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superlattices, in particular the (LaMnO 3 )  m  /
(SrMnO 3 )  n   system, has yielded important 
insights into the relationships between 
charge transfer, electronic structure, cation 
disorder, and magnetic ordering. [ 11–15 ]  
Ferroelectric superlattices have also 
received considerable attention, [ 16–18 ]  with 
short-period superlattices emerging as 
a platform in which to realize improper 
ferroelectrics. [ 19,20 ]  In contrast, superlat-
tice analogs of materials that undergo 
fi rst-order electronic phase transitions, 
such as charge ordering, remain largely 
unexplored. 

 The iron-based perovskite La 1/3 Sr 2/3 FeO 3  
(LSFO) is an intriguing material system 
in which to explore the relationship 
between cation ordering and charge 
ordering. Bulk LSFO exhibits an abrupt 
increase in resistivity at  T * ≈ 195 K, due 
to the onset of a nominal charge-ordered 
state with an ordering wavevector of  q  = 
[1/3 1/3 1/3]. [ 21–23 ]  Previous experimental 
and theoretical work has provided evidence 
that the charge ordering occurs on both Fe 

and O sites due to the hybridization of Fe 3 d  and O 2 p  bands 
in La 1−   x  Sr  x  FeO 3 . [ 24–26 ]  Concurrent with the charge-ordering tran-
sition is the onset of antiferromagnetism, in which a relatively 
long-period ↑↑↑↓↓↓ spin structure is stabilized along the [111] 
direction. [ 27 ]  The spin confi guration has been shown to play a 
key role in stabilizing the charge-ordered state. [ 28 ]  While these 
transitions have been studied in both bulk and thin fi lm mate-
rials, [ 29–34 ]  cation-ordered equivalents of LSFO have yet to be 
reported, even though the 1:2 La:Sr cation ratio lends itself to 
short period superlattices, such as (LaFeO 3  (LFO))  n  /( SrFeO 3  
(SFO)) 2   n  . 

 Using a combined experimental and computational 
approach, we have investigated the electronic properties of 
cation-ordered analogs of LSFO. We have synthesized short-
period superlattices via oxide molecular beam epitaxy (MBE) 
in which the arrangement of LFO and SFO layers is system-
atically varied. While LFO and SFO fi lms exhibit insulating 
and metallic behavior, respectively, the superlattices display a 
charge-ordering transition as indicated by a discontinuity in 
the temperature-dependent resistivity, the magnitude of which 
decreases as the interfacial density is reduced. Density func-
tional theory (DFT) calculations provide a model to interpret 
the charge-ordering transition, and the layer-resolved oxygen 

 The electronic properties of digital superlattices are reported, which are 
cation-ordered analogs of the perovskite La 1/3 Sr 2/3 FeO 3 , a material that 
undergoes a charge-ordering transition. Superlattices of LaFeO 3  (LFO), an 
antiferromagnetic insulator, and SrFeO 3  (SFO), a conductor with a helical 
magnetic ground state, are fabricated via oxide molecular beam epitaxy. 
Three isocompositional superlattices with repeat structures of SSLSSL (S2), 
SSSLSL (S3), and SSSSLL (S4) (S = SFO, L = LFO) are studied with cation 
orderings along the [001] and [111] directions for experimental and com-
putational work, respectively. The experimental superlattice structures are 
confi rmed via synchrotron X-ray diffraction and corresponding simulations 
of (00 L ) crystal truncation rods. The S2 and S3 superlattices are found to 
undergo an electronic phase transition as measured by a discontinuity in the 
temperature-dependent resistivity similar to the random alloy, indicating that 
the superlattices do not behave as a simple combination of LFO and SFO. 
The charge-ordering transition is not observed in the S4 sample. The elec-
tronic structure calculations using density functional theory, confi rming the 
energetic favorability of charge ordering in the S2 and S3 structures com-
pared to the S4 structure, are consistent with experimental trends. 

  1.     Introduction 

 The ability to synthesize complex oxide heterostructures with 
single unit cell precision has enabled new scientifi c directions 
focused on understanding physical properties at oxide inter-
faces. [ 1 ]  The formation of short-period superlattices, in which 
the distances between adjacent interfaces can be systemati-
cally tuned, provides an especially useful means to study how 
interfacial phenomena, such as charge transfer, [ 2–4 ]  structural 
coupling, [ 5–8 ]  and orbital reconstructions, [ 9,10 ]  can alter or lead 
to new functional properties. Previous work on manganite 
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and iron oxidation states as well as local atomic structures 
(Fe O Fe bond angle) are determined from DFT calculations.  

  2.     Results and Discussion 

  2.1.     Structural Characterization 

 LSFO fi lms and (SFO)  n  /(LFO)  m   superlattices were deposited on 
single crystal (001) (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7  (LSAT) substrates 
using ozone-assisted (≈5% O 3  in O 2 ) MBE. The LSFO fi lms 
were deposited by coevaporating all sources together, whereas 
the superlattices were deposited with alternating layers of SFO 
and LFO. Using this approach, we investigated three isocompo-
sitional superlattices: SSLSSL (S2), SSSLSL (S3), and SSSSLL 
(S4), where L is LFO and S is SFO, which are shown schemati-
cally in  Figure    1  a–c. These structures were each repeated ten 
times to attain a total thickness of 60 unit cells, which was fi xed 
for both the superlattices and random alloy fi lm.  

 The presence of cation ordering and layer thicknesses of the 
superlattices were characterized using synchrotron diffraction. 
Figure  1 d shows the diffracted intensities of the superlattice 
fi lms measured along the (00 L ) crystal truncation rods. The 
(002) peak of all the superlattices is visible at slightly lower 
momentum transfer than the LSAT (002) peak, consistent with 
the average compressive strain induced by the substrate. The 
average  c -axis parameters of the superlattices are measured to 
be 3.897, 3.895, and 3.914 Å for the S2, S3, and S4 samples, 
respectively. Satellite peaks arising from the superlattice peri-
odicity are clearly visible for all three samples. The presence 
of these satellite peaks indicates the existence of distinct LFO 

and SFO unit cells. Diffraction data were simulated using the 
GenX package [ 35 ]  to provide a comparison between the ideal tar-
geted structures and the measured experimental data. All GenX 
models were simulated as idealized superlattice structures with 
no intermixing between the LFO and SFO layers. We used 
simulated  c -axis parameters of 3.86 and 3.97 Å for the SFO and 
LFO layers, respectively, for all models. 

 To compare the structural accuracy of the superlattices to the 
targeted periodicity, we analyzed the peak positions of the fi rst 
satellite peak to the left (−1) and right (+1) of the fi lm (002) peak 
and compared the measured positions to those produced by the 
simulations. For the S2, we fi nd good agreement between the 
measured and simulated data exhibiting a superlattice perio-
dicity of 3.14 u.c., close to the targeted 3 u.c. The S3 and S4 
samples exhibit periodicities that are 1.22 and 0.83 u.c. thicker 
than the targeted 6 u.c. The additional thickness from fractional 
unit cell layering can, in principle, be more accurately modeled 
in GenX with the introduction of intermixing layers. For the 
sake of simplicity, however, we present simulations from the 
idealized structures in Figure  1 d. Despite the moderate error 
seen in the S3 and S4 periodicities, the general pattern of the 
cation ordering is still maintained within the S2, S3, and S4 
superlattices, making the cation arrangements signifi cantly dif-
ferent. In particular, the interfacial density and number of non-
interfacial SFO layers is systematically increased from S2 to S4.  

  2.2.     Electronic Transport 

 The temperature-dependent resistivity for all isocompositional 
samples is shown in  Figure    2  . The resistivity for a 60 u.c. SFO 
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 Figure 1.    Schematics and structure of the (001)-oriented superlattices. The a) S2 a), b) S3 b), and c) S4 superlattices are layered structures in which 
each (001) cubic  plane contains identical  A -site cations. The FeO 6  polyhedra are shown as gray rendered solids, with oxygen atoms as red spheres at 
each polyhedral corner. d) Synchrotron diffraction data and simulations of the S2, S3, and S4 superlattices.
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fi lm is also shown for reference and exhibits bulk-like metallic 
character with resistivity values that are in agreement with 
bulk SFO. [ 36 ]  Given the stability of oxygen defi cient, insu-
lating SrFeO 3−δ  phases, [ 37,38 ]  the observation of metallic SFO 
indicates that the postgrowth annealing is effective in mini-
mizing oxygen vacancies. Pure LFO fi lms are highly resis-
tive, with  ρ  > 10 4  Ω cm at 300 K. [ 39 ]  While the LSFO random 
alloy and superlattice fi lms exhibit similar room temperature 
resistivity of 2–5 mΩ cm, the samples differ markedly in their 
temperature-dependent resistivity. Both the random alloy and 
S2 samples exhibit abrupt increases in resistivity, consistent 
with an electronic phase transition. The transition temperature 
( T *), here defi ned as the maximum of the second derivative of 
resistivity with respect to temperature (d 2 ln( ρ )/d T  2 ), is 194 K 
for the random alloy and 183 K for the S2 superlattice. As can 
be seen in Figure  2 b, the magnitude of the fractional resistivity 
change (dln( ρ )/d T ) [ 40 ]  is also larger in the alloy compared to the 
S2 sample. Below the transition, both the random alloy and S2 
share nearly identical transport behavior, with the S2 having 
slightly lower resistivity. Temperature-dependent synchrotron 
diffraction measurements from the random alloy fi lm at the 
(4/3 4/3 4/3) position are shown in Figure S1 (see the Sup-
porting Information). The emergence of the (4/3 4/3 4/3) peak 

below  T * indicates that the change in resistivity arises from a 
charge-ordering transition, as in bulk La 1/3 Sr 2/3 FeO 3 . [ 21,22,31,41 ]  
The similarity of the resistivity data obtained from the random 
alloy and S2 samples suggests that the cation ordering in S2 
does not alter the charge-ordering pattern, which is supported 
by density functional theory calculations discussed below.  

 The S3 superlattice shows a slight increase in resistivity near 
176 K, though both the magnitude of dln( ρ )/d T  and  T * (=176 K) 
are reduced compared to the S2. The transition is apparently sup-
pressed in the S4 sample, suggesting that the charges are no 
longer ordered. At low temperatures, all superlattices exhibit 
insulating behavior; the resistivity systematically depends on the 
number of consecutive SFO layers, with  ρ  S4  < ρ  S3  < ρ  S2  below 50 K. 

 These results demonstrate that the charge ordering is 
dependent on the cation ordering and the number of consecu-
tive FeO 6  octahedra enclosed between SrO layers within each 
superlattice period. In particular, the resistivity data indicate that 
as the cation ordering is changed from S2 to S4, the propensity 
for charge ordering is suppressed, a result that is consistent 
with fi rst-principles calculations described below. The sup-
pression of charge ordering is most apparent in the S4 sample 
where three consecutive FeO 6  octahedra enclosed between SrO 
layers are stacked in a repeating manner through the superlat-
tice. The electronic transport of the S4 sample exhibits weakly 
insulating temperature dependence until roughly 5 K, below 
which a large upturn in resistivity is displayed. We attribute the 
insulating behavior, as opposed to metallic behavior observed 
in the SFO fi lm, to the fi nite thickness of the SFO layers, as 
previous studies of other metallic perovskites such as LaNiO 3  
have revealed metal–insulator transitions upon reducing fi lm 
thickness below 4–7 u.c. [ 42–45 ]  By contrast, transport in the 
S2 closely resembles the random alloy, suggesting that the elec-
tronic concentration is relatively uniform across the superlat-
tice in spite of the cation ordering. The transport similarities in 
the S2 and random alloy are consistent with behavior observed 
in (LaMnO 3 ) 2 /(SrMnO 3 ) 1  superlattices, which exhibit slightly 
reduced resistivity compared to La 2/3 Sr 1/3 MnO 3  alloy fi lms but 
with a minimal effect on magnetic-ordering temperature. [ 46,47 ]  
In these short-period manganite systems, both DFT calcula-
tions and Monte Carlo simulations confi rmed the homogeneity 
of the charge density through the superlattice. [ 48,49 ]  Finally, we 
note that magnetization measurements were carried out on 
the superlattices using a vibrating sample magnetometer; no 
evidence of ferromagnetic ordering was observed in the super-
lattices (see Figure S2 in the Supporting Information). We 
were unable to measure a cusp in the magnetic susceptibility 
at the Néel temperature in our fi lms and superlattices, which 
we attribute to the limited sample volume. We note that pre-
vious work on La 1/3 Sr 2/3 FeO 3  has shown that the charge and 
antiferromagnetic (AFM) orderings occur at the same temper-
ature, [ 28,31 ]  and thus we anticipate that the measured  T * also 
marks the Néel temperature of the samples.  

  2.3.     Correlation between  A -Site Cation Ordering and 
Spin Ordering 

 DFT calculations were performed to better understand the 
relationships between cation ordering, the spin confi guration, 

www.MaterialsViews.com www.advelectronicmat.de

Adv. Electron. Mater. 2016, 2, 1500372

0 60 120 180 240 300
10-4

10-3

10-2

10-1

100

101

102

103

SFO

S4

S3

LSFO

ρ 
(Ω

 c
m

)

T (K)

S2

(a) 

160 170 180 190 200 210

-0.4

-0.2

0.0

S2

LSFO

S4

d
ln

( ρρ
)/d

T
 (

ar
b

. u
n

it
s)

T (K)

S3

(b) 

 Figure 2.    a) Temperature dependence of the resistivity for LSFO, S2, S3, 
S4, and SFO samples. b) The change in resistivity as a function of tem-
perature reveals the relative sharpness and temperature of the transition. 
The charge-ordering transition is suppressed in the S4 sample.
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and charge ordering. Three different isocompositional LSFO 
models corresponding to S2, S3, and S4 were constructed based 
on a rhombohedral 30-atom LSFO cell (R3 c  space group). In the 
models, the ordering directions of  A -site cations and spin con-
fi gurations of Fe ions are both [111]; defi ned based on a pseudo-
cubic cell. Each (111) plane has a uniform layer of  A -site cations 
(either Sr or La) and spin confi gurations. For each LSFO model 
system, 32 different spin confi gurations for Fe ions have been 
compared (six Fe ion planes with either up or down spins for 
each ion, using global up–down symmetry). Since a charge and 
spin density wave has been observed experimentally along [111] 
in LSFO, we believe that this assumption of [111] spin planes is 
reasonable. [ 22,27 ]  At this point, it should be mentioned that the 
ordering direction of  A -site cations for the LSFO models, [111], 
is different from experimental ordering direction, [001]. Experi-
mentally, synthesizing short-period (111)-oriented superlattices 
presents a more signifi cant technical challenge compared to 
(001)-oriented superlattices, in which nominal unit cell control 
can be readily realized. However, considering that the major 
role of  A -site cation ordering in LSFO is expected to be varia-
tions of the oxidation states of Fe and O, we believe that com-
parison of the experimental and theoretically obtained trends 
provide qualitative insight into the contribution of  A -site cation 
ordering to the spin confi guration of LSFO. 

 We fi rst describe how Sr ordering in LSFO changes the 
stable spin confi guration, which is believed to play a central role 
in stabilizing the charge ordering. [ 28 ]   Figure    3   compares four 
important spin confi gurations (a, b, c, and d) with the energy 
difference (Δ E ) compared to the most stable spin structure for 
the three cation-ordered structures. Δ E  between the four stable 
confi gurations, and others not shown here, is on the order of 
0.1 eV cell −1 . AFM arrangements a and b describe the bulk spin 
ordering of LSFO. Confi guration c is commonly referred to as 
G-type antiferromagnetism, in which each Fe spin is antipar-
allel with its six nearest Fe neighbors, thus maximizing AFM 
interactions.  

 For both S3 and S4, the most stable spin confi guration is a. 
However, it is unclear for S2 which confi guration is the most 
stable one. Specifi cally, even though confi guration c has the 

lowest total energy, its energy difference from bulk spin ordering 
of LSFO (confi gurations a and b) is miniscule (<0.01 eV LSFO −1 ). 
This value is smaller than the error range associated with our 
convergence threshold for  k -points and cutoff energy. Thus, we 
believe that it is reasonable to expect that confi gurations a and b 
are comparably stable with confi guration c. 

 All of the lowest energy spin structures lead to insulating 
behavior. However, the magnitude of the energy gap decreases 
as the Sr cations become increasingly clustered (S2 → S4); the 
calculated band gaps are 0.3 eV (S2), 0.3 eV (S3), and 0.1 eV 
(S4). This trend is consistent with the trend in resistivity experi-
mentally observed, even though the crystallographic direction 
of cation ordering differs. 

 Our calculations also show that cation ordering alters the 
relative stability of the nonground state spin structures. Par-
ticularly,  nonideal  spin confi guration d becomes increasingly 
stable as the number of consecutive SFO layers increases from 
S2 to S4. For S2 and S3, energy of confi guration d is rather 
high with reference to the most stable spin structure (Δ E  = 
0.07–0.1 eV cell −1 ). By contrast, Δ E  in S4 is 0.007 eV cell −1 , 
which is smaller than that of S2 and S3 by an order of magni-
tude. Interestingly, S4 with the d spin confi guration is metallic. 

 To examine how Sr ordering acts on charge ordering, layer-
resolved charges of Fe and O of spin confi guration  ↑↓↓↓↑↑  for 
all LSFO models are estimated using Bader charge analysis, as 
shown in  Figure    4  . [ 50,51 ]  As seen in Figure  3 , S3 and S4 show 
the lowest DFT energies with this  ↑↓↓↓↑↑  confi guration. In 
S2, due to infi nitesimal DFT energy difference among three 
confi gurations including the  ↑↓↓↓↑↑ , it is not clear which one 
is the most favorable confi guration.  

 In Bader analysis, charge density is partitioned as distinct 
regions for adjacent ions by defi ning boundaries satisfying the 
condition of ∇ ρ ( r ) = 0 where  ρ ( r ) is the electron charge den-
sity. Thus, charge from Bader analysis is not constrained to 
be an integer like other theoretical approaches based on elec-
tronic structure calculations. [ 51 ]  While direct quantitative com-
parison among oxidation state and local charge of ions can 
be challenging, [ 52 ]  the qualitative trend of oxidation states can 
be favorably captured by Bader charges as reported by other 
studies. [ 53,54 ]  

 First, all models show Fe 1.90+ –Fe 1.88+ –Fe 1.88+ –Fe 1.90+ –Fe 1.88+ –
Fe 1.88+  charge ordering with some minor deviation dependent 
on Sr distribution which is consistent with bulk LSFO (peaks at 
Fe1 and Fe4). This “high–low–low–high–low–low” pattern along 
the [111] direction is identical with the experimentally proposed 
charge ordering (Fe 5+ –Fe 3+ –Fe 3+ –Fe 5+ –Fe 3+ –Fe 3+ ) which is based 
on an ionic bonding picture. [ 28 ]  Appreciable modulation of the 
hole density on the oxygen ions, as shown in Figure  4 c, is also 
consistent with previous unrestricted Hartree–Fock calcula-
tions. [ 24 ]  For O, the charge magnitude is minimized at O1, O3, 
O4, and O6, which are the adjacent O layers to Fe1 and Fe4. 
This difference in Bader charges (≈0.02 for Fe and ≈0.08 for O) 
is on the same order of magnitude with Bader charges of other 
materials. [ 53,54 ]  

