities and 
extra scattering centers to the system, which are irreversible 
and hardly controllable, and the orbital occupancy is fi xed once 
the materials have been made and put into use. Application 
of the FET principle to achieve doping variation has modulated 
the magnetic or electric performances and phase transition in 
manganites, [ 16,17 ]  which is expected to provide an approach to 
tune orbital occupancy reversibly. The main technological chal-
lenge for measuring the change of the orbital occupancy under 
the infl uence of an electric fi eld is that the detection of orbital 
occupancy using X-ray linear dichroism (XLD), calls for an 
exposed sample with a robust remanent electric fi eld effect, [ 18 ]  
which cannot be achieved by conventionally electrostatic modi-
fi cation of carrier density. [ 10,11 ]  Fortunately, the relaxation of the 
gating effect generated by ionic liquid in manganites is negli-
gible even after gate voltage is turned off, guaranteeing ex situ 
measurements of the orbital. [ 19 ]   

  2.     Results and Discussion 

 A series of 20 nm thick (La,Sr)MnO 3–δ  fi lms with different 
 x  = Mn 4+ /(Mn 3+  + Mn 4+ ) were prepared by pulsed laser dep-
osition (PLD) at various oxygen background (cooling) pres-
sures of 200 mTorr (300 Torr) ( x  = 0.54), 100 mTorr (100 Torr) 
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  1.     Introduction 

 A wide variety of experimental and theoretical investigations 
have been pursued intensively to control the performance 
of materials at the atomic, or even subatomic level for a long 
period of time. [ 1–3 ]  The interaction between lattice, charge, 
spin, and orbital degrees of freedom is found to play a direct 
and crucial role in the performance of electronic materials, 
displaying a rich spectrum of exotic phenomena. [ 4–6 ]  The elec-
tric fi eld effect with advantages of low power consumption and 
high controllability offers an effective and reversible route to 
confi ne the lattice, charge, and spin (as illustrated in  Figure    1  ): 
a) the piezoelectric effect in crystalline materials without inver-
sion symmetry has bridged electric fi eld and lattice for more 
than 130 years; [ 7 ]  b) the fi eld-effect transistor (FET) provided 
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( x  = 0.41), and 50 mTorr (10 Torr) ( x  = 0.20) on STO substrate 
(Supporting Information Figure S1). The electronic phase dia-
gram of (La,Sr)MnO 3–δ  is drawn as a function of  x  = Mn 4+ /
(Mn 3+  + Mn 4+ ), as shown in  Figure    2  a, where  x  could be con-
trolled by the Sr concentration, [ 4 ]  oxygen pressure during fi lm 
growth, [ 18 ]  and gate voltage ( V  G ). [ 20 ]  We investigate samples 
of (La,Sr)MnO 3–δ  (LSMO) grown with initial  x  values of 0.54, 

0.41, and 0.20. These are shown as a half-fi lled triangle, circle, 
and square respectively in Figure  2 a. This experimental design 
locates them close to the boundary between ferromagnetic 
metallic (FM) and antiferromagnetic metallic or insulating 
(AFM or AFI) phase, in the center of the FM phase and at the 
boundary between FM and insulting [spin-canted insulating 
(CI) and ferromagnetic insulating (FI)] phase, respectively.  

 We manipulate the electrical phase transition and Mn  e  g  
orbital occupancy in (La,Sr)MnO 3–δ  with different initial  x  by 
applying gate voltage through ionic liquid. Unlike the elec-
trostatic manipulation of carrier density in (Ga,Mn)As, [ 21 ]  the 
electric fi elds created by the electric double layer (EDL) on a 
manganite under positive  V  G  are suffi ciently high to change the 
chemical composition, in this case by driving oxygen ions out 
of the oxides (Figure  2 b). [ 19,20 ]  This is accompanied by the injec-
tion of electrons into fi lms and moves the sample to a lower 
 x  as the left arrow shows in Figure  2 a. On the contrary, nega-
tive  V  G  extracts electrons with O 2−  ions migrating back to the 
fi lms (Figure  2 c), increasing the  x  in LSMO (the right arrow in 
Figure  2 a). When gate voltage is large enough (e.g., +3 V or 
−3 V), the gating effect based on oxygen migration is stable at 
room, or lower temperatures with negligible relaxation even 
after  V  G  is turned off (Supporting Information Figure S2) that 
enables us to determine the  x  values, magnetic and electric 
properties of samples ex situ regardless of the atmosphere. 
Although the oxygen vacancies migration is not directly 
observed, the Mn valence variation in X-ray photoelectron spec-
troscopy (XPS) and microstructure evolution in HRTEM under 
different gate voltages suggest the formation and annihilation 
of oxygen vacancies. [ 22 ]  This is also supported by the demon-
stration of oxygen vacancies-based conduction fi laments for 
resistive switching behaviors, based on the cutting-edge nano-
characterization methods [ 23,24 ]  and theoretical calculations. [ 25 ]  

