Synthesis and characterization of SrFexMni.x(O,F)3.5

oxide (0 =0, 0.5) and oxyfluoride perovskite films

Jiayi Wang, Benjamin M. Lefler, Steven J. May”
Department of Materials Science and Engineering, Drexel University, Philadelphia, Pennsylvania
19104, USA

Keywords: oxyfluorides, B-site alloyed perovskite, electronic transport, optical absorption

Abstract

We report the synthesis and characterization of as-grown SrFe.Mn..O2 5 epitaxial films, which
were also subjected to post-growth oxidation and topotactic fluorination to obtain SrFe,Mn;..O3
and SrFe,Mn.,O2 5.5Fy films. We show how both the B-site cation and anion composition influence
the structural, electronic, and optical properties of this family of perovskite materials. The Fe
substitution of Mn in StMnO: s gradually expands the c-axis parameter, as indicated by X-ray
diffraction. With increasing x, the F content incorporated under identical fluorination conditions
increases, reaching its maximum in SrFeO; 5.sFy. In the compounds with mixed B-site occupation,
the Fe 2p photoemission peaks are shifted upon fluorination while the Mn 2p peaks are not,
suggesting inductive effects lead to asymmetric responses in how F alters the Mn and Fe bonds.
Electronic transport measurements reveal all compounds are insulators, with the exception of
SrFeOs, and demonstrate that fluorination increases resistivity for all values of x. Optical
absorption spectra in the SrFeMn;.,O25 and SrFe.Mn;.,O3 films evolve systematically as a

function of x, consistent with a physical scenario in which optical changes with Fe substitution



arise from a linear combination of Mn and Fe 34 bands within the electronic structure. In contrast,
the F incorporation induces non-linear changes to the optical response, suggesting a more complex

impact on the electronic structure in materials with concurrent B-site and anion site substitution.

Introduction

Controlling the composition and occupation of the anion site is a dominant strategy for tuning
the functionality of transition metal perovskites.! For example, introducing oxygen vacancies into
ABO3.s perovskite oxides is an important means to induce and engineer many interesting properties,
such as magnetism, electronic and ionic conductivity, and catalytic activity.>® These oxygen-
deficient perovskites crystallize in a large variety of structures depending on the degree of anion
deficiency, cation composition, and vacancy ordering.* Among them, oxygen-deficient
perovskites with the formula 4BO.s (6 = 0.5) have attracted attention due to the unique
arrangements of oxygen vacancies found in these materials, where typically the ABOs.s notation is
used to indicate materials with disordered (or uncharacterized) vacancy occupations while integer
formula such as 4,B>0s indicate crystallographic ordering of vacancies. One example is the
A>2B>0s brownmillerite structure, in which half of the B cations are octahedrally coordinated,
forming BOs corner-sharing layers, and the other half of the B cations (B') are tetrahedrally
coordinated, forming B'O4 corner-sharing chains within the plane where oxygen vacancies are
located.>® A schematic of the brownmillerite structure is shown in Figure 1a. Compared with the
dense ABOj; perovskite pseudocubic lattice, the ordering of oxygen vacancies in A2(BB')Os
brownmillerites has been suggested as a way of enhancing the mobility of oxygen ions, which
makes this materials family a promising electrolyte candidate for solid oxide fuel cells; Ba2In2Os,

S12C020s, and Sr2FexOs are notable examples of brownmillerites studied for their significant ionic



conductivity.»>® Apart from brownmillerites, there are other structures that also share the same
chemical formula 428,05 but have different oxygen vacancy patterns.* For example, the structure
of SrxMn,0s is based on corner-sharing MnOs square pyramids, where oxygen vacancies form a
pseudo-hexagonal tunnel running along the [001] direction, as illustrated in Figure 1b.”!!
Fluorination presents another route for tuning the anion composition and altering physical
properties. A variety of synthetic approaches to stabilize perovskite oxyfluorides have been
demonstrated,'? with much recent work focused on the use of topotactic routes in which a
fluoropolymer is decomposed to provide a F vapor source to a nearby oxide sample.!* This
topotactic fluorination reaction has been demonstrated on both bulk and epitaxial thin films

1416 and on compounds with a wide range of B-site chemistries.!”! Studies on the

samples,
physical properties of 4B(0,F);.s oxyfluorides have generally revealed an increase in electrical
resistivity, slight blue-shifts of band gaps and optical transitions, lattice expansions owing to the
increased ionicity of the metal-ligand bonds, and predictions of multiferroic behavior,!®?22*
However, to date, this work has largely focused on perovskites with a single B-site cation, and thus
the impact of fluorination on perovskites with multiple B-site cations remains unexplored.

To better understand the impact of B-site composition on F incorporation and the resultant
physical properties, we have deposited a series of SrFexMni.,O2 5 films and then subjected them to
identical fluorination conditions to synthesize oxyfluorides. Previous work has established that
both SrB(O,F);s oxyfluorides (B = Mn, Fe) can be synthesized as bulk samples or epitaxial
films.!*!3-2>27 Fluorination of SrB0s.5 (B = Mn, Fe) oxides into SrB(O,F)s.s oxyfluorides occurs
by F substituting for O in the manganite, reducing the Mn valence state, while F occupies both

vacancy and O sites in the ferrite allowing Fe to maintain a preferred 3+ state.!>!%22% In both

materials, F substitution has the effect of increasing the lattice volume as the B-F bonds are longer



than their B-O counterparts.?>?° With increasing F content, increased resistivity has been reported
in SrMn(O,F)3.5,>* and a bandgap expansion has been shown via a blue-shift in optical absorption
in both StMn(O,F)3.5 and SrFe(O,F)3.5.232* However, fluorination of SrFe.Mn;.O> s alloys has not
been reported and thus it is unknown how F incorporation and physical properties are affected by
x in this family of complex oxyfluorides. For comparison, we also characterize the StFe,Mn;..O2 5
and SrFe:Mni.,O3 oxide counterparts. While the bulk structures of Sr:Mn>Os and Sr2Fe>Os are
known, the crystal structures and physical properties within the quaternary SrFe.Mn;.,O 5 family
has not been previously reported, to our knowledge. We have also oxidized the as-grown samples
to obtain an equivalent set of SrFe.Mn;.,O3; films. Both SrFeOs; and SrMnO; form cubic
perovskites in bulk,***! although StMnOs is also commonly stabilized in a hexagonal structure
with edge-sharing MnQOs octahedra.’> The lattice volume of bulk SrFe.Mn;O; increases
systematically with increasing x, while its resistivity decreases with increasing Fe substitution (x)
until reaching the metallic state in the SrFeOs parent compound.®

We find that the F concentration of these oxyfluorides increases with increasing Fe substitution,
which we believe arises primarily due to the brownmillerite structure supporting more rapid ion
diffusion. Using X-ray photoemission spectroscopy, we find larger peak shifts associated with the
Fe-F bonds compared to the Mn-F bonds, which we attribute to inductive effects. The fluorinated
SrFexMn .02 5.5Fy films show higher resistivity than as-grown SrFe.Mn;..O25. The optical
absorption spectra of SrFe;Mni.1O2 5 and SrFe,Mn;..O3 films are similar to a linear combination
of the two end members SrFeO2.s and SrMnOs. In contrast, non-linear shifting of spectral weight
within the absorption data is observed for SrFe:Mn1.,O2 5.sFy with changing x, which suggests that
the incorporation of F impacts the band structure in more complex ways in the oxide SrFe.Mnj.

x035 counterparts. These results demonstrate the compositional flexibility now possible in



epitaxial perