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Electronic phase diagram of epitaxial La;_,Sr,FeO; films
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The electronic phase diagram of epitaxial La;_,Sr,FeO; films is presented. The films were grown
on SrTiO; using molecular beam epitaxy with post-growth annealing to minimize oxygen
vacancies. Insulating behavior is observed from x =0-0.9, with metallic conduction only present
for x=1.0. While the La-rich compounds exhibit polaron conduction over all temperatures
measured, the Sr-rich films exhibit an electronic phase transition within the compositional window
of x=0.49-0.9 as revealed by temperature-dependent resistivity measurements. The transition tem-
peratures are found to decrease with increasing Sr content. The constructed phase diagram is dis-
cussed in the context of other 3d e, perovskite systems including manganites and cobaltites.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893139]

The 3d perovskite oxides of the chemical form ABOs,
where A and B are cations, exhibit a host of interesting physi-
cal phenomena.' In many cases, the electronic or magnetic
ground state can be tuned between energetically similar
phases through slight modifications to the nominal valence
state of the B-site cation or the topology of the corner-
connected BOg octahedra. The most common route to induce
these modifications is through alloying multiple cations
on the A-site. Phase diagrams generated by studies of
A,A!_ BOj solid solutions have been critical in better under-
standing the exceedingly rich physics of titanates,”
manganites,“_7 and cobaltites.® The La;_,Sr.FeO5; (LSFO)
system is also known to exhibit interesting phenomena
including nominally charge disproportionated states’™'' and
exotic magnetic structures.'>”'> However, compared to its
manganite and cobaltite counterparts, less is known regard-
ing the evolution of electronic behavior across the entire
phase diagram from x = 0-1. Furthermore, the evolution of
transport properties as a function of composition in strained
La,_,Sr,FeOj; thin films remains relatively unexplored.

The parent compound LaFeOs is an insulator with a 3d°
Fe electronic configuration. The filled majority f,, and e,
orbitals give rise to G-type antiferromagnetism with a Neel
temperature (Ty) of 750 K.'® Substitution of Sr on the A-site
adds a hole to the hybridized 3d Fe-2p O states,”_19 result-
ing in increased electrical conductivity and a decreased
TN.IO‘20 Detailed structural studies of bulk LSFO revealed
alloying-induced structural transitions from orthorhombic
Pbnm to rhombohedral R3¢ at x~0.25 and R3¢ to cubic
Pm3m at x~0.75.*"* The La, /3S15,3FeO3 composition
exhibits a simultaneous charge disproportionation (CD) and
magnetic ordering transition near 190 K, in which the nomi-
nal CD periodicity is 3d;1; and the spin structure periodicity
is 6d,1;.>> The other parent compound, SrFeQj, is metallic
with helimagnetic order along the [111]."* Electronically,
previous work has established that three behaviors are pres-
ent in LSFO: an insulating phase in La-rich compounds, the
CD phase when Sr-rich, and the metallic phase in SrFeOs;.
However, the compositional boundaries between these
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phases remain unclear and a complete phase diagram of elec-
tronic behavior as a function of composition and temperature
from consistently synthesized materials has yet to be
presented.

In this work, we establish a complete electronic phase
diagram from x =0-1 for epitaxial LSFO films on SrTiO;
(STO) substrates. We find the nominally CD phase exists in
a half-dome from x ~ 0.49-0.9, with the transition tempera-
ture decreasing as the Sr content is increased. We also iden-
tify polaron conduction as the dominant transport
mechanism throughout the non-charge disproportionated
insulating regions of the phase diagram.

The LSFO films were deposited by oxide molecular
beam epitaxy in pressures of 2-8 x 10 ®Torr achieved by
the introduction of a dilute ozone in oxygen mixture to the
growth chamber.** Co-deposition of the cations was fol-
lowed by short pauses, yielding a growth rate of ~40-60s
per unit cell. Growth temperatures ranged from 550 to
650 °C. Following deposition, the films were annealed at
675°C in O, for 2—4h, cooled to 200°C and exposed to a
03/0, mixture (~5:95) for 30-60 min to minimize oxygen
vacancies.”>*® All data reported herein were obtained from
films following the post-growth annealing process. The cat-
ion compositions of the films used in this study were meas-
ured by Rutherford backscattering spectroscopy (RBS) with
the SIMNRA software used to simulate spectra. The differ-
ence squared between the measured and calculated spectra
was minimized as a function of each cation composition to
determine the film stoichiometry.”” Representative RBS
spectra and simulations are shown in Fig. 1(a). The film
thicknesses ranged from 60 to 135 unit cells. A table of the
exact compositions and thicknesses can be found in the sup-
plementary material.*®

X-ray diffraction was used to measure c-axis parameters
and confirm sample quality. Diffraction patterns of represen-
tative samples are illustrated in the inset of Fig. 1(b). The
replacement of La by Sr induces a shift of the (002) film
peak indicative of a decreased lattice parameter, consistent
with bulk LSFO.>"** The c-axis parameters were quantified
by simulating the film and substrate (002) peaks using the
GenX software package.”® The obtained lattice parameters

© 2014 AIP Publishing LLC
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FIG. 1. Representative RBS data and simulations (a) from three LSFO films
on SrTiO;. The c-axis parameter as a function of Sr composition, as deter-
mined from the x-ray diffraction data, is shown in (b). Representative (002)
diffraction peaks are shown in the inset of (b). The differences in peak inten-
sity and width arise from differences in film thickness. For example, the
x=0.17 film is 52 nm, while the x =1 film is 32 nm.

across the phase diagram are shown in Fig. 1(b), revealing a
systematic decrease with increasing Sr content. The lattice
reduction is attributed to the smaller atomic radii of the nom-
inal Fe*" cation compared to the Fe’" resulting from the
substitution of Sr. In bulk LSFO, a psuedocubic lattice pa-
rameter of 3.905 ;\, the same lattice parameter as SrTiOs, is
found at x=0.3.2° Therefore, the films with x <0.25 are
under compressive strain, while those with x>0.36 are
under tensile strain, consistent with the measured c-axis pa-
rameters of the films. The magnitude of the strain varies
from 0.7% compressive strain for LaFeO; to 1.4% tensile
strain for SrFeOs.

In-plane DC resistivity was measured as a function of
temperature using a four point probe geometry with silver
paint used to make contacts. The transport measurements
were carried out in a Physical Properties Measurement
System (Quantum Design) with an external current source
and nanovoltmeter. The results are shown in Fig. 2. Three
distinct compositions regimes are apparent. In the La-rich
films (x <0.36), insulating behavior is observed with the re-
sistivity increasing orders of magnitude as the films are
cooled. For these samples, the room temperature resistivity
increases by orders of magnitude as the Sr content is
decreased. Measurements of LaFeO; were not possible at
room temperature as the films are too insulating, with p
greater than 10* Q cm at 300K; instead, the resistivity of
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FIG. 2. Temperature dependent resistivity for the LSFO films. The resistiv-
ity of a LaFeOj; film is represented by the single square at 340 K.

LaFeO; at 340K is shown in Fig. 2 for comparison to
Sr-containing films.

The second compositional regime exists between
0.49 <x<0.9, where an abrupt increase in the resistivity is
observed upon cooling. This non-monotonic resistivity
behavior, indicative of an electronic phase transition, is
attributed to the formation of a nominally CD and spin or-
dered state at low temperatures, which localizes carriers.”
The presence of this ordered state has been studied exten-
sively in La, /3Sr,,3FeO3, in which Mossbauer spectroscopy,
electron diffraction, and synchrotron scattering have been
used to establish an ordering of hybridized Fe-O states along
the [111] direction.”*!**> We have previously confirmed the
presence of CD in thin x=0.67 films grown under similar
conditions on SrTiOs using synchrotron diffraction, sup-
porting our assignment of the CD phase in the presently stud-
ied films. This CD phase has also been previously reported
in x=0.67 films grown by pulsed laser deposition.'?3*
We note two other interesting features of this compositional
range. First, the room temperature resistivity is far less sensi-
tive to Sr content compared to the La-rich films. On the Sr-
rich side of the phase, the room temperature resistivity
ranges from roughly 107°-1072 Q cm with the resistivity
decreasing slightly with increasing Sr content. Second, the
CD transition is not a conventional metal-insulator transition
in that the resistivity increases with decreasing temperature
on both sides of the transition.

The third distinct class of behavior is exhibited by
SrFeQOj3, which is metallic as evidenced by the decreasing re-
sistivity with decreasing temperature. A central challenge
with obtaining high quality SrFeOj; films is to avoid large
quantities of oxygen vacancies which give raise to a variety
of stable SrFeO;_; phases.”® The magnitude of the low tem-
perature resistivity and the presence of a kink in the resistiv-
ity around 110K is consistent with bulk SrFe0;,'*'* in
agreement with previous results that the post-growth anneals
in dilute ozone can yield nominally oxygen stoichiometric
films®>*’ even under 1.4% tensile strain as is the case with
SrFeO; on SrTi0;.%

We next turn to the nature of the insulating state in the
La-rich compositions and in the high temperature phase
(charge disordered) of the Sr-rich compositions. The temper-
ature dependent resistivity data within these regions is well
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described by p = p,T°/?¢F+/¥T indicative of non-adiabatic
polaron conduction, as shown in the inset of Fig. 3. The ob-
servation of polaronic conduction is consistent with previous
reports of electronic transport in perovskite ferrites.***' The
obtained activation energies (E,) provide another distinction
between the La-rich and Sr-rich phases, with a step-like
decrease in E, observed at half-doping. As presented in
Fig. 3, the E, values are between 0.3 and 0.35eV for
x < 0.45 and less than 0.15eV for x > 0.45.

Based on the resistivity data obtained from these 10
samples, we are able to construct an electronic phase dia-
gram providing insights into the phase boundaries between
the polaronic insulating, CD, and metallic phases. The phase
diagram is shown in Fig. 4. At half-doping, a half-dome of
the CD phase is present (green in Fig. 4), with the transition
temperature (T*) decreasing with increasing Sr content. Our
delineation between the CD phase and the metallic phase
(red in Fig. 4) is approximate, as we have not investigated
samples with 0.91 <x < 0.99. We place the boundary of the
purely insulating and CD phases between x =0.4 and 0.49,
as a previous study of an x =0.4 film on STO did not report
an inflection in the resistivity. 19

The obtained ferrite phase diagram provides an interest-
ing contrast to that of La;_,Sr,MnOj3 and La;_,Sr,CoOs, the
two other perovskite families similar to LSFO due to the
prominent role played by 3d e, carriers in their physical
properties. Both the manganites and cobaltites exhibit a tran-
sition from insulating to metallic behavior between
x=0.15-0.18.%* In contrast, the ferrites remain insulating
across the phase diagram despite carrier concentrations well
in excess of those needed to trigger metallic behavior in
manganites and cobaltites. What can account for this differ-
ence? While the polaronic nature of conduction in ferrites
undoubtedly contributes to their insulating behavior, polar-
ons have also been reported in manganites.*’ Instead, we
hypothesize that the difference in the nominal B-site e, elec-
tronic configuration and the resultant magnetic interactions
play a key role. The manganites move from a nominal e}g to
eg configuration as Sr is substituted for La. In these systems,
the metallic phase is also ferromagnetic, which is stabilized
due to double exchange arising from full-empty e,
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FIG. 3. The obtained activation energies associated with polaron conduction
are shown as a function of Sr content. The activation energy abruptly
decreases near half-doping. Fits of resistivity data to the polaron conduction
model are shown in the inset.
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FIG. 4. The electronic phase diagram of LSFO. The blue regions correspond
to insulating, polaronic conduction; the green region corresponds to the
nominally CD phase; the red region corresponds to the metallic phase. The
smeared out regions between x = 0.4-0.49 and 0.9-1 represent in the uncer-
tainty in the phase boundaries.

interactions. In LSFO, the substitution of Sr for La alters the
nominal electronic configuration from e§ to ez plus a hole in
a hybridized O-Fe state.'”***® In this case, any ferromag-
netic interactions compete with antiferromagnetic full-full e,
and 1, interactions. The multiple antiferromagnetic
exchange interactions are energetically favorable, stabilizing
G-type antiferromagnetic order from x=0<0.4."*" We
assert that the antiferromagnetic state is critical in promoting
the insulating ground state. At doping levels greater than
x=0.5, magnetic exchange is also believed to be a critical
component in stabilizing the CD phase in LSFO,'" which
results in insulating behavior.

Finally, we comment on how the properties observed in
the films compare to previous reports of bulk LSFO. We find
the general trends in resistivity and T* to be in agreement
with reports from bulk LSFO, suggesting that the strain
induced by the STO substrate is not fundamentally altering
the electronic ground at the compositions studied here. The
measurements performed by Maeder and Bednorz on LSFO
single crystals provide a systematic sample set for compari-
son.?’ The bulk crystals with x=0.2, 0.3, and 0.4 are insulat-
ing without evidence of CD transitions, while a bulk x=0.5
sample exhibits a slight kink in resistivity near 200 K, consist-
ent with our observations from films. On the side of the phase
diagram containing the CD phase, our data are in agreement
with polycrystalline bulk samples studied by Matsuno et al.,"
who find a decrease in T* from approximately 200 to 150K
and a less abrupt change in resistivity as x is increased from
0.67 to 0.8. Similarly, Blasco and coauthors report a T* of
approximately 190 and 160K for x=0.67 and 0.75, respec-
tively.48 However, these results stand in contrast to a x=0.8
single crystal, in which Maeder and Bednorz observed a tran-
sition temperature of 205K, considerably higher than in our
x=0.82 film. Given that T* of the bulk crystal does not ex-
hibit a strong dependence on oxygen content, T* =205 and
200K for Lag St sFeO5 09 and Lag,SrosFe0, o1,2° we attrib-
ute the suppressed transition temperature in the films com-
pared to the single crystals to either the biaxial tensile strain
induced by the STO substrate or error in the cation concentra-
tion, as we find T* to be sensitive to x.

In conclusion, we have presented a complete electronic
phase diagram spanning x =0-1 for epitaxial La; _,Sr.FeO;
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thin films on SrTiO3;. We find insulating behavior on the La-
rich side of the diagram, an electronic phase transition pres-
ent between x =0.49-0.9, and metallic behavior in SrFeOs.
These results help to establish the general electronic behav-
ior of this perovskite family as well as point to compositional
ranges that warrant future study, such as the phase boundary
separating the CD and metallic phases between x = 0.9—1.
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