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Abstract

We studied the structural, magnetic and electronic properties of StFeO3_s (SFO) thin films
and SrFeOs_;/La, 13Ca;/;3MnO; (LCMO) superlattices that have been grown with pulsed

laser deposition (PLD) on Lag 3Srg7Alg¢sTag 3505 (LSAT) substrates. X-ray reflectometry

and scanning transmission electron microscopy (STEM) confirm the high structural quality

of the films and flat and atomically sharp interfaces of the superlattices. The STEM data

also reveal a difference in the interfacial layer stacking with a SrO layer at the LCMO/SFO
and a LaO layer at the SFO/LCMO interfaces along the PLD growth direction. The x-ray
diffraction (XRD) data suggest that the as grown SFO films and SFO/LCMO superlattices
have an oxygen-deficient StFeO3;_s structure with 14/ mmm space group symmetry (6 < 0.2).
Subsequent ozone annealed SFO films are consistent with an almost oxygen stoichiometric
structure (0 ~ 0). The electronic and magnetic properties of these SFO films are similar to the
ones of corresponding single crystals. In particular, the as grown SrFeO3_s films are insulating
whereas the ozone annealed films are metallic. The magneto-resistance effects of the as grown
SFO films have a similar magnitude as in the single crystals, but extend over a much wider
temperature range. Last but not least, for the SFO/LCMO superlattices we observe a rather
large exchange bias effect that varies as a function of the cooling field.
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1. Introduction

Perovskite oxides ABOj3 exhibit a strong coupling between
the charge, orbital, spin and lattice degrees of freedom
which gives rise to various kinds of competing interactions
and nearly degenerate ground states. A prominent example
is the colossal magneto-resistance effect in manganites like
LaCaMnO3; (LCMO) which arises from the competition
between Jahn—Teller distortions, which tend to localize the
charge carriers, and the so-called double-exchange interac-
tion which gives rise to an itinerant ferromagnetic (FM) state
[1,2].

In thin films, these different ground states can also strongly
depend on the strain due to the lattice mismatch between the
substrate and film, which can also cause defects, like disloca-
tions and cation or oxygen vacancies. This calls for a detailed
investigation of the structural properties of such thin films.
For example, LCMO thin films tend to have a reduced Curie
temperature of about 190-220 K and a somewhat lower magn-
etic moment of about 2.5 to 3.0 pp per Mn [3] as compared
to the bulk values of 7, = 270K and 3.7 pp per Mn ion [4].
Furthermore, a suppression of the FM moment is commonly
observed for the first few monolayers at the surface to the
ambient or at the interface to the substrate or another material
[5, 6].

The possibility to combine different perovskite oxides in
the form of heterostructures and superlattices is also sub-
ject of great current interest. New properties, that are not
inherent to the individual materials, arise at such interfaces.
Prominent examples are the two-dimensional electron gas
in heterostructures from the insulators LaAlOz and SrTiO;
or the two-dimensional ferromagnetic order at the interface
between the antiferromagnetic (AF) Mott—Hubbard insulator
LaMnOs; and the AF insulator SrMnOj. Another interesting
example is the occurrence of a FM order and a large and
strongly variable exchange bias effect in LaMnO3/LaNiO3
multilayers where the latter is a paramagnetic metal in the
bulk state. Usually, this exchange bias, which has attracted
great interest due to its potential applications in spin-valves
for quantum spintronic devices [7], occurs in multilayers of
AF and FM materials for which the FM Curie temperature,
T., is higher than the Néel temperature of the AFM, Tn. The
exchange bias, H., measures the shift of the hysteresis loop
of the magnetization along the magnetic field axis which
occurs after the sample has been cooled below Ty in a finite
magnetic field. It results from the coupling of the magnetic
moments at the AFM/FM interface that is also known as the
exchange anisotropy.

Here, we present a study of the structural, electronic and
magnetic properties of multilayers from LCMO and SrFeO3_
that, to our best knowledge, have not been investigated yet.
SrFeO;3 is formally isoelectronic to LaMnOs;. However,
unlike the Mott—Hubbard insulator LaMnQOs, stoichiometric
SrFeQj; is metallic and exhibits a helical magnetic order with
a Néel-temperature of about 130K. This marked difference
arises from the much stronger hybridization with the oxygen
orbitals in SrFeO; as compared to the manganites. The proper-
ties of bulk SFO are still highly variable since it tends to be

strongly oxygen deficient and a special annealing treatment
in high pressure oxygen or ozone atmosphere is required to
obtain a fully oxidized sample. Stoichiometric SrFeO; is a
cubic metal with 7y ~ 130K and a second magnetic trans-
ition around 60K that gives rise to a different helicity, which
does not seem to be associated with a structural change [8,
9]. Oxygen deficient SrFeO3;_s single crystals are insulating
at low temperatures. In the range § < 0.23 various magnetic,
charge order, and structural transitions have been identified
with neutron diffraction [9]. The oxygen vacancy ordered
structures at § < 0.15 also have two AF transitions at 130K
and 75 K. However, unlike in SrFeOs;, the second AF trans-
ition is accompanied by a charge order (CO) and a structural
transition from a tetragonal into a monoclinic state. For the
more strongly oxygen deficient SrFeO, g; this second AF/CO
transition to a monoclinic structure is reduced to about 62K
[10]. Finally, SrFeO, 77 exhibits three AF transitions at 232K,
110K and 65 K with no sign of a concomitant CO or structural
transition [9].

There are only few publications that discuss the growth and
the physical properties of stoichiometric as well as oxygen-
deficient SFO thin films [11-17]. In the following we there-
fore present first a detailed description of the growth and the
characterization of the bare SFO thin films in the as-grown
and the ozone annealed states, before we proceed to the corre-
sponding SFO/LCMO multilayers.

The utilized experimental techniques, like pulsed laser
deposition (PLD), x-ray diffraction (XRD), x-ray reflectivity
(XRR), Rutherford backscattering spectroscopy (RBS), scan-
ning transmission electron microscopy (STEM), transport and
magnetization measurements and infrared ellipsometry are
described in section 2. The discussion of the structural, magn-
etic, and electronic properties of SFO thin films is presented
in sections 3.1.1-3.1.3 and of SFO/LCMO multilayers in sec-
tions 3.2.1-3.2.3, respectively.

2. Experiment

2.1. Pulsed laser deposition

The SFO thin films and SFO/LCMO multilayers have been
grown on single crystal (00 1)-oriented substrates with
pulsed laser deposition (PLD) using an excimer KrF laser
(A =248 nm, #; = 25ns). The laser beam spot had a size of
about 3mm?. For the deposition we have used a repetition
rate of 2 Hz for all depositions and a fluency between 1.5 and
2.0 J cm™2. The substrates with different pseudo-cubic lattice
parameters; Lag3Srg7AlpesTag3503 (LSAT), SrTiO3 (STO,
a = 3.905 A) and LaAlO; (LAO) were purchased from
Crystec and were placed 5cm above the targets. Literature
values of the pseudo-cubic lattice parameter of LSAT [18,
19] apsar = 3.872 A and of apao = 3.789 A [20, 21] are in
good agreement with our x-ray diffraction measurements
(aLsar = 3.873 A, apao = 3.793 A).

