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We report on the electronic transport properties of epitaxial La1=3Sr2=3FeO3 films using
temperature dependent resistivity, Hall effect, and magnetoresistance measurements. We show
that the electronic phase transition, which occurs near 190 K, results in a change in conduction
mechanism from nonadiabatic polaron transport at high temperatures to resistivity behavior
following a power law temperature dependence at low temperatures. The phase transition is also
accompanied by an abrupt increase in apparent mobility and Hall coefficient below the critical
temperature (T*). We argue that the exotic low temperature transport properties are a consequence
of the unusually long-range periodicity of the antiferromagnetic ordering, which also couples to
the electronic transport in the form of a negative magnetoresistance below T* and a sign reversal
of the Hall coefficient at T*. By comparing films of differing thicknesses, stoichiometry, and
strain states, we demonstrate that the observed conduction behavior is a robust feature of
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883541]
La1=3Sr2=3FeO3. V

I. INTRODUCTION

Interest in electronic phase transitions (EPTs) has motivated considerable work focused on perovskite and
other complex oxide systems,1–4 with substantial efforts
aimed at understanding these transitions in epitaxial
heterostructures,5–11 the material architecture of choice for
electronic devices.12–15 Electronic transport measurements
have been used extensively to identify EPTs, develop electronic phase diagrams, and to compare relative metrics of
these transitions, such as the transition temperature (T*)
and the magnitude of a resistivity change, in different
materials.16–20 However, the identification of the underlaying conduction mechanisms in EPT materials is a lesser
studied topic, though one that can play a critical role in
developing a deeper understanding of materials that
undergo less common transitions such as insulator-insulator
transitions or those that lack a distinct change in structural
symmetry across T*.
One such system is La1=3Sr2=3FeO3 (LSFO), which
exhibits an abrupt discontinuity in resistivity (q) at
T*  190–200 K but with insulating behavior (dq/dT < 0) on
both sides of the transition.21 This EPT is attributed to the
formation of a nominally charge-ordered state with a 3d111
periodicity.22–25 Simultaneous with the charge-ordering transition, the material undergoes a magnetic transition leading
to an antiferromagnetic (AF) state with a """### spin structure also ordered along the [111] direction.25,26 However, the
EPT is not accompanied by a change in crystal symmetry as
is often observed in oxides with metal-insulator transitions,
such as the RNiO3 (R ¼ rare earth) compounds, CaFeO3 and
the half-doped manganites,27 although changes in the local
Fe-O bonding environments have been observed.24,28
Instead, LSFO retains the rhombohedral R3c symmetry
a)
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across the transition, as determined from neutron diffraction
measurements.26 This lack of symmetry change, absence of
metallic behavior above T*, the critical role played by the
magnetic ordering in the EPT,29,30 and the relatively long periodicity of the ordering separates the EPT in LSFO from
that of other 3d perovskites and warrants closer examination
of the transition.
One outstanding issue is the behavior of the carriers responsible for conduction. While multiple groups have
reported on the resistivity change at T*,21,27,31–34 a detailed
study of the conduction mechanisms in this material has yet
to be put forth. Optical spectroscopy measurements have
revealed the opening of a gap on the order of 0.15 eV below
T*.35 This result motivates the questions: is conduction
below T* consistent with thermal activation of carriers
across a gap; and, why is conduction non-metallic above T*?
In this work, we address these issues through an analysis of variable temperature resistivity measurements carried
out on epitaxial LSFO films grown on (La,Sr)(Al,Ta)O3
(LSAT) and SrTiO3 (STO) substrates. At high temperatures,
a strong electron-lattice coupling leads to nonadiabatic polaron conduction, resulting in the semiconducting behavior
present above T* despite the large number of carriers
observed from the Hall coefficient. We show that the low
temperature conduction is not consistent with activated
behavior or conventional variable range hopping (VRH),
but instead exhibits a power law dependence on temperature. Abrupt changes in the Hall coefficient, mobility, and
magnetoresistance (MR) at T* support our assignment of the
conduction mechanism transition, while also pointing to the
importance of the long-range periodicity of the antiferromagnetic order in electron transport. Finally, we show that
the transport properties are consistent for films of different
thickness, stoichiometry, and strain states, confirming that
these results are intrinsic to LSFO and not due to extrinsic
effects.
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II. SAMPLES AND EXPERIMENTAL METHODS