 We plot the variations of the concentration  x  determined 
by XPS (Supporting Information Figure S1), where the full 
and empty symbols represent the values of  x  that they reach at 
voltage of +3 and −3 V, respectively. The heights of the symbols 
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 Figure 1.    a) Electric fi eld-induced polarization and corresponding lattice deformation in piezoelectric materials; b) The manipulation of carrier density in 
FET by electric fi eld; c) Electric fi eld controls the magnetization switching in magnetic materials; d) The conception of electrical manipulation of orbital.

 Figure 2.    a) Electronic phase diagram of (La,Sr)MnO 3  with varying  
x  = Mn 4+ /(Mn 3+  + Mn 4+ ) ratio. The half-fi lled triangle, circle, and square 
denote the positions of samples on STO with initial  x  = 0.54, 0.41, and 
0.20 in phase diagram, respectively. The sample positions after applying 
positive and negative  V  G  are marked by corresponding fi lled and empty 
symbols. The abbreviations stand for spin-canted insulating (CI), ferro-
magnetic insulating (FI), ferromagnetic metal (FM), antiferromagnetic 
metal (AFM), and antiferromagnetic insulating (AFI) phase, respectively. 
Schematic illustration of the effect of electric double layer (EDL) with 
b)  V  G  > 0 and c)  V  G  < 0.
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on this plot represent the measured temperature values of the 
metal–insulator transition as obtained from resistance–tem-
perature ( R – T ) curves (Supporting Information Figure S3). The 
values of the transition temperatures (equal to Curie tempera-
ture,  T  C ) and corresponding  x  are given in  Table   1  and follow 
what is expected from the phase diagram. For the case of ini-
tial  x  = 0.54, negative  V  G  drives the sample into the AFM or 
AFI phase, accompanied by decreased  T  C , while positive  V  G  
favors the FM phase with the enhancement of  T  C . When initial  
x  = 0.41, the sample is at the FM-phase region with optimally 
magnetic and conductive performances. Hence, both posi-
tive and negative voltages result in an abrupt decay of conduc-
tivity and  T  C . In contrast, the magnetic properties of samples 
with initial  x  = 0.20, are enhanced or suppressed by negative 
or positive  V  G , respectively. In conjunction with the growth 
oxygen pressure and gate voltage, we approximately replicate 
the dependence of  T  C  on  x  in classic phase diagram using a 
given stoichiometric target. Note that, this 
phase transition is bulk effect instead of sur-
face carrier accumulation according to the 
directly microcosmic observation and Mn 2 p  
XPS depth profi ling in our previous work. [ 22 ]  
Compared with the electrostatic manipula-
tion based on the capacitance of EDL, [ 26 ]  the 
change of  x  in our system is rather large as 
the variation of oxygen vacancies is sensitive 
to the external electric fi eld.  

 We now address the question how the 
orbital occupancy varies under the elec-
tric fi eld. In this part, we concentrate pri-
marily on the sample with  x  = 0.54 because 
such a nearly half-doped manganite is 
extremely sensitive to external stimuli, like 
an electric fi eld. [ 27 ]  A tensile strain is pro-
duced by growing samples on SrTiO 3  (STO, 
ε = 0.9%) and a compressive strain by 
growing on LaAlO 3  (LAO, ε = –2.1%). The 
orbital occupancy is measured by XLD 
which is the difference between the normal-
ized XAS with photon polarization parallel 
(E//a) and almost perpendicular (E//c) to 
the sample plane. The measurement tem-
perature for XLD is 300 K as the interference 
from ferromagnetism is negligible at a com-
paratively high temperature, enhancing the 
accuracy of the XLD signals. [ 18 ]  The spectra 
normalization was made by dividing the 
spectra by a factor such that the  L  3  pre-edge 
and  L  2  postedge have identical intensities 

for the two polarizations. After that, the pre-edge spectral 
region was set to zero and the peak at the  L  3  edge was set to 
one. XLD is the difference between the two measurements. 
Irrespective of the surface symmetry breaking in such a 
thick fi lms of 20 nm, the area under XLD around the  L  2  peak 
(647.5–660.0 eV, the shadowy areas in  Figure    3  ) could be used to 
roughly represent the difference between the relative occupancies of 
3 z  2  –  r  2  [ P (3 z  2  –  r  2 )] and  x  2  –  y  2  [ P ( x  2  –  y  2 )] orbital:  A  XLD  =  P (3 z  2  
–  r  2 ) –  P ( x  2  –  y  2 ) (more details in Supporting Information). [ 18,28 ]  
For tensile strained LSMO without gate voltage,  x  2  –  y  2  orbital 
is favored with a negative  A  XLD , while the 3 z  2  –  r  2  orbital is 
stabilized ( A  XLD  > 0) once compressive strain is applied.  

 The XAS and the concomitant XLD for the tensile (STO) and 
compressive (LAO) strained LSMO under representative  V  G  are 
presented in Figure  3 a,b, respectively. The most eminent fea-
ture observed here is that the usage of  V  G  = –3 V, pulls down 
the absolute value of  A  XLD  while  V  G  = +3 V does the opposite, 
as presented in Figure  3  and summarized in  Table   2 . The  
x  2  –  y  2  orbital occupancy is strongly weakened by negative  V  G  
but dramatically enhanced by positive one in tensile strained 
LSMO:  P ( x  2  –  y  2 ) = 53.1%, 57.8%, and 60.2% for  V  G  = –3 ,  0, 
and +3 V, respectively. A similar tendency is also found in ten-
sile strained samples of  x  = 0.41 and 0.20 (Supporting Informa-
tion Figure S4). When the strain turns to be compressive,  V  G  of 
–3 V breaks somehow the 3 z  2  –  r  2  orbital occupancy with  P (3 z  2  
–  r  2 ) = 51.3% compared to  P (3 z  2  –  r  2 ) = 55.1% for  V  G  = 0 V, 
while  V  G  = +3 V stabilizes the 3 z  2  –  r  2  orbital with enhanced 
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  Table 1.    Curie temperature ( T  C ) and the composition ( x ) of tensile 
strained (La,Sr)MnO 3–δ  under various  V  G . 

 V  G  
[V]

–3 0 +3

initial  x  = 0.54 (triangles) ( T  C / x ) 260 K/0.64 271 K/0.54 275 K/0.43

initial  x  = 0.41 (circles) ( T  C / x ) 288 K/0.47 315 K/0.41 275 K/0.25

initial  x  = 0.20 (squares) ( T  C / x ) 331 K/0.30 305 K/0.20 279 K/0.15

 Figure 3.    Normalized XAS [photon polarization parallel (E//a) and almost perpendicular (E//c) 
to the sample plane] and XLD signals of a) tensile and b) compressive strained LSMO.
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 P (3 z  2  –  r  2 ) of 59.3%. It is then concluded that positive or nega-
tive voltage strengthens or weakens preferential orbital occu-
pancy, respectively. Although it is diffi cult to change the orbital 
occupancy fundamentally and the variations of  A  XLD  are rela-
tively small, the clearly detected signals illustrate the high sen-
sitivity of the orbital occupancy to gate voltage. The magnitude 
of the variation of orbital occupancy in our case is much larger 
than that of the calculated value relevant to interfacial ferroe-
lectric polarization. [ 12 ]  Also, the modulation of  x  value is uni-
form from the surface to bottom of fi lm according to the XPS 
depth profi le, which is also supported by the random nuclea-
tion model in ionic liquid-gated LSMO. [ 22 ]  Thus, the changes in 
orbital occupancy are almost constant in the whole fi lm rather 
than limited at the interface or surface.  