The substrates were heated with a rate of 15 °C min™ " to
the deposition temperature (800 °C) using an infrared laser.
The partial pressure of the oxygen gas was set to 0.11 mbar
during the deposition. After the growth, the chamber was

1



//doc.rero.ch

http

vented with oxygen and the sample was cooled to 550 °C at a
rate of 5 °C min~" and in situ annealed for one hour at 550 °C
followed by a rapid cooling step to room temperature with
30 °C min~".

2.2. Ozone annealing

Ex situ ozone annealing was performed with a laboratory
ozonizer from Erwin Sander GmbH. The samples were heated
in an ozone flow of 1.5 NI h~' to 200 °C in 30 min and were
kept at this temperature for about 6h 30min. After subse-
quent cooling to room temperature the ozone flow was turned
off when the sample reached about 50 °C. The total ozone
annealing time amounted to 8h.

2.3. X-ray diffraction and reflectivity

Synchrotron x-ray diffraction has been performed on a SFO/
LCMO superlattice at the P09 beamline at PETRA III syn-
chrotron at DESY, Germany. The x-ray energy was 6.869keV,
just below the Fe K-edge, to avoid fluorescence background.
Other x-ray diffraction and reflectivity measurements have
been performed with a four-circle diffractometer (Rigaku
SmartLab). The instrument is equipped with a 9 kW rotating
Cu-Ka; anode and the incident parallel beam optics consist
of a reflecting mirror and a two-bounce Ge (22 0) monochro-
mator (A A\/A=3.8x 107%). A scintillation counter was
used as a detector. Out-of-plane lattice parameters have been
deduced from the fourth pseudo-cubic Bragg peaks (004)
from 20 — w scans, by applying Bragg’s law. In-plane lat-
tice parameters were derived from the reciprocal space maps
(RSM) around the pseudo-cubic (024) Bragg peak. The
monochromator was removed for the measurements of weak
half-order peaks.

2.4. Transport and magnetization measurements

Resistance and magnetization measurements were performed
with a Quantum Design PPMS 9 T system. The 4-point probe
technique was used to measure the resistance. The samples
were fixed onto a sample puck with a double-sided tape and
four copper wires were glued onto the corners of the samples
using silver paste. A fixed DC-current of typically 10 pA was
applied and the voltage was measured. For strongly insulating
samples, we have used a Keithley 2602 digital multi-meter to
measure the current from a set DC voltage. The temperature
dependence of the resistance was measured using a ramping
rate of either 2K min~' or 4K min~'. The magnetic moment
was measured with a vibrating sample magnetometer (VSM).
The magnetic field was applied parallel to the film surface,
with the samples being fixed onto a quartz holder using UHU-
glue. The temperature dependence of the magnetic moment
was recorded during field cooling with a ramping rate of
2K min~'. M-H loops were measured after field cooling to
10K and subsequent heating in field to the temperature of
interest. The magnetic field was sweeped at a rate of 11 Oe s™!
during M—H loops. The raw data were corrected for the

paramagnetic and diamagnetic response of the substrate by
fitting a Brillouin function plus a diamagnetic contribution to
the data, in order to extract the magnetism of the thin films.

2.5. Rutherford backscattering spectroscopy

The chemical composition of the films was analyzed by
Rutherford backscattering spectrometry (RBS) [22, 23] at
the ETH Laboratory of Ion Beam Physics, Switzerland.
Monolayers of SFO and LCMO were deposited onto MgO
(a=4212 A) single crystals using the same deposition pro-
cedure as for the epitaxially strained films on other substrates.
Measurements were performed using a 2 MeV 4He beam
and a silicon PIN diode detector under 168degree. The col-
lected RBS data were analyzed using RUMP code simulations
[24]. For the SFO films they confirmed the 1:1 ratio of the Sr
and Fe ions. For the ozone annealed samples they indicated
a minor contamination with Ag and Cl. The LCMO layers
were found to be slightly Ca-deficient with a cation ratio of
La0.71:Ca0.29:Mn0.98. The experimental uncertainty of
the RBS analysis for the ratio of the cation concentrations is
about +1-2%. For the lighter oxygen ions the values are not
quoted since the error is even larger, i.e. on the order of +5%.

2.6. Ellipsometry

The temperature and frequency dependent optical response
has been determined with spectroscopic ellipsometry. We
have used a home-built setup attached to a Bruker 66 v FTIR
spectrometer at the IR beamline of the ANKA synchrotron
source and to a Bruker 113 v FTIR spectrometer with an
internal mercury arc light source to measure the response of
two thick SFO thin films in the far-infrared (70-700 cm™)
and mid-infrared (500-4500 cm ™) ranges, respectively [25].
A rotating analyzer scheme with and without a Si-prism
compensator was used in the far-infrared and a ZnSe-prism
based rotating compensator in the mid-infrared. The effective
response of the SFO layer has been obtained by fitting the data
with a standard optical transfer matrix model (substrate/film/
ambient) in a point-by-point manner. As input parameters we
used the dielectric function of a reference LSAT substrate as
measured with ellipsometry and the film thickness as obtained
from the x-ray reflectivity fits.

2.7 Transmission electron microscopy

Cross-sectional high-resolution scanning transmission elec-
tron microscopy (STEM) images of the superlattices were
acquired in an aberration-corrected JEOL JEM-ARM?200
CF operated at 200kV, and equipped with a Gatan Quantum
electron energy-loss spectrometer (EELS). All images were
obtained using a high-angle annular dark field (ADF) detector.
The technique is also known as Z-contrast imaging. For this
technique, the intensity of every atomic column is approxi-
mately proportional to the square of the atomic number, Z>.
EELS elemental mapping was performed by integrating
the signals under the characteristic elemental edges after
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Table 1. List of characterized SFO samples.

Label Samples Techniques

M1/M1# STO-SFO (33nm) XRR, XRD

M2/M2*  LSAT-SFO (33nm) XRR, XRD,
4-point probe

M3/M3* LAO-SFO (33nm) XRR, XRD

M4/M4*  LSAT-SFO (109-114nm)° XRR, RSM,
4-point probe,
Ellipsometry,
VSM

M5 LSAT-SFO (25nm) -LAO 2nm)  XRR, STEM

* Ozone annealed samples.

b Thickness range of duplicate samples.
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Figure 1. X-ray reflectivity of a SFO monolayer (M2) and a
[SFO/LCMO)],,-LAO superlattice (SL1) grown on LSAT. Best fits
are shown as solid red lines.

background subtraction using a power law. The integration
windows were around 20-30eV wide. Random noise was
removed by means of principal component analysis [26].
The specimens were prepared by conventional methods of
grinding and Ar-ion milling.

3. Results and discussions

The properties of single SFO thin films are discussed in the
next section 3.1 and the ones of SFO/LCMO multilayers in
subsection 3.2.

3.1. SrFeQ3_; thin fims

A list of the studied SrFeOs;_; thin film samples, their
annealing treatment, thicknesses as well as the applied charac-
terization techniques is given in table 1. The samples M1-M3
were grown on different substrates (STO, LSAT, LAO) in
order to study the effect of ozone annealing on the differ-
ently strained SFO films. Thicker SFO films (about 100 nm)
grown on LSAT (M4), with an enhanced signal strength from
the SFO film as opposed to thinner films (about 30nm), were
used to measure the reciprocal space maps (RSM), optical
conductivity and magnetization. The magnetoresistance was
measured on thin (M2) and thick SFO films (M4) grown on
LSAT. To speed up the measurements with the various kinds

of characterization techniques, we have used duplicate sam-
ples. An additional sample (MS5) with a LAO protection layer
was used for characterization with STEM.

3.1.1. Structural properties. We used the following tech-
niques to determine the structural properties of the SFO thin
films. With XRR we determined the film thicknesses and
roughnesses (section 3.1.1.1), XRD was used to study the
effect of ozone-annealing on the differently strained films
(section 3.1.1.2), the epitaxy was studied with RSM (section
3.1.1.3) and the atomic structure with STEM (section 3.1.1.4).

3.1.1.1. Determination of layer thickness with XRR. The
thickness of the films has been obtained by fitting the x-ray
reflectivity (XRR) curves with the GenX software [27]. As an
example, figure 1 shows the data and fits of the XRR curve
of a SFO film (M2) and a SFO/LCMO superlattice (SL1).
The best fit of the SFO film (M2) yields a total thickness of
d = 32.8 nm and a rms roughness of 0.6 nm.

3.1.1.2. Strain and ozone-annealing effects with XRD. Figure 2
displays the x-ray diffraction curves around the pseudo-cubic
(004) Bragg peak of the SFO thin films M1-M3 with a thick-
ness of 33nm that have been grown on STO, LSAT and LAO
substrates, respectively. The solid lines show the result in the
as grown state after in sifu annealing in 1 bar of oxygen and
the dotted lines after ex sifu annealing in ozone atmosphere.
The nominal lattice mismatch between SFO and the substrate
amounts to +1.4% for STO (tensile strain), +0.6% for LSAT
(tensile strain) and —1.6% for LAO (compressive strain).

It is expected that the ex situ ozone annealing step reduces
the concentration of the oxygen vacancies in SFO and leads
to a decrease of the out-of-plane lattice parameter and a
corresponding shift of the SFO (004) Bragg peak toward
higher scattering angles. Nevertheless, figure 2 shows that
the expected upward shift of the (004) Bragg peak upon
ozone annealing occurs only for the SFO film on LSAT but
not for the STO and LAO substrates. For the latter, the ozone
annealing step rather causes a broadening of the Bragg peak
which indicates a reduced crystallinity. The disappearance
of satellite peaks for the STO/SFO samples also indicates an
increased roughness of the sample surface.

These findings suggest that the lattice mismatch between
the SFO thin film and the substrate, which is larger for LAO
and STO than for LSAT, precludes the inclusion of oxygen
during the ozone annealing.

XRD peak positions of the pseudo-cubic SFO film grown
on STO are very close to peak positions found by Hirai et al,
for which a stoichiometry of SrFeO,g was obtained with
Mossbauer spectroscopy [14].

These XRD results demonstrate that the ozone annealing
step allows one to oxygenate SFO thin films that are grown
on substrates with a fairly small lattice mismatch, like LSAT.
In the following we are therefore focusing on the SFO films
grown on LSAT.

For SFO on LSAT (M2) the out-of-plane lattice param-
eter decreases from ¢ = 3.848 A in the as grown state to
3.840 A after ozone annealing, corresponding to a change of
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Figure 2. X-ray diffraction curves around the pseudo-cubic (004)
Bragg peak of SFO thin films (M1-M3) on three different substrates
(top: STO, centre: LSAT, bottom: LAO).

~0.21%. A similar lattice parameter of ¢ = 3.837-3.840 A
was previously reported for in situ ozone annealed SFO films
and has been assigned to stoichiometric StFeO; [11, 16, 17].
Additionally, fully strained SrFeO, 5 thin films on LSAT have
been found to have an out-of-plane lattice parameter of 4 A
[16]. The small change in the out-of-plane lattice parameter
from the as grown state to ozone-annealed state of the SFO
monolayer (M2) suggests that the as-grown film has a rather
small oxygen deficiency (6 < 0.2).

3.1.1.3.Epitaxy with RSM. Figure 3 shows a reciprocal space
map of the x-ray scattering around the pseudo-cubic LSAT
(024) Bragg peak for an as grown, epitaxial SFO film (M4)
with a thickness of 109nm. It confirms that the SFO film
grows fully strained on the LSAT substrate and has a tetragonal
structure with in-plane and out-of-plane lattice parameters of
aSFO = aLSAT = 3.874 A and c¢SFO = 3.847 A, respectively.

3.1.1.4.Atomic structure with STEM. Figure 4 shows the
STEM images of the as grown SrFeOs;_s thin film M5 with
d = 25 nm that is capped with a 2nm thick LaAlOj3 protec-
tion layer. These are high angle annular dark field (HAADF)
images where the heavier atoms appear brighter than the
lighter ones. Dark stripes that run either perpendicular or
parallel to the surface of the SFO layer are observed in both
the medium (figure 4(a)) and high (figure 4(b)) magnifica-
tion images. The horizontal (vertical) stripes are rows with
dilated unit cells in the vertical (horizontal) direction. This
unit cell dilation appears in every second unit cell layer but

6.55

6.51

Q. (A

6.49

6.47

3.22 3.24

Q, (A1)

3.26

Figure 3. Reciprocal space maps around the pseudo-cubic (024)
Bragg peak of a 109 nm thick SFO film grown on LSAT (M4).

varies in magnitude. These stripes correspond to oxygen defi-
cient FeO,_; atomic planes. Oxygen deficiency gives rise to
a local lattice expansion that yields a lower intensity of the
ADF signal. Dark stripes at every second perovskite unit cell
have been previously observed in brownmillerite structures,
such as SrFeO, s [28-30] or LajsSrgsCo0, s under epitaxial
strain [31].

This finding suggests that SFO adopts an oxygen-deficient
brownmillerite structure. A quantification of the average com-
position of the film from an analysis of the EELS edges con-
firms such an oxygen deficiency (figure 4(c)). The oxygen K
edge around 531eV and the iron L,3 edge near 709eV were
measured simultaneously with the STEM images. Their anal-
ysis yields an average oxygen-to-iron atomic ratio close to
2.5, i.e. well below the nominal value of 3. Nevertheless, it
should be noted that the oxygen K-edge EELS experiment has
a significant error bar of about 5-10%.