La1=3Sr2=3FeO3 films were deposited on single crystal
(001) LSAT and STO substrates using ozone-assisted (5%
O3 in O2) molecular beam epitaxy (MBE) (Omicron modified LAB-10 system). These substrates induce a 0.1% compressive (LSFO on LSAT) and 0.9% tensile strain (LSFO on
STO) into the films. The metal cations were co-evaporated
using Knudsen cells containing elemental La, Sr, and Fe;
shuttering of the sources was controlled using an Arduino
program. During growth, the temperature was 600 6 25  C at
an ozone pressure of 2  106 Torr. Following the deposition, all samples were annealed in a tube furnace (Thermo
Scientific Lindberg Blue M) at atmospheric pressure under
flowing O2 at 675  C for 3 h, immediately followed by an
additional anneal under flowing O2/O3 (95/5%) at 200  C for
30 min. This two-step annealing process has proven to be an
effective method to minimize oxygen vacancy concentrations in LSFO films36,37 as evidenced by low resistivity values at room temperature.
X-ray reflectivity (XRR) and diffraction were used to
determine the film thickness and lattice parameters using a
Rigaku Smartlab diffractometer. Cation composition was
determined using Rutherford backscattering spectroscopy
(RBS) measurements performed at the Laboratory for
Surface Modification at Rutgers University. These measurements were performed on films grown on STO with a thickness of 60 unit cells or greater. In the case of thinner films or
films grown on LSAT, the large substrate signal makes quantitative analysis of the RBS data difficult. The SIMNRA software was used to simulate the RBS spectra; the cation
compositions were determined by minimizing the squared
difference between the measured and simulated counts at
each channel.38 A list of the samples used in the study is presented in Table I.
In the case of AK22, which is the film discussed in
Secs. III A and III B, synchrotron x-ray diffraction measurements were conducted at Sector 6-ID-B of the Advanced
Photon Source using a photon energy of 10.0 keV. Figure 1
shows the diffracted intensity along the [00L] direction
through the (001) reflections from the substrate and the film.
The diffracted intensity was simulated using the GenX package to accurately determine the c-axis lattice parameter of
the film.39 The model indicates the film consists of 37 unit
cells with an average c-axis parameter of 3.878 6 0.004 Å.
TABLE I. Basic properties of the LSFO films used in this study. The thicknesses and compositions are determined from XRR and RBS measurements,
respectively. Films on LSAT and ultrathin films are STO were not measured
with RBS due to the difficulty in quantitatively analyzing the weak film signal over the large substrate signal.
Sample name
AK22
RST172
RST175
RST176
JD16
AK42

Substrate

Thickness (nm)

Measured cation composition

LSAT
STO
LSAT
STO
STO
STO

15.1
23.8
13.8
13.5
39.9
34.1

…
La0.35Sr0.65Fe0.96
…
…
La0.38Sr0.62Fe0.99
La0.27Sr0.65Fe1.0

FIG. 1. Measured (open symbols) and simulated (red lines) RBS data (a);
spectra are offset for clarity. Measured (open circles) and simulated (solid
line) x-ray diffraction data from the (001) Bragg peak of sample AK22 (b).

The film is therefore under slight compressive strain, as the
lattice parameter of LSAT is 3.868 Å. The 1–2 unit cells of
the LSFO at the film/substrate interface have slightly displaced cation positions and a modified c-axis parameter
compared to the rest of the film, which is modeled as perfectly crystalline. Transverse scans at the film and substrate
peaks confirm that the film is epitaxial and strained. The
thickness obtained from x-ray reflectivity (39 unit cells) was
used in calculating the carrier concentration, as reflectivity
measures the total film thickness as opposed to the number
of coherent crystallographic layers that contribute to
diffraction.
Resistivity, Hall effect, and magnetoresistance (MR)
measurements were carried out using a Physical Property
Measurement System (PPMS) by Quantum Design.
Resistivity was collected using standard four-point probe geometry, and contact to the sample was made with gold wire
and silver paste. Current was sourced in both positive and
negative directions to eliminate thermal voltages using a
Keithley 6220 current source, and the resulting voltage was
measured using a Keithley 2148 Nanovoltmeter. The T* values were taken to be the local maximum of the second derivative of ln(q) with respect to temperature.40 MR was
collected with the magnetic field oriented parallel to the
psuedocubic [001] of the LSFO film (out of plane direction).
At fixed temperatures, the magnetic field was swept between
9 T and 9 T to check that the data was symmetric about the
0 T point. The MR is defined as
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Rð9TÞ  Rð0TÞ
:
Rð0TÞ

(1)

Hall effect was measured using a van der Pauw probe configuration. Due to the presence of magnetoresistance below the
EPT in LSFO samples, which appears in series with Hall
effect signal, the collected data were fit to a quadratic model
with the linear portion of the fit used to determine the Hall
coefficient.41
III. RESULTS AND DISCUSSION
A. Electronic transport above T*

We start with a detailed description of the transport properties obtained from AK22, a sample chosen due to its similarity with previously reported resistivity data on stoichiometric
bulk LSFO.21 All data presented in Secs. III A–III C were
obtained from this sample. The temperature-dependent resistivity of this LSFO film is shown in Figure 2. At room temperature, LSFO exhibits a resistivity of approximately 2 mX cm.
Over the range of 300 to 200 K there is little change in resistivity, with only a small increase as temperature decreases
indicating the presence of semiconducting behavior. Below
200 K, the resistivity begins to increase more rapidly, and at
T* ¼ 188 K, there is an abrupt jump in resistivity indicating an
EPT. This phase transition increases the resistivity by an order
of magnitude over a narrow temperature range of approximately 10 K. Resistivity measurements performed upon
warming and cooling through the EPT reveal the presence of
hysteresis, shown inset of Fig. 2. The thermal hysteresis points
to a first order transition, consistent with previous reports of
LSFO in bulk and thin film form.21,32,33
Below the transition, the resistivity increases nearly
seven orders of magnitude from T* to 9 K, where the resistance reached the maximum measurable value of the measurement system. This large change in resistance is in stark
contrast to the weakly insulating behavior above T* and
occurs over a similar temperature range. The change in the
general behavior of resistivity data indicates that there is

FIG. 2. Resistivity as a function of temperature for a LSFO film (AK22)
grown on LSAT. The observed transition is at approximately 188 K. Inset
shows a forward and back temperature sweep about T* and the accompanying thermal hysteresis.

likely a transition in the underlying conduction mechanism
above and below the EPT.
To elucidate the mechanisms responsible for electronic
conduction in LSFO, the resistivity data was fit using a variety of models that describe electronic transport, including
standard activated behavior, small polaron conduction in
both the adiabatic and nonadiabatic limits,42 3D VRH43 and
VRH considering electron-electron interactions.44 At temperatures above T*, the transport behavior is well fit by the
conduction model of a small polaron hopping through the
crystal lattice, given by42,45


WH
a
;
(2)
q ¼ q0 T exp
kB T
where WH is the activation energy of the small polaron, a
relates to the probability of the polaron to hop with each lattice vibration and is 1 for the adiabatic case and 3/2 for nonadiabatic polarons, kB is Boltzmann’s constant, and T is the
absolute temperature. In the nonadiabatic model, the polaron
binding energy (WP) can be estimated as WP ¼ 2WH which is
related to the electron-phonon coupling constant (c) by45
c¼

WP
;
h 0

(3)

where h is Planck’s constant and  0 is the optical phonon frequency, approximated as 5.28  1012 Hz using linear extrapolation of data obtained by Tajima et al.46 The fit to Eq. (2)
is shown in Fig. 3 in the nonadiabatic limit (a ¼ 3/2). The fitting parameters for both the adiabatic and nonadiabatic models are given in Table II for sake of comparison as well as
the quantities derived from the fitting parameters.
An important caveat on the Holstein model of thermally
hopping small polarons is that the model is applicable for
T > HD/2 ¼ h 0/kB, where HD is the Debye temperature.42,45
We are unaware of reports of either the optical phonon frequency or heat capacity for LSFO at this composition; therefore, the exact HD is not known. However, the optical
phonon frequency has been determined in La1xSrxFeO3 for

FIG. 3. Temperature-dependent resistivity for LSFO plotted in the nonadiabatic polaron model. The open circles show the measured data, and the solid
line shows the fit to the nonadiabatic polaron model for T > T*.
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TABLE II. Summary of both adiabatic and nonadiabatic polaron fitting parameters and calculated physical quantities obtained from the nonadiabatic
results.
Model
Nonadiabatic
Adiabatic

WH (meV)
33
22

q0 (X cm)
7

1.18  10
3.12  106

WP (meV)

c

66
…

3.0
…

0  x  0.4,46 yielding HD ¼ 270 K. Heat capacity measurements have been reported for La0.5Sr0.5FeO2.9, yielding a
Debye temperature of 416 K.47 Thus, we conclude that the
model is applicable for the temperatures over which the fit
was performed (T > T*).
Although the nonadiabatic polaron model provides the
best fit to the data, the adiabatic model yielded fits that are
nearly equivalent to the nonadiabatic case, consistent with
several other reports in oxides.41,48 However, for LSFO, the
nonadiabatic model is likely the applicable model. First,
although the two models both fit the data well (for example,
R2 values of 0.99994 and 0.99983 were obtained for nonadiabatic and adiabatic models, respectively), in the film
described here as well as the five other films presented in
Sec. III D, the nonadiabatic model consistently provides the
higher R2 value. Second, the activation energies in the case
of the nonadiabatic model are inherently higher whereas in
some cases the adiabatic fits yield activation energies that
are less than kBT down to temperatures of 250 K, implying
dq/dT > 0, which is inconsistent with experimental observations. Finally, analysis including the experimentally determined mobilities, discussed in greater detail in Sec. III C,
provides quantitative physical evidence for nonadiabatic
processes.
A large number of perovskite oxides are known to exhibit polaron conduction, for instance La0.7Ca0.3MnO349 and
La0.5Pb0.5Mn1xCrxO3.48,50 The already narrow bands of the
eg electrons, ionic nature of the lattice, and high dielectric
constants makes perovskites susceptible to the self-trapping
of small polarons.45 In LSFO, the carrier responsible for the
polarization of the lattice is expected to be a hole. This results
from the fact that replacing La3þ in the parent compound
LaFeO3 with Sr2þ leads to a nominal shift in iron valence
from 3þ to 4þ, accompanied by a change in electron configuration from d5 (t32g e2g ) to d4 ðt32g e1g Þ. This would be expected
to result in approximately 0.67 holes/Fe at the composition of
LSFO used in this study. The creation of small polarons
explains why, despite such a high density of carriers in a partially filled eg band, the conduction is not metallic. Instead,
LSFO exhibits a low polaron activation energy, 33 meV,
which is consistent with the weakly temperature-dependent
resistivity in the high temperature phase.
Polaron conduction has been previously observed in insulating La1xSrxFeO3 (x  0.3)51 with activation energies of
0.53, 0.42, and 0.29 eV for x ¼ 0.05, 0.20, and 0.30, respectively, as well as in La1=3Sr2=3FeO2.88 for which WH ¼ 70 meV
was reported.52 Both of these results point to the fact that the
polaron activation energy is dependent on the carrier concentration since WH decreases with increasing Sr doping.
Similarly, an increase in the concentration of oxygen vacancies
(which remove holes from the system) causes an increase in

activation energy. This trend of a continued decrease in activation energy with increasing hole concentration, along with the
fact that LSFO has a relatively low electron-phonon coupling
constant, c ¼ 3.0 compared to typical values in oxides of
4–9,45,48,53 and an activation energy on the order of kBT, suggests that at the 0.67 holes/Fe, LSFO is close to a critical carrier density above which there is a transition to metallic
conduction.54–56 Similar observations of critical carrier densities made in WO3x,55 NbO2.5x,54 and La2xSrxCuO456
have been explained as the carrier density equaling the number
of sites at which small polarons can be formed.
B. Electronic transport below T*

Contrary to the high temperature resistivity, the low
temperature resistivity does not fit to the polaron model. To
identify the low temperature conduction mechanism, the resistivity data were evaluated using the logarithmic derivative
method, in which ln W is plotted against ln T with
W ¼ d(lnq)/d(ln T).57,58 The slope of this plot is the exponent m in the equation
 m
T0
q ¼ q0 exp
;
(4)
T
where q0 is a prefactor. In the case of simple activated
behavior, m ¼ 1 and T0 ¼ EA/kB, where EA is the activation
energy. The exponents m ¼ 0.5, 0.33, and 0.25 indicate
Efros-Shklovskii VRH, two-dimensional VRH, and
three-dimensional VRH, respectively. As can been seen in
Fig. 4(a), the logarithmic derivative analysis reveals a slope
of m ¼ 0. This exponent is indicative of non-exponential,
power law behavior. The non-exponential nature of the transport can be further seen in Figs. 4(b) and 4(c) in which the
failure of the activated and 3D VRH models to fit the resistivity data is shown. In contrast, the resistivity data can be fit
with excellent agreement to a power law, q ¼ q0Tp, dependence, as shown in Fig. 4(d). For the fit to AK22, a value of
p ¼ 5.0 is obtained.
The observation of power law, as opposed to exponential, resistivity behavior is unusual and indicates the presence
of a novel transport mechanism below T*. We attribute this
exotic conduction behavior to the unusual spin structure
present in the antiferromagnetic state, in which the ordering
is """### along [111], with the Neel temperature equal to
T*.25,26 We hypothesize that this spin structure plays a critical role in the transport. In the magneticallypﬃﬃordered
state,
ﬃ
the carrier must hop a minimum distance of 6a in order to
move between adjacent ferromagnetically coupled trilayers
with the spin state conserved, as shown in Fig. 5.
Additionally, thermal perturbation may cause p
spin
ﬃﬃﬃ fluctuations
leading
to
longer
hop
distances,
such
as
8a, 3 a, or
pﬃﬃﬃﬃﬃ
11a. However, unlike the variable-range hopping scenario,
there does not exist a continuous variation of hop distances,
instead the hop distances are fixed by the magnetism.
We are unaware of a quantitative transport model developed to describe the conduction behavior hypothesized.
However, we note that a power law resistivity dependence
has been previously attributed to multiple phonon assisted
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FIG. 4. Temperature-dependent resistivity evaluated from 20–150 K using
the logarithmic method (a); slopes
associated with 3D VRH (m ¼ 0.25)
and E-S VRH (m ¼ 0.5) are shown for
comparison. Fits to a simple activated
model (b) and 3D VRH (c) fail to
reproduce the data. Instead, the resistivity follows a non-exponential,
power law dependence shown in (d).

hopping with reported values of p ranging from 3 to
17.59–61 Given the electron-lattice coupling that yields polaron conduction above T*, the power law behavior may
indicate that the hopping between adjacent ferromagnetic
layers is a multiple phonon assisted process. In this scenario,
the large hopping distance due to the antiferromagnetic
ordering likely requires the adsorption of energy from multiple phonons per carrier.

FIG. 5. A schematic of the Fe sublattice is shown in which blue and red
spheres represent spin up and down states. The nearest hop distances
between adjacent ferromagnetically coupled layers are highlighted.

C. Hall coefficient and magnetoresistance

Further verification of the conduction mechanisms was
obtained through temperature dependent Hall effect measurements. The top panel of Fig. 6 shows the Hall coefficient
(RH) as a function of temperature for LSFO. In the high temperature phase, the sign of RH indicates p-type conduction
(holes). Above T*, there is little change in RH with decreasing
temperature. The average high temperature carrier concentration obtained from RH corresponds to 0.8 holes/u.c., close to
the estimated Sr doping of 0.67 holes/u.c. As the temperature
is decreased through T*, the Hall coefficient increases sharply
in magnitude and the sign of the Hall coefficient is inverted,
consistent with previous reports of LSFO.33 The sign inversion of RH is consistent with our assignment of hopping conduction below T*, as RH sign inversion is often observed in
hopping conductors.58,62,63 We also note that RH sign inversion has been reported in other perovskites, coinciding with
the onset of antiferromagnetic order.64,65
The Hall mobilities (l) were calculated using the relation q ¼ 1/nel. The calculated mobilities are shown in the
bottom panel of Fig. 6. Above the transition, the mobilities
are very low as is characteristic of many oxides exhibiting
polaron conduction, with values between 0.1 cm2/V s and
0.2 cm2/V s. Across the phase transition, there is an abrupt
increase in mobility of about an order of magnitude, leading
to l ¼ 1–2 cm2/V s below T*. Here we note that below T*,
the mobility should be treated as an apparent mobility as a
direct conversion from Hall coefficient to carrier concentration is not possible given the uncertainty regarding the exact
nature of the novel conduction mechanism in the
non-exponential transport regime. However, the increase in
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FIG. 6. (Top panel) Hall coefficient (top panel) and Hall mobility (bottom)
as a function of temperature; the dashed lines are guides to the eye, while
the solid line indicates T*. The open symbols above 180 K correspond to ptype conduction as indicated by a positive Hall coefficient; the closed symbols below 180 K indicate a negative Hall coefficient. The magnetoresistance as a function of temperature is shown inset of the bottom panel.

apparent mobility across the transition likely occurs due to
the switch in conduction mechanism, as hopping is less influenced by the increased effective mass associated with polaron formation.
In the high temperature phase, the near constant carrier
concentration that corresponds very closely to the Sr doping
can be explained in terms of the polaron model. Within the
model of small polaron hopping, the activated behavior
observed in resistivity data is a result of an activated mobility due to increased lattice vibrations at higher temperatures,
not an activation of carriers.42,45 Thus, it is expected that the
carrier concentration should remain constant above T* in
LSFO, as shown in the upper panel of Fig. 6.
The mobility data allows further investigation of the validity of the nonadiabatic polaron model. For a nonadiabatic
polaron, the mobility varies with temperature as42,45


1=2 
3ea2 J 2
p
WH
;
(5)
l¼
exp 
2
hkT 4WH kT
kB T
where J is the electron transfer integral. The nonadiabatic
model is applicable when

J  Jmax ¼

2WH kB T
p

1=4 

h 0
p

1=2
:

(6)

While there can be differences between the Hall mobility
and drift mobility for small polarons,45 the value for Hall
mobility obtained here and elsewhere33 matches closely to

the drift mobility obtained from field-effect measurements.33
Therefore, J can be approximated using Eq. (5) with
l ¼ 0.15 cm2/V s at 190 K and WH ¼ 33 meV. Although the
precise optical phonon frequency is not known for LSFO,
values between 1012–1013 Hz can be assumed so that Jmax
can also be estimated. Carrying through such analysis gives
values of Jmax ranging from 2.0–6.3 meV, whereas J is found
to be only 0.03 meV. Thus, the condition in Eq. (6) is clearly
satisfied as the calculated value of J derived from measured
quantities is nearly two orders of magnitude less than the
lower limit of Jmax, confirming that the nonadiabatic model
is applicable.
Magnetoresistance measurements were performed to
provide insight into the interplay between the magnetic
ordering and electronic transport. The MR data as a function
of temperature are shown inset of Figure 6. In the high temperature paramagnetic phase where polaron conduction is
observed, the MR is negligible. At T*, there is an abrupt
increase in the magnitude of MR to its maximum value of
4.5%. Following the local maximum in magnitude, the MR
begins to decrease in magnitude with decreasing temperature. At 140 K, the magnitude of MR reaches a local minimum of 1.5% after which, it increases monotonically with
temperature. Within the fields used to measure the MR, 9 T
to þ9 T, the MR is symmetric about B ¼ 0 and does not saturate with field.
Magnetoresistance has previously been reported in polycrystalline and epitaxial LSFO.21,33 The data presented for
single crystal films by Ueno et al.33 are in close agreement
with that in Fig. 6 over the temperature range presented from
300 to 150 K. The maximum in negative MR at T* is likely a
result of a field-induced suppression of the AF ground state,
which slightly decreases the ordering temperature and T*.
The continued negative MR at low temperatures is attributed
to a decrease in the hopping distance resulting from a suppression of spin disorder.
D. Effects of thickness, stoichiometry, and substrate

We now turn to temperature-dependent resistivity measured in the other five LSFO films to confirm that the change
in conduction mechanism at T* is a robust feature of LSFO,
independent of thickness and slight deviations of stoichiometry. Figure 7 presents the resistivity as a function of temperature for these additional samples. All samples were fit to the
conduction mechanisms described in Secs. III A and III B,
both above and below T*. Similar to AK22, the resistivity
data in all the films were best fit to non-adiabatic polaron
conduction above T* and a power law dependence below
T*.66 The T* values and the obtained fitting parameters are
given in Table III.
These results allow for the influence of thickness, substrate, and stoichiometry on the transport parameters to be
disentangled. The effect of thickness can be seen by comparing RST176, RST172, and JD16, all of which are on STO.
We note that RST176 was grown immediately following
RST172 under the same conditions, and therefore, the cation
composition of these two samples is assumed to be the same.
In these three samples, there is minimal variation between
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IV. CONCLUSIONS

FIG. 7. Resistivity as a function of temperature for all six LSFO films.

T* and WH, indicating that there is little effect of sample
thickness on the ordering temperature or polaron conduction
over the thickness range studied here. Similarly, the T* values of RST175 and RST176, samples grown simultaneously
on STO and LSAT, are approximately the same, revealing
the relative independence of the charge ordering transition to
small amounts of tensile strain. The one parameter that
appears sensitive to strain is the polaron activation energy,
with the tensile strained acting to increase WH. The two films
grown on LSAT (AK22 and RST175) exhibit values of WH
that are less than those of the three nominally stoichiometric
films on STO (RST172, RST176, and JD16) by roughly a
factor of 2. Tensile strain nominally increases the in-plane
Fe-O bond lengths leading to the observed higher activation
energies.
The effect of cation site stoichiometry is more complex
as it alters both the cation vacancy concentration due to nonstoichiometry and the nominal Fe valency. Assuming a fully
oxygenated lattice, a nominal valence of 3.89, 3.84, and 3.66
is expected for the Fe cations in AK42, RST172, and JD16,
respectively. The main difference between the three samples
is the suppressed transition temperature, T* ¼ 164 K, of
AK42. This coincides with both a significant A-site deficiency (8%) and the largest nominal Fe valence. The polaron activation energy for this sample is also less than
RST172 and JD16. In contrast, the presence of a 4% B-site
deficiency in RST172 does not lead to a reduction in T*.
Finally, a general trend observed from all three films is that
the magnitude of p decreases with increasing nominal Fe valence, which leads to increased hole doping.

TABLE III. Transition temperature and fitting parameters obtained from the
LSFO films. The WH and p values were determined from fitting resistivity
data above T* and below T*, respectively.
Sample

T* (K)

WH (meV)

p

AK22
RST172
RST175
RST176
JD16
AK42

188
188
192
190
188
164

33
84
52
83
78
59

5.0
6.3
7.3
7.3
8.3
5.3

The conduction mechanisms in La1=3Sr2=3FeO3 have
been investigated using variable temperature transport measurements, revealing a transition from nonadiabatic polaron
conduction to an exotic transport mechanism with a
non-exponential, power law temperature dependence as the
sample is cooled through the electronic phase transition,
resulting in an increase in the Hall coefficient and apparent
mobility below T*. We attribute the low temperature transport to the presence of hopping behavior arising from the
long-periodicity of the antiferromagnetic ordering, which
also leads to a maximum in the negative magnetoresistance
at T*. The conduction mechanism transition at T* was
observed in multiple films of varying thickness, substrate,
and composition, confirming the relative insensitivity of the
transport mechanisms to thickness, strain, and
off-stoichiometry. These results provide new insight into
coupled charge/spin ordering transitions by demonstrating
the consequences of unconventional antiferromagnetic ordering on electronic conduction.
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