 The origin of electrical manipulation is the cooperative effect 
of strain and superexchange. When positive gate voltage is 
applied, oxygen vacancies in LSMO are increased with injec-
tion of electrons and all the samples still locate in the metallic 
phase, where the  e  g  doublet is split into a lower and an upper 
energy orbital due to the strain. The injected electrons fi ll 
the orbital starting from the one with lowest energy, that is 
 x  2  –  y  2  for tensile strain (STO) and 3 z  2  –  r  2  for compressive 
strain (LAO), inducing the enhancement of preferential orbital 
occupancy. In contrast, negative gate voltage increases the  x  
value with oxygen ions migration into LSMO, which favors 
the superexchange in doped manganites. [ 4 ]  The strong super-
exchange would result in the suppression of electron-transfer 
interaction and preferential orbital occupancy, [ 13 ]  corresponding 
to the small  A  XLD  in Figure  3 . Thus, the preferential  e  g  orbital 
occupancy is enhanced by positive  V  G  while broken by nega-
tive one, which can be readily generalized to other correlated 
oxide heterostructures with preferential orbital occupancy, such 
as VO 2 /TiO 2 . [ 29 ]  We also note that unlike the intrinsic prefer-
ential orbital occupancy phase in the classic phase diagram 
describing the bulk LSMO, the in-plane orbital occupancy of 
tensile-strained samples at  V  G  = +3 and –3 V are enhanced and 
reduced, respectively, compared to that of the bulk LSMO with 
the identical  x , producing a state with a slightly different orbital 
occupancy from the classic-phase diagram. 

 For La 1– y  Sr  y  MnO 3–δ , the Mn can be written as +
xMn4  and 

−
+

xMn1
3 . It is easy to show that  x  =  y  – 2δ. In this scenario, intro-

ducing oxygen vacancies automatically changes the value of  x  
and hence the phase of LSMO. [ 30 ]  As a result, the infl uences 
of oxygen vacancies δ and Sr-doping concentration  y  on the 
performance of LSMO almost overlap, collectively refl ecting 
in the variation of  x . A closer inspection shows that there are 

differences in  T  C  between our samples and the classic phase 
diagram in Figure  2 a: the sample (initial  x  = 0.54) on STO 
shows the  T  C  at  V  G  > 0 and  V  G  < 0 lower and higher than their 
bulk counterparts, respectively. This difference could arise 
from two possible origins: additional effect of oxygen vacan-
cies and varied preferential orbital occupancy. Note that posi-
tive  V  G  introduces oxygen vacancies both in the samples with 
 x  = 0.20 and 0.54, but results in respectively higher and lower 
 T  C  compared with the phase diagram, suggesting that the addi-
tional effect of oxygen vacancies should not dominate the per-
formance discrepancy between our samples and the phase dia-
gram, though it cannot be fi rmly ruled out. Instead, the varied 
preferential orbital occupancy is most likely the main source 
responsible for the difference. Additionally, our previous work 
shows that the  T  C  of the pristine (La,Sr)MnO 3  with in-plane 
preferential orbital occupancy on STO is around 50 K higher 
than that on LAO whose preferential orbital occupancy is out of 
plane, suggesting the importance of orbital occupancy on con-
trolling the magnetic performance. [ 18 ]  