 The Bader charge trend in Figure  4 b illustrates how the 
Sr distribution affects both charge and spin orderings. Bader 
charges of Fe in S2, where the Sr distribution is closer to 
bulk LSFO than to S3 and S4, show a symmetric spatial pro-
fi le. As Sr clusters (S2 → S4), the Fe charge pattern becomes 
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 Figure 3.    Energy calculated by DFT +  U  for four different spin confi gura-
tions for each LSFO cation confi guration. Δ E  is the energy difference of 
the LSFO model with each spin confi guration with respect to that of the 
most stable confi guration.
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asymmetric, with contributions from the  A -site charge super-
imposed on the charge-ordering pattern. In S3, the Bader 
charge is concentrated in two regions (A1–A2 and A4–A6) with 
a drop in charge at A3. In the A1–A2 layers, holes are more 
concentrated in S4 with respect to S2. This region of increased 
charge density in S4 occurs in the La-rich portion of the super-
lattice. This observation illustrates how the electron source of 
S3 is different from that of S4. Carriers in S3 are derived from 
aliovalent substitution effect (Sr ′  La  using Kröger–Vink notation) 
as Sr and La cations in S3 act in a manner analogous to LSFO 
bulk. However, the layers of higher Bader charge in S4 origi-
nate from the LFO-like region. Specifi cally, as Sr is completely 
clustered in S4, the superlattice increasingly behaves as sepa-
rate LFO-like and SFO-like regions. Thus, Fe Bader charges 
become higher in the La rich region (A1–A2) than in the Sr 
rich region (A3–A6) because Bader charge of Fe in bulk LFO 
(Fe 1.86+ ) is higher than that of bulk SFO (Fe 1.64+ ). This Bader 
charge difference of Fe among LFO and SFO is opposite to the 
trend from an ionic picture (Fe 3+  in LFO and Fe 4+  in SFO) in 
which explicit electron transfer from Fe to O is assumed. One 
potential interpretation for the opposite behavior is that SFO 
has increased covalent bonding among Fe and O due to its 
negative charge transfer energy ( Δ  ≈ −3.0 eV) in comparison 
with that of LFO ( Δ  ≈ +4.0 eV). Thus, back electron transfer 
from Fe to O can be predominant in SFO in contrast to LFO. [ 55 ]  
Calculated Bader charge of O in SFO (O 1.07− ) in this study is 
signifi cantly higher than that in LFO (O 1.32− ). While an addi-
tional investigation of Fe oxidation states in LFO and SFO is 
beyond the scope of our study since we intend to determine 
reference Bader charges to examine charge-ordering behavior 

of LSFO, future research could tackle this 
issue in-depth. 

 Our interpretations of the electronic dis-
tribution within the S4 superlattice offer an 
insight into the correlation among cation 
ordering and ground state spin structure 
shown in Figure  3 . Specifi cally, the reason 
that the energetic stability of confi guration 
d becomes similar to confi gurations a and 
c in S4 is because the La-rich and Sr-rich 
regions become increasingly like bulk LFO or 
SFO compared to the S2 or S3. 

 In addition to the charge distribution 
throughout the superlattices, the DFT 
results also reveal the presence of spatially 
varying Fe O Fe bond angles ( θ ) arising 
from  a  -  a  -  a  - -type rotations of the FeO 6  octa-
hedra. A smaller variation in  θ  is present in 
the S2 superlattice than the S4 superlattice. 
In the S2, the calculated bond angles range 
from 160.1° to 164.1°. In the S4 superlat-
tice,  θ  values between 158.0° and 165.5° are 
obtained, with the highest bond angles in the 
Sr-rich regions and the lowest bond angles in 
the La-rich regions. This trend is similar to 
the electronic distribution, with the S2 super-
lattice exhibiting more homogeneous atomic 
structure compared to the S4 superlattice. 
The increased variation in  θ  may also play a 

role in destabilizing the charge ordering, as previous work on 
bulk RSr 2/3 FeO 3 , where R is a rare earth cation, has shown that 
the charge-ordering transition is not present in compounds 
with a reduced tolerance factor (R = Sm and Gd). [ 23 ]    

  3.     Conclusions 

 In summary, we have systematically studied the effect 
of cation ordering on the electronic phase transition in 
(LaFeO 3 )  n  /(SrFeO 3 )  m   superlattices that are compositionally 
equivalent to La 1/3 Sr 2/3 FeO 3 . Our results show that the for-
mation of superlattices with systematic changes to the cation 
arrangements generates macroscopic electronic behavior that 
cannot be treated as simple combinations of the constituent 
materials. The charge-ordered state is suppressed in the S4 
compared to the S2, as demonstrated by electronic transport 
measurements and DFT calculations. DFT calculations reveal 
that charge ordering and corresponding stable spin confi gu-
ration is suppressed as Sr cations are clustered, illustrating 
that the individual LaFeO 3  and SrFeO 3  layers exhibit increas-
ingly bulk-like behavior as the distance between interfaces is 
increased. These results elucidate the relationship between 
cation ordering, which acts to alter local electronic confi gu-
rations, and electronic phase transitions, in which nonuni-
form electronic confi gurations emerge from macroscopically 
homogeneous oxidation states. This work provides a direct 
demonstration of how atomically controlled synthesis of oxide 
heterostructures can be used to tailor the stability of charge-
ordered states.  
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 Figure 4.    a) Schematic description showing cation ordering along [111] direction. The Fe and 
O charges from Bader analysis for spin structure  ↑↓↓↓↑↑  of all three LSFO models are shown 
in (b) and (c), respectively.
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  4.     Experimental Section 
  Experimental Techniques : LSFO fi lms and (SFO)  n  /(LFO)  m   superlattices 

were deposited using an oxide MBE system from Omicron/Scienta 
(modifi ed LAB-10). Metal cations were sublimated or evaporated 
using Knudsen cells containing elemental La, Sr, and Fe. The surface 
crystalline quality was monitored in situ using refl ection high-energy 
electron diffraction. During the growth, the temperature was 625 ± 25 °C 
at an ozone pressure of 2 × 10 −6  Torr. To improve the nominal oxygen 
stoichiometry, all samples were annealed postgrowth in a tube furnace 
(Thermo Scientifi c Lindberg Blue M) at atmospheric pressure under 
fl owing O 2  at 675 °C for 3 h, immediately followed by an additional 
anneal under fl owing O 2 /O 3  (≈95%/5%) at 200 °C for 30 min. This 
two-step annealing process is an effective method to reduce oxygen 
vacancies. Synchrotron X-ray diffraction measurements were completed 
at Sector 33-BM-C of the Advanced Photon Source using a photon 
energy of 10.0 keV. Electrical resistivity measurements were obtained in 
a Physical Properties Measurement System (PPMS) (Quantum Design 
EverCool II) using an external Keithley 6220 current source and Keithley 
2148 Nanovoltmeter. A linear four-point probe measurement geometry 
was used for all measurements. Magnetometry measurements were 
performed in the PPMS using the vibrating sample magnetometry 
option. 

  Density Functional Theory Calculations : We performed DFT calculations 
using the Quantum ESPRESSO package, [ 56 ]  employing the generalized 
gradient approximation [ 57 ]  with pseudopotentials constructed by the 
Rappe–Rabe–Kaxiras–Joannopoulos scheme [ 58 ]  and the designed 
nonlocal method. [ 59 ]  Pseudopotentials for La, Sr, Fe, and O atoms were 
developed using the open-source pseudopotential generator, OPIUM [ 60 ]  
with 5 s  2 5 p  6 6 s  0 4 f  0 5 d  0 6 p  0 , 4 s  2 4 p  6 5 s  0 4 d  1 , 3 s  2 3 p  6 4 s  2 3 d  5.1 4 p  0 , and 2 s  2 2 p  4  as 
their reference confi gurations, respectively. Nonlinear core corrections 
were included with the Fe and Sr pseudopotentials to obtain better 
descriptions of the electronic structures of LSFO. [ 61 ]  In addition, a 
Hubbard  U  of 4.4 eV was applied to Fe in order to describe energy gaps 
of LSFO accurately. The  U  value was determined from self-consistent 
linear-response calculations of LFO bulk. [ 62 ]  Also,  k -point meshes (3 × 
3 × 3) and cutoff energy (55 Ry) were chosen to achieve a convergence 
error of 0.01 eV LSFO −1  (≈ 0.2 meV atom −1 ) in the total energy. The ions 
in each atomic structure were fully relaxed toward equilibrium until the 
forces were less than 0.001 Ry  a  0  −1 .  

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