The oxygen deficiency with a composition close to
SrFeO, s obtained from STEM is about twice as large as the
one deduced from the analysis of the XRD data. We can only
speculate about the origin of this difference. For example, it
may be related to the circumstance that the STEM technique
probes the sample at a much more local scale than the x-ray
experiment which averages over almost the entire sample. The
differences between the STEM and XRD experiments thus
could result from a strongly inhomogeneous spatial distribu-
tion of the oxygen vacancies. A second possibility is a loss of
oxygen during the preparation of the specimen for the STEM
study, especially during the ion milling. A previously reported
rapid phase transformation under the electron beam [32] has
not been observed during the STEM measurements and thus
can be excluded.
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Figure 4. Medium (a) and high (b) magnification annular dark field images of a StFeO3_; thin film on LSAT (M5). (c) Example of average

oxygen K and iron L, 3 edges measured on the SrFeO;_s films.

3.1.2. Magnetic properties. In this section we present the
magnetic properties of the thick SFO film before and after
ozone annealing as measured with a VSM.

3.1.2.1.DC magnetization. Figure 5 shows the temperature-
dependent magnetization of the as grown film (M4, blue line)
and the ozone annealed film (M4a, red line) measured during
heating after field-cooling in 6 Tesla. For clarity the data of
the latter have been vertically offset by 0.2 memu. From these
curves we have subtracted a weak, spurious paramagnetic sig-
nal from the LSAT substrate, that has been determined with
a Curie fit to the data below 40K, as well as the diamagnetic
signal of the LSAT substrate that has been obtained from a
linear fit to the M—H scan at 300 K.

Once more, we find that the properties of the as grown
and the ozone annealed SFO film closely resemble the ones
of SrFeO, 5, and SrFeO; o5 crystals, respectively [8, 33]. The
onset temperature of the helical order, as deduced from the
decrease of the magnetization, is significantly higher for the
ozone annealed film with 7y = 124 K than for the as grown
SFO film with 7y = 84 K. The former is also significantly
higher than in previous reports for films with a thickness of
less than 50nm for which 7 = 110 K [11, 16]. The ozone
annealed film still shows clear signatures of a second magn-
etic transition around 84 K and a thermal hysteresis effect that
persist to about 57K. A similar behavior was reported for
single crystalline SrFeOs [8]. The inset in figure 5 shows the
MH loops measured at 10K for the ozone-annealed sample
after cooling in almost zero field (black line) and at 6 T (green
line). The latter yields an enhanced magnetic moment at
10K that is not recovered after a magnetization loop to —6 T
and then back to 4+-6 T. This training effect suggests that the

ozone annealed

0.6 0.06
—— 10K, 60kOe
= 0.03/— 10K ~150e
—~ 0.5 ozone annealed +0.2& —
] (0]
€ £ 0.00
0) ~
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T 03 H (kOe)
€
[e]
€ o2
kS) :
© as growin
C !
©
E H H
0.0 S
0 50 100 150 200 250 300
T (K)

Figure 5. Magnetization versus temperature upon 6 T field cooling
for duplicates of the as grown SFO film, M4 (blue line) and the
ozone annealed SFO film, M4a (red line, offset by 0.2 memu).
Inset: Magnetic moment versus applied magnetic field measured at
10K after field-cooling in 6 T (green line) and about 15 Oe (black
line).

magnetic-field-induced polarization of the helical spin order
is strongly hysteretic.

3.1.3. Electronic properties. The magnetoresistance of SFO
films with different thicknesses has been determined with a
4-point probe technique (section 3.1.3.1) and the optical con-
ductivity of thick films (about 100nm) has been measured
with ellipsometry (3.1.3).

3.1.3.1.Magnetoresistance with 4-point probe. In the follow-
ing we present the DC magneto-electric transport of as-grown
and ozone annealed SFO films. In the as grown state we find
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Figure 6. Temperature dependence of the DC resistance of
as grown (red line, R[300 K] = 328(2), 2h ozone-annealed
(orange line, R[300 K] = 263(2), 5h ozone-annealed (green
line, R[300 K] = 21912), and 12h ozone-annealed (blue line,
R[300 K] = 112€) 33 nm thick SFO film (M2) on LSAT.

that they are rather similar to the ones of tetragonal SrFeO3;_
with § < 0.2 single crystals whereas in the extensively ozone
annealed samples there is a good agreement with the cubic
SrFeOs.

Figure 6 displays the temperature dependent DC resistance
of a 33 nm thick SFO film (M2) for which the oxygen content
has been stepwise increased by annealing in an ozone flow of
1.5 NI/h at 200 °C. It shows that the ozone annealing increases
the conductivity of the sample and suppresses the insulator-
like upturn of the resistance toward low temperature that is
very prominent in the as grown state. In the final state the
resistance exhibits a metal-like temperature dependence sim-
ilar to the one that was reported for a SrFeO, o5 single crystal
in [8], except for a weak upturn below 50K that is not seen in
the single crystal.

The DC resistance of a duplicate SFO film (33nm, M2a)
which has been ozone annealed in one step for 8h is shown
in figure 7. The overall temperature dependence is metallic
with a pronounced decrease toward low temperature. There
are also pronounced thermal hysteresis effects in the temper-
ature range between 30 and 115K with an intermittent region
around 95K with a very small hysteresis. Similar anomalies
were previously reported for a 50nm thick SFO; film on
LSAT that had two Néel temperatures of 46K and 104K [11].
These anomalies have been attributed to different helimagn-
etic phases with nontrivial spin structures. We find a Néel
temperature of about 110K, where a change in the slope of
the zero field cooling curve is observed, in good agreement
with a previous report [16].

The inset shows the magnetoresistance, MR =
[R(H) — R(0)]/R(0), which has been deduced from the dif-
ference between the zero-field cooled and the field-cooled
resistance R(0 T) and R(4.5 T), respectively. The MR effect
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Figure 7. DC resistance in zero field and 4.5 T field cooling and
heating of an ozone annealed 33 nm thick SFO film (M2a). Inset:
Magnetoresistance MR = [R(H) — R(0)]/R(0) for 4.5 T field
cooling and heating.

of about —5% at 10K is rather small and decreases toward
higher temperature where it vanishes around 75 K.

Figure 8 compares the temperature-dependent resistance
and magnetoresistance curves of a 109 nm thick SFO film in
the as grown state (M4) and of a 114 nm thick duplicate film
after ozone annealing (M4a). In the former state the resistance
exhibits a steep and strongly hysteretic upturn below about
80K upon warming and 60K upon cooling that is reminis-
cent of the behavior reported for a StFeO, g; single crystal [8].
Thin (about 30nm) SFO films typically show an increase of
the resistance toward low temperature by about 3-5 orders of
magnitude, which is smaller than the increase by 6—7 orders
for thick (about 100nm) SFO films. This suggests that thick
SFO films contain more defects resulting in a higher resist-
ance. The ozone annealing (8h) did therefore not lead to a
fully metallic film for the 114 nm thick SFO film, M4a.