 The magnetic switching behavior and magnetic anisot-
ropy under different  V  G  should be sensitive to the variation 
in  e  g  orbital occupancy and carrier density. [ 15,21,31 ]  We estimate 
the anisotropy of LSMO by the effective anisotropy constant 
 K  U  = H M / 2A S , where  H  A  is the difference of the saturated 
fi elds between [100] and [001] axes ( Figure    4  a,b), and  M  S  is the 
saturated magnetization. The magnetic properties are meas-
ured at 10 K, as the form of the magnetic anisotropy is not 
temperature dependent but its magnitude is increased at low 
temperatures. [ 32 ]  Since we do not quantitatively correlate the 
magnetization and orbital occupancy, the measurements car-
ried out at different temperatures are acceptable. As expected, 
both shape anisotropy and in-plane orbital occupancy leads 
the pristine tensile strained sample ( V  G  = 0 V) to exhibit an 
in-plane magnetic anisotropy with a  K  U  of 4.1 × 10 4  erg cm –3  
(Table  2 ). By applying gate voltage, only the orbital-dependent 
magnetic anisotropy is manipulated. Positive voltage of +3 V 
seriously reduces the magnetization switching out-of-plane, 
resulting in  K  U  = 10.6 × 10 4  erg cm –3 , in contrast to  V  G  of –3 V 
corresponding to  K  U  = 1.3 × 10 4  erg cm –3 . The  K  U  of  V  G  = +3 V 
( x  = 0.43) is much larger than that of the pristine sample with 
initial  x  = 0.41 ( K  U  = 5.8 × 10 4  erg cm –3 ), though their composi-
tions are quite close, suggesting that the electrical manipulated 
 e  g  orbital occupancy produces a dramatic change in the mag-
netic anisotropy (Supporting Information Figure S5). When 
the LSMO changes to be compressive strained (Figure  4 b), 
no detectable magnetic anisotropy is observed in the pristine 
sample, which can be explained by the competitive result of  e  g  
orbital occupancy and shape anisotropy. This balance is easy 
to be broken by a perturbation:  V  G  of –3 V introduces an easy 
axis in [100] with a  K  U  of 1.0 × 10 4  erg cm –3 , while  V  G  = +3 V 
makes the fi lm behave as perpendicular magnetic anisotropy 
with a negative  K  U  of –3.3 × 10 4  erg cm –3 . Remarkably, combi-
nations of  V  G  dependent – A  XLD  and  K  U  in Figure  4 c,d confi rm 
that the increased (decreased) in-plane orbital occupancy at 
positive (negative)  V  G  strengthens (weakens) the magnetic ani-
sotropy of LSMO with the [100] easy axis, while the enhanced 
3 z  2  –  r  2  orbital occupancy in compressive strained LSMO as  V  G  
changes from –3 to +3 V would change the easy axis of LSMO 
from in-plane to out-of-plane, gradually. 
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  Table 2.    The composition ( x ),  A  XLD , magnetic properties, and orbital 
mixing angle  θ  of tensile and compressive strained LSMO (initial 
 x  = 0.54) at various  V  G . 

 V  G  [V] Tensile Compressive

–3 0 +3 –3 0 +3

 x 0.64 0.54 0.43 0.63 0.53 0.43

 A  XLD –0.063 –0.155 –0.205 0.026 0.102 0.186

 M  S  (emu/cm 3 ) 61.6 99.2 143.2 47.2 59.2 78.4

 K  U  (×10 4  erg cm –3 ) 1.3 4.1 10.6 1.0 0.0 –3.3

 θ  [°] 93.66 98.97 101.88 88.52 84.17 79.29
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  In addition to magnetic anisotropy measurements, we have 
explored gate voltage-dependent saturation magnetization, which 
is not so robust because the fi lms under various  V  G  are close the 
boundary between FM and AFM/AFI phases. Positive  V  G  of +3 V 
drives the pristine sample on STO with  x  > 0.4 from the AFM or 
AFI scale to the FM-phase region in phase diagram (Figure  2 a), 
as the injection of electrons favors the double exchange effect, 
apparently enhancing the  M  S  though the preferential  e  g  orbital 
occupancy is increased in this case. Corresponding values for 
 x  = 0.54 are listed in Table  2 . In stark contrast, for the case of 
–3 V, extraction of electrons pulls the sample deeper into the 
antiferromagnetic phase with ferromagnetism suppression. For 
compressive strained LSMO, the magnetization exhibits a sim-
ilar dependence on  V  G  that  M  S  = 47.2, 59.2 , and 78.4 emu cm –3  
for  V  G  = –3, 0, and +3 V, respectively. It is generally accepted 
that the  e  g  orbital occupancy induced by the strain effect in man-
ganite fi lms inevitably deteriorates the ferromagnetic ordering 

and conductivity, which has been an obstacle 
for the integration of manganites into spin-
tronics. [ 15 ]  The increased preferential  e  g  
orbital occupancy associated with magnetiza-
tion and conductivity enhancements for elec-
trical manipulation of ferromagnetism in the 
present case reaffi rms the difference between 
electrically manipulated and bulk LSMO with 
the same  x , providing a promising way for the 
introduction of strong magnetic anisotropy 
without the cost of relevant magnetic and 
electric properties. It is useful to point out 
that the enhancement of magnetic anisotropy 
would reduce the width of domain wall, likely 
enhancing the domain wall resistance (more 
details in Supporting Information). [ 33–35 ]  

 The relationship between the variations of 
orbital occupancy, magnetic anisotropy, and 
magnetization could be understood from the 
perspective of orbital mixing. The measure-
ments of the XLD and the values of orbital 
occupancy were made at room temperature 
when the samples were above, or very close 
to, their ordering temperature, where the 
carriers in the samples will be polarons. 
Thus, the  e  g  band states would be combi-
nations of the states given by Equations   1   
and   2  : [ 36 ] 

     
ψ θ θ= − + −z r x ycos

2
3 sin

2
low

2 2 2 2

  
(1)

 

      
ψ θ θ= − − −z r x ysin

2
3 cos

2
high

2 2 2 2

  

(2)

 
 where ψ low , ψ high , −z r3 2 2 , and −x y2 2  
are the wave functions of low, high energy 
states, 3 z  2  –  r  2 , and  x  2  –  y  2  orbital, respec-
tively. The mixed orbital is the hybridization 
of 3 z  2  –  r  2  and  x  2  –  y  2  orbital, whose propor-
tions  P (3 z  2  –  r  2 ) and  P ( x  2  –  y  2 ), respectively, 
are obtained from XLD results. Then the 

angle of orbital mixing for low energy state can be calculated 

from  P (3 z  2  –  r  2 ) = 
θ

cos
2

2  and  P ( x  2  –  y  2 ) = 
θ

sin
2

2 , according 

to the normalization and orthogonality of orbital hybridiza-
tion. In manganites, the magnetization is determined by the 
bandwidth while the electron transfer integrals depend on the 
mixing angle  θ . [ 37 ]  For an unstrained magnetite in the metallic 
regime  θ  = 90°, so that  P ( x  2  –  y  2 ) =  P (3 z  2  –  r  2 ); this corresponds 
to maximum transfer integrals between the Mn ions. In the 
fi lms grown on STO that are under tensile strain the nearest 
neighbors separation will be greater in the plane. 

 The values of  θ  measured in our experiments, shown in 
Table  2 , are all relatively close to 90°. The  θ  values of fi lms 
grown on STO are all larger than 90°, corresponding to a 
higher probability  P ( x  2  –  y  2 ), while those grown on LAO have 
a higher probability  P (3 z  2  –  r  2 ) with  θ  < 90°. Thus, for the 
orbital where the nearest neighbor separations are reduced by 
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 Figure 4.    Magnetization curves measured with fi eld along [100] and [001] directions of LSMO 
with a) tensile and b) compressive strain under different  V  G . The dependence of  K  U  (left axis) 
and – A  XLD  (right axis) on  V  G  for the case of c) tensile and d) compressive strain.
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the strain, their occupations are enhanced, in-plane for tensile 
strain (STO) and out-of-plane for compressive strain (LAO). 
Positive  V  G  introduces electrons into the orbital enhanced by 
strain, giving rise to a larger value of | θ  – 90°|. While negative 
 V  G  increase the  x  value with stronger superexchange effect, 
which drives the value of  θ  close to 90°. It is also clear from 
this table that the magnitude of | θ  – 90°| increases as the satu-
ration magnetization increases. In the ferromagnetic phase, 
much of the stabilization energy of the magnetization comes 
from the increase in the bandwidth in the partially occupied  e g   
band due to effi cient electron transfer between Mn ions facili-
tated by the parallel spin electrons in the Mn  t  2g  shell. [ 4 ]  This 
increase in | θ  – 90°| corresponds to an enhancement of the 
transfer integrals along the directions where the distortions are 
reducing the Mn–Mn spacing. Hence, we can understand the 
orbital enhancement in these fi lms in terms of the benefi ts of 
increasing the transfer integrals when the spin ordering allows 
this effect to increase the bandwidth. The induced preferential 
orbital occupancy naturally impacts on the magnetic anisot-
ropy. The enhancement of  P ( x  2  –  y  2 ) as the voltage reduces the 
value of  x  from 0.64 to 0.43 leads to a strong uniaxial anisot-
ropy for the fi lm grown on STO under a voltage of +3 V. A 
different effect is seen for the fi lm grown on LAO: the anisot-
ropy is in-plane for a voltage of –3 V but this is reduced to zero 
at 0 V and then becomes out-of-plane as +3 V is applied with 
increased magnetization.  

  3.     Conclusions 

 In conclusion, an electrical manipulation of phase transition 
and orbital occupancy in LSMO is realized by applying gate 
voltage in a reversible and quantitative manner, generating a 
discrepant state with different orbital occupancy but the same 
Mn 4+ /(Mn 3+  + Mn 4+ ) compared to the bulk. For negative  V  G , the 
extraction of electrons drives LSMO into the AFM/AFI phase 
accompanied with uniform orbital occupancy, orbital mixing 
angle close to 90°, and reduced magnetic anisotropy. On the 
contrary, when  V  G  is positive, electrons are injected into strain-
stabilized orbital of LSMO, driving the mixing angle away from 
90°. For the manganite fi lms near the antiferromagnetic phase, 
positive gate voltage could simultaneously enhance the mag-
netic anisotropy and magnetization. In the case of preferential 
orbital occupancy and the concomitant magnetic anisotropy, we 
have seen that the control of  x  using voltage has additional ben-
efi ts (simultaneous higher magnetization and anisotropy) more 
than could be obtained by growth parameters alone. Although 
the diffi culty of handling ionic liquid, our fi ndings present a 
broad opportunity to advance the control of orbital in a variety 
of correlated electron system.  

  4.     Experimental Section 
  Sample Preparation : 20 nm thick (La,Sr)MnO 3–δ  fi lms were grown 

using PLD from a stoichiometric La 0.6 Sr 0.4 MnO 3  target by applying a KrF 
excimer laser at a rate of 0.77 nm min –1 . STO ( a  STO  = 3.90 Å) and LAO 
( a  LAO  = 3.79 Å) substrates are used to introduce tensile and compressive 
strain, respectively. The growth was monitored in situ by refl ection 

high-energy electron diffraction analysis allowing precise control of 
the thickness at the unit cell scale and accurate characterization of the 
growth dynamics. The Mn 4+ /(Mn 3+  + Mn 4+ ) ratios of fi lms are controlled 
by the oxygen pressure during growth and cooling process: when the 
growth (cooling) oxygen pressures are 200 (300 Torr), 100 (100 Torr), 
and 50 mTorr (10 Torr), the Mn 4+ /(Mn 3+  + Mn 4+ ) ratios are 0.54, 0.41, 
and 0.20, respectively. 

  Sample Characterization : Ionic liquid N,N-diethyl-N-(2-methoxyethyl)-
N-methylammonium bis-(trifl uoromethylsulfonyl)-mide with the 
freezing temperature of around 210 K was used as the electrolyte, 
whose irreversible reaction with manganites has been carefully ruled 
out [ 38 ]  (Supporting Information Figures S6–7). Samples with large 
areas of 2.5 mm × 2.5 mm were entirely covered by ionic liquid with 
Au top electrodes and a specifi c voltage is applied between the Au 
electrode and (La,Sr)MnO 3  fi lm by Agilent 2901A for about 30 min 
without special instruction. The values of  x  are determined by XPS at 
300 K. XLD characterizations were performed in total electron yield 
mode at Beamline BL08U1A at Shanghai Synchrotron Radiation Facility. 
A superconducting quantum interference device was used to measure 
magnetic properties at 10 K. Before XPS, XLD, and magnetization 
measurements, the ionic liquid is removed by rinsing in acetone and 
alcohol. Conductivity was probed in a transistor structure (Supporting 
Information Figure S3) by the physical property measurement system.  

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