The inset in figure 8 shows the magnetoresistance. The MR
exhibits a rather sharp transition around 80K where it sud-
denly changes from a positive value at higher temperature to
a large negative one at lower temperature with MR(80K) =
+41% and MR(10K) = —87%. This positive MR at higher
temperatures has not been observed for all the as grown films.
Thin (about 30 nm) films just show a negative MR effect with a
slight variation of the onset temperature. Such a large negative
MR effect was also reported for SrFeO, g5 single crystals with
MR(70K) = —90% and SrFeO, g, crystals with MR(70K) =
—40% and attributed to a charge-order transition. Different
from our SFO thin films, this negative MR was limited to a
narrow temperature range around 70K, at low temperature
the MR was either very small or even positive [8, 33]. Note
that we have confirmed that these differences between the low
temperature MR of the SFO thin films and the single crys-
tals are not arising from different measurement techniques
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Figure 8. DC resistance in zero and 9 T field cooling (full lines)
and heating (dashed lines) runs from a 109 nm thick as grown SFO
film on LSAT M4, (R[150 K] = 814Q) and DC resistance of a
ozone annealed 114 nm thick SFO film M4a, (R[150 K] = 360Q).
Inset: Magnetoresistance MR = [R(H) — R(0)]/R(0) for heating at
9 T for the as-grown sample M4.

(isothermal versus. field cooling scans). Accordingly, it seems
to be related to the defects and strain effects in the thin films.

3.1.3.2.0ptical conductivity with ellipsometry. Figure 9
shows the infrared conductivity of a 109nm thick SFO film
(M4/M4a) on LSAT before (a) and after ozone annealing (b).
The spectra have been corrected for the substrate contribution
and represent the intrinsic response of the SFO thin film. The
measurements have been performed by stepwise increasing
the temperature starting from 10K. The infrared data thus
should be compared with the heating branch of the resistances
in figure 8 (dotted blue/cyan lines).

For the as-grown state (figure 9(a)), the electronic part of
the infrared conductivity is very weak below 80K where the
resistance data in figure 8 show a highly resistive state. Above
80K the electronic conductivity starts to increase and gives
rise to a broad band with a weak maximum at 400-500 cm™~".
This electronic band exhibits the strongest increase between
100 and 120K and tends to saturate above 200 K. Some of the
infrared active phonon modes are also undergoing pronounced
changes around 120K. The inset in figure 9(a) shows that at
least seven new phonon modes (marked by arrows) appear
at low temperature. Remarkably similar infrared spectra
with corresponding changes were previously observed in a
SrFeO, g5 single crystal and interpreted in terms of a trans-
ition into a charge ordered state at low temperature with an
enlarged unit cell [33]. The additional infrared-active phonon
modes thus can be understood in terms of a Brillouin-folding.

The electronic infrared conductivity of the ozone annealed
SFO sample (figure 9(b)) is significantly larger than in the
as grown state and it increases toward low temperature. The
electronic response still has an unusual shape with a broad
maximum around 300400 cm ™' that is clearly different from
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Figure 9. Substrate corrected real part of the infrared conductivity
before (a) and after ozone annealing (b) of a 109 nm thick SFO film
(M4/M4a) on LSAT. The conductivity was measured at various
temperatures from 7 K up to 300K.

a Drude-like response of itinerant carriers for which the con-
ductivity increases toward the DC limit.

Some of the infrared-active phonon modes are also quite
anomalous. Between 140 and 300K only the three phonon
modes expected for cubic SrFeO; are observed around 156,
245 and 570 cm~!. Below 140K several additional, sharp fea-
tures start to develop which have a Fano-like shape [34, 35].
Most of them coincide with the phonon modes of the LSAT
substrate as shown by the dotted lines.

Whereas some of these modes coincide with the phonon
mode of the LSAT substrate, we can exclude that these are due
to an incorrect correction of the substrate contribution to the
response function (since they appear only below 140K and
some of them do not coincide with LSAT phonons). It rather
seems that these resonance features are the signatures of a spa-
tially inhomogeneous electronic response of the SFO film. For
example, there may be insulating regions due to the clustering
of the few oxygen vacancies that exist in these ozone annealed
films (see section 3.1.3.1) that are embedded in a matrix of
fully oxygenated, metallic material. The local field effect at
the interfaces between the insulating and metallic regions can
indeed give rise to Fano-type features in the vicinity of the
phonon modes of the insulating regions [36]. The strong influ-
ence of the phonon modes of the LSAT substrate on these res-
onance features is still somewhat surprising. It may indicate
that these oxygen deficient regions are mostly located near the
LSAT substrate.

3.2. SrFe0;_s—Laz,3Ca;,3sMnO3 (SFO-LCMO) multilayers

A list of the studied StFeO3;_s—La, ,3Ca;/3MnO; multilayers
and their layer thicknesses is given in table 2. The structure
of the multilayer SL1 with 9nm thick SFO and LCMO layers
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Table 2. List of the SFO/LCMO multilayers and the LCMO monolayer reference.

Label Samples Techniques
SL1 [SFO(9nm)-LCMO(9nm)],,-LAO(2nm) XRR, XRD, RSM,
4-point probe, VSM
SL2 [SFO(10nm)-LCMO(10nm)),,-LAO(2nm) XRR, STEM
MLI1 LSAT-LCMO(28nm)-LAO(3nm) XRR, VSM
was investigated with XRD and RSM and its electronic and 10 (002)
magnetization properties with 4-point probe and VSM mea- N LSAT (003)
surements. The SL2 with slightly thicker SFO and LCMO 10 M SFO (003)
layers (10nm) was used for STEM characterization. The thin S 100 I~
LCMO film, ML1, was measured as a reference for the elec- s 107
tronic and magnetic properties of LCMO. Z .
All the SFO/LCMO multilayers that are discussed in the @ 1©
following are in the as-grown state. The ozone-annealing of 3 10
these multilayers resulted in insulating samples with a reduced = 10!
structural quality, which are not further discussed here. Lo
3.2.1. Structural properties. The structural properties of the 1095 o s 55 55 35 35

SFO/LCMO multilayers have been investigated with different
techniques. With XRR we determined the layer thicknesses
and roughnesses (section 3.2.1.1), XRD was used in order
to determine the oxygen deficiency and space group of SFO
as well as the growth direction of LCMO (section 3.2.1.2),
the epitaxy was studied with RSM (section 3.2.1.3) and the
atomic structure, including the interface terminations, with
STEM (section 3.2.1.4).

3.2.1.1. Determination of layer thickness from XRR. The fit of
SL1 in figure 1 yields a film thickness of 9.5 nm for SFO and
9.4nm for LCMO. The surface roughness of the SFO layers
evolves from about 7-8 A for the two topmost layers to about
3 A for the layers below. A similar trend is observed for the
LCMO layers for which the roughness decreases from 3—-6 A
for the topmost layers to less than 1 A for the lower LCMO
layers. These low roughness values testify for the high quality
of this superlattice.

3.2.1.2. Oxygen order with XRD. Next we discuss how the
oxygen deficiency, the space group of SFO as well as the
growth direction of LCMO have been deduced from the XRD
data. Figure 10 shows crystal truncation rods (CTRs) along
the [00L] and [1 1 L] directions for the SL1. The strong reflec-
tions at integer positions correspond to the typical LSAT cubic
perovskite cell with a Pm3m space group and a pseudo-cubic
lattice constant of about 3.87 A. Half-order peaks from the SL
appear on the [1 1 L] CTR but are absent along [00L].

As listed in table 3, additional half-order peaks have been
observed at the positions 1/2(0,0,0), 1/2(e.e,0), 1/2(e,0.e),
1/2(o,e,e) and quarter-order peaks at the position 1/4(0,0,20),
with o: odd integer and e: even integer numbers. These half-
order reflections originate from a doubling of the unit-cell
which may be caused by (i) a tilting of the octahedra, (ii) an
ordering (superstructure) of the chemical species or vacan-
cies, or (iii) by a displacement of the cations.

The half-order reflections at the 1/2(0,0,0) positions can be
assigned to the F-43m space group of the LSAT substrate with

L (r.l.u)

Figure 10. [00L] and [1 1L] crystal truncation rods of the [SFO
LCMO],,-LAO superlattice (SL1) grown on LSAT.

a lattice constant of 7.74 A and result from a superstructure
(scenario ii) due to an ordering of the Al and Ta ions [37, 38].
These reflections are also observed for a bare LSAT substrate
and are therefore not specific to the SFO/LCMO superlattices.

The half-order peaks at the 1/2(e,e,0) positions, e.g.
(1,1,2.5), are attributed (within scenario 1) to the orthorhombic
structure of LCMO with the long-axis pointing out-of-plane.

The 1/2(e,o0,e), 1/2(0,e,e) and 1/4(0,0,20) peaks appear to
be specific to the SFO layers. They cannot be explained in
terms of the octahedral tilts of scenario (i) since they do not
comply with the rules given by Glazer and Woodward [39,
40]. Instead, we have verified that they can be assigned to
the oxygen vacancy ordering of the tetragonal structure of
StFeOj81-2.875 [10, 41, 42]. We have simulated the corre-
sponding diffraction patterns for different orientations of the
SrFeO3_s structures on LSAT with the Rigaku SmartLab
software in order to assign the 1/2(e,o,e) and 1/2(o,e,e) reflec-
tions. The structure of SrFeO,s, which has the long-axis
pointing out-of-plane, and SrFeO,g;, which has the c-axis
lying in-plane, would lead to half-order reflections along the
[00L] CTR [30] which are not seen in figure 10. These struc-
tures can therefore be excluded. The SrFeO, 5 structure, which
has the long-axis along the in-plane direction would lead to
reflections at 1/2(e,o0,e) and 1/2(o,e,e) positions without half-
order reflections along [0OL]. The same reflections would
occur for SrFeOs g1 _275 which has the c-axis along the out-
of-plane direction. The distinction between these two struc-
tures is based on the 1/4(0,0,20) peaks which occur only for
the tetragonal StFeO; g1 875 structure. The same 1/4(0,0,20)
peaks were found for the 109 nm thick SFO film (M4).

In summary, the assignment of the x-ray diffraction data
suggests that the superlattice SL1 consists of StFeO3_; layers
with a tetragonal structure, an oxygen deficiency of about
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Table 3. List of the observed half-order and quarter-order Bragg peaks.

Found pseudo-cubic LSAT F-4§m, a= 7.7401 A,

LCMO Pnma, a = 5457 A,

SI‘FCO2A8172A§75 [4/mmm a = 10.932 13;,

(HKL) b=T7T74A,c=774A,[001] b=7711A,c=5417 A, [010] b5=10.932A,c=7.700A,[001]
1/2(0,0,0) Yes — —

1/2(e,e,0) — Yes —

1/2(e,0,e) — — Yes

1/2(o,e,e) — — Yes

1/4(0,0,20) — — Yes

SFO (024),

Q. (A

Q, (A

Figure 11. Reciprocal space maps around the pseudo-cubic (024)
Bragg peak of a [SFO/LCMO],,-LAO superlattice (SL1) grown on
LSAT.

0.2 < § < 0.1 and orthorhombic LCMO layers for which the
long-axis is pointing in the out-of-plane direction.

3.2.1.3.Epitaxy with RSM. The reciprocal space map (RSM)
of the SFO/LCMO superlattice (SL1) around the pseudo-
cubic (024) Bragg peak is shown in figure 11. The SFO lat-
tice parameters derived from the RSM are aSFO = 3.885 A
(in-plane) and cSFO = 3.852 A (out-of-plane). The c-axis
of the bulk tetragonal structure of SrFeO,g; [41] amounts
to 7.7 A~ 2¢pe corresponding to a pseudo-cubic out-of-
plane lattice parameter of ¢, = 3.85 A. The in-plane lattice
parameter found by the RSM analysis (3.885 A) is slightly
larger than the pseudo-cubic bulk parameter deduced from
StFeOs 51, ape = 10.932/\/@)/2 —3.865 A but close to
StFeO, 75, ape = 10.974/4/(2)/2 = 3.880 A. The LSAT lat-
tice parameter was found to be 3.874 A. The lattice mismatch
between LSAT and LCMO is less than 0.1%, therefore the
LCMO peak overlaps with the stronger LSAT Bragg peak.
The lattice parameter for LCMO thus cannot be determined
from the reciprocal space map.

3.2.1.4. Atomic structure with STEM. Figures 12 and 13 show
the STEM ADF images of the superlattice (SL2).

The low magnification image in figure 12(a) confirms the
overall high quality of this superlattice, it demonstrates that

10

Figure 12. Low (a) and high (b) magnification ADF images of the
[SFO/LCMO],,-LAO superlattice (SL2) on LSAT.

the layers have coherent interfaces and are flat and homoge-
neous over long lateral distances. The LCMO layers show a
brighter contrast while the SFO layers appear dark.

The high magnification image in figure 12(b) reveals that
the oxygen deficient SFO layers once more exhibit charac-
teristic dark horizontal stripes due to an oxygen vacancy
ordering. These stripes are running predominantly parallel to
the interface, although, occasionally they are perpendicular.

Figure 13 shows the atomic resolution chemical images of
the LCMO/SFO interfaces as obtained by EELS. The yellow
box in figure 13(a) highlights the region of the superlattice
where the EELS spectra were collected and shows the simul-
taneously acquired ADF signal.

Figure 13(b) shows a set of elemental maps from the anal-
ysis of the La M4s, Mn L3 and Fe L,3 absorption edges,
indicated in green, red and blue, respectively. It confirms that
the interfaces are chemically sharp with no sign of cation
inter-diffusion. Figure 13(c) displays the averaged profiles
and the atomic plane stacking at the bottom LCMO/SFO and
top SFO/LCMO interfaces (with respect to the growth direc-
tion) which corresponds to MnO,-SrO-FeO, for the former
and FeO,-LaO-MnO; for the latter. Statistically speaking, this
is the predominant sequence found throughout the entire part
of the sample that has been measured with STEM.

3.2.2. Magnetic properties. The magnetization of the SFO/
LCMO multilayer SL1 was measured with VSM and is
presented in section 3.2.2.1. We have found an intriguing
exchange bias effect which is discussed in section 3.2.2.2.

3.2.2.1. DC magnetization. The magnetization data of the
SFO/LCMO superlattice (SL1) shows signatures of a strong
mutual influence between the SFO and LCMO layers. In
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Figure 13. EELS elemental mapping of a LCMO/SFO/LCMO trilayer sequence in the SL1 superlattice. (a) Annular dark field

(ADF) image. The yellow box highlights the region where the EELS data were acquired. The inset includes the ADF signal that was
simultaneously acquired with the EELS data. Some spatial drift is present. (b) Atomic resolution elemental maps corresponding to the La
(green), Mn (red) and Fe (blue) species. They have been obtained from the analysis of the La M4 5, Mn L; 3 and Fe L, 3 edges. (c) Averaged
profiles measured on the elemental images in (b), same color code. A sketch of the interface terminations is included on the right side.
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Figure 14. Magnetization versus temperature upon field-cooling in
0.1 T for the [SFO/LCMO] 10-LAO superlattice, SL1, and a LCMO
(ML1) thin film.

particular, we observe a sizeable reduction of the average
magnetic moment of the LCMO layers, a strong increase
of the coercive field and a negative exchange bias effect.
Figure 14 compares the T-dependent magnetization of the
superlattice, SL1, and the LCMO monolayer, ML1, as mea-
sured in field-cooled mode at 0.1 T. The magnetic moment is
displayed in units of Bohr magneton, pg, per Mn ion calcu-
lated according to

M;=M/(up-N) =M Vo /(s -A-d) (1)

where M is the magnetic moment in emu = erg/gauss, N the
number of Mn ions per LCMO unit cell, V. the unit cell
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Figure 15. Magnetization versus field loops measured after field
cooling in 6 Tesla for the [SFO/LCMO],,-LAO superlattice, SL1.

volume, pug = 9.27 x 10~ erg/gauss the Bohr magneton,
A the surface area and d the total thickness of the LCMO
layer(s).

Both samples exhibit a characteristic ferromagnetic
response with a spontaneous magnetization that develops
below a Curie temperature of about 186K and 190K for
ML1 and SLI1, respectively. These Curie temperatures are
typical for thin LCMO films [3]. The low temperature value
of about 3.2 pg/Mn of the single LCMO layer is only mod-
erately reduced as compared to the one in bulk LCMO single
crystals for which the maximal value is around 3.7 pp/Mn.
The corresponding magnetic moment of the superlattice SL.1
is significantly lower and amounts to about 2.2 pg/Mn. This
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Figure 16. Parameters determined from magnetization loops after 6 T field cooling; (a) saturation moment per Mn ion for the superlattice
(SL1) and the LCMO monolayer (ML1), (b) coercive field of ML1, (c) coercive field of SL1, (d) exchange bias of SL1.

may be caused by a so-called depletion layer which leads to a
suppression of the FM moment in the vicinity of the LCMO/
SFO interface, similar to the one that was previously found in
YBCO/LCMO superlattices [5, 43, 44]. Interfacial magnetic
dead layers have also been found in other ferromagnetic mat-
erials such as La,/3Sr;3MnO3; (LSMO) grown on various
substrates [45, 46] and Fe;O,4 grown on MgO (001) [47]. In
the latter material a polar catastrophe is avoided by the magn-
etic dead layer [48].

3.2.2.2. Exchange bias with VSM. Figure 15 shows the mag-
netization loops of SL1 at several temperatures below 7. The
M-H loops have been taken in order of increasing temperature
after the sample was cooled to 10K in a field of +-6 T paral-
lel to the film plane. The shape of the M—H loops is charac-
teristic of a FM response with a clear hysteresis at low field
and a saturation toward high fields. The saturation moment,
M, increases toward a low temperature value of about
2.25 pp/Mn that compares well with the one deduced from
the field-cooled data at 0.1 T in figure 14. The coercive field,
H_, below which the magnetization becomes hysteretic, shows
a pronounced increase toward low temperature and reaches
about 450 Oe at 10K. Notably, the M—H loop at 10K is not
centered around the field-axis but is slightly shifted toward
negative fields. Such a so-called exchange bias effect arises
in systems for which the ferromagnetic moments are coupled
to spins that are somehow locked along a certain direction.
In the present case this exchange bias effect originates most
likely from the interfacial coupling between the ferromagnetic
LCMO and the helimagnetic SFO layers.

12

Figure 16 shows a more detailed analysis of the
T-dependence of M, H, and H. for the LCMO monolayer
(ML1) and the superlattice (SL1). Figure 16(a) details the
T-evolution of M. Fits of the T-dependence below 120K have
been performed with the function M, = M°(1 — DT?) (solid
lines), where M is the extrapolated value of the saturation
magnetization at 0K and D and (3 describe the thermally-
induced reduction of the magnetization [49-51].

The best fit parameters for the saturation moments are
Mg = 3.64 up for ML1 and M? = 2.27 pg for SL1. As was
mentioned before, the decreased saturation moment of the
superlattice can be explained in terms of a depleted layer (with
a suppressed FM order) at the LCMO/SFO interface.

Figure 16(b) shows the T-dependence of the coercive
field H. = (H.+ — H.—)/2 of the single LCMO film MLI.
The magnitude of H, increases toward low temperature but it
remains very small and does not exceed 35 Oe at 10K. Such a
soft magnetic behavior is typical for LCMO thin films grown
on substrates with a small lattice mismatch [52]. Figure 16(c)
shows that the coercive field of SL1 is much larger than for
ML1 and exhibits a rather steep low T upturn that sets in below
about 100K as the SFO layers develop a static magnetic order.

Figure 16(d) displays the T-dependence of the exchange
bias field, Hex = (Hq4 + H.—)/2, for SL1. No exchange bias
could be observed in ML1.

For SL1 there is a clear, negative exchange bias that
develops below about 50K and grows in magnitude as
the temperature decreases. The onset temperature of the
exchange bias around 50K coincides with a change in the
slope of the magnetoresistance, which is shown in figure 18.
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Figure 17. (a) Magnetization versus field loops at 10K after field
cooling in 0.5 and 9 T for the [SFO/LCMO],,-LAO superlattice
(SL1). (b) Exchange bias as a function of the cooling field measured
at 10K for superlattice SL1.

The magnitude of H increases continuously and reaches a
value of H, = —30 Oe at 10K. A negative exchange bias,
thus a shift of the M—H loop towards the negative magnetic
field direction for positive cooling fields can occur inde-
pendent of whether the coupling at the AFM/FM interface is
FM or AF. Similar exchange bias effects have been observed
in BiFeO3/Lag 7Sry3MnOs bilayers and superlattices [53-56],
Lag 3Sry7FeO3/SrRuO; bilayers [57] and in several other sys-
tems such as LaNiOs/LaMnOs; superlattices [58] or Fe;O./
CoO system [59].

Figure 17 shows the dependence of the exchange bias on
the cooling field for SL1. Figure 17(a) shows two M—H loops
that have been measured at 10K after cooling in different
fields of 0.5 T and 9 T, respectively. Figure 17(b) shows the
dependence of the exchange bias on the cooling field in more
detail. It reveals that the magnitude of the negative exchange
bias is much larger for the smaller cooling field. A similar
dependence of the exchange bias on field cooling has been
previously found in e.g. FeF,/Fe bilayers on MgO (grown at
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Figure 18. Resistivity versus temperature in zero field cooling
for the [SFO/LCMO]J,,-LAO superlattice SL1, monolayer LCMO
(ML1) and SFO (M2) thin films. Inset: Magnetoresistance

MR = [R(H)-R(0)]/R(0) for 9 T field cooling of SL1.

200 °C) and has been assigned to the AFM interaction with
the magnetic field during the most recent cooling procedure
[60]. This characteristic behavior of the exchange field may be
understood in terms of an antiferromagnetic interfacial cou-
pling between the Mn moments of the FM LCMO layer and
the Fe moments of the SFO layer with an AF or helical magn-
etic order. In this case, the Mn moments of the FM LCMO
layer align themselves parallel to the applied positive field,
whereas the Fe moments right at the interface, that are subject
to an AF exchange coupling with the Mn moments, acquire
an antiparallel orientation. Note that the Néel temperature of
the AF or helical order of the Fe moments is well below the
Curie temperature of the FM order of the Mn moments. A
larger cooling field competes with this AF interfacial coupling
between the Mn and Fe moments and eventually rotates or
flips the interfacial Fe moments towards a parallel orientation
with respect to the field. This reduces the magnitude of the
negative exchange bias and eventually should even give rise
to a sign change toward a positive exchange bias. The data in
figure 17 show that the field required to rotate or flip a majority
of the Fe spins, as to induce such a sign change, is somewhat
higher than 9 T. The AF coupling between the interfacial Fe
and Mn spins thus seems to be quite strong.

3.2.3. Electronic properties. The magnetoresistance of the
superlattices was measured with the 4-point probe and is dis-
cussed in the next subsection.

3.2.3.1. Magnetoresistance with 4-point probe. Figure 18 dis-
plays the resistivity curves of the SFO/LCMO superlattice (SL1)
and the thin films of LCMO (ML1) and SFO (M2). All samples
have been measured during zero-field-cooling, except for SL1
which has also been measured while cooling in a field of 9 T
(dashed red line). The temperature-dependence of the resistance
curve of the LCMO thin film (green line) shows a pronounced
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change from insulator-like to metal-like state that coincides with
the Curie temperature around 190K. This transition involves a
decrease of the resistance by about three orders of magnitude
and arises from the competition between a Jahn-Teller dist-
ortion of the oxygen octahedra and subsequent localization of
charge carriers and the so-called double-exchange interaction
which yields an itinerant ferromagnetic state below 7.

The room temperature value of the resistance of the as
grown SFO film (cyan line) is lower by about an order of mag-
nitude than the one of the LCMO film. However, the resist-
ance of the SFO film keeps increasing toward low temperature
whereas the resistance of the LCMO layer decreases sharply
below 7. Accordingly, the low-T resistivity of SFO is nearly
four orders of magnitude higher than the one of LCMO.

For the SFO/LCMO superlattice it is thus expected that the
T-dependence of the resistance curve is metal-like below T,
(due to LCMO) and insulator-like above 7, (due to LCMO and
SFO). Such a trend is indeed observed in figure 18, albeit, the
transition around T is considerably broader and the decrease
toward low temperature is weaker than in the monolayer
LCMO thin film. The resistivity for SL1 remains fairly high
below 7. and even starts to increase again below 30 K. This
indicates that the mobility of the charge carriers in the LCMO
layers is significantly degraded as compared to the monolayer
LCMO film. The inset of figure 18 shows that the SL1 also
exhibits an unusual MR effect. Unlike the colossal magneto-
resistance (CMR) effect in bare LCMO, which yields a sharp
maximum of the negative MR around T, the MR of SL1 per-
sists over a very broad temperature range and still amounts to
—50% at 10K. The MR also exhibits an additional structure
around 55K that is reminiscent of a magnetic transition of the
SFO layers.

4. Conclusions

In summary, we have investigated the structural, electronic
and magnetic properties of StFeOs_s (SFO) thin films and
SrF603,5/IJa2/3Ca1 ,3MnOs3 (SFO/LCMO) superlattices that
were grown with pulsed laser deposition (PLD) on LSAT
substrates. Their high structural quality has been confirmed
with x-ray diffraction and reflectometry (XRD and XRR) and
scanning transmission electron microscopy (STEM) studies.
The latter also revealed an interesting difference in the layer
stacking sequence of MnO,-SrO-FeO, at the LCMO/SFO and
FeO,-La0O-MnO; at the SFO/LCMO interfaces (along the PLD
growth direction). The XRD data suggest that the as grown
single SFO films and SFO/LCMO superlattices typically have
an oxygen-deficient structure of StFeO3;_s with § < 0.2 and
I4/mmm space group symmetry. For the post growth ozone
annealed SFO films they are consistent with a nearly oxygen
stoichiometric structure. The electronic and magnetic prop-
erties of the as-grown and ozone annealed SFO monolayers
are fairly similar to the ones of SrFeOs_; (§ < 0.2) single
crystals. In particular, the electric transport and infrared
spectroscopy showed that the as grown SrFeO;_s films are
insulating whereas the ozone annealed films are metallic. The
infrared data of the as grown SFO film also showed additional,
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sharp phonon modes that appear below 110K and resemble
the ones in the charge ordered phase of SrFeO; g5 crystals. The
magneto-resistance effects of the as grown thick SFO films are
similarly large as in corresponding single crystals but they have
a markedly different temperature dependence. Whereas in the
SFO single crystals large MR effects occur only in the vicinity
of the AF/CO phase transition around 60-70K, in the thick
SFO films a large negative MR persists to the lowest measured
temperature of 10 K. Last but not least, the SFO/LCMO super-
lattices exhibit a rather large negative exchange bias effect that
is dependent on the cooling field. These intriguing, new results
call for a systematic study of the exchange-bias effect in super-
lattices with different thicknesses of SFO and LCMO and also
direct studies of the magnetic coupling of the Fe and Mn ions
at the SFO/LCMO interface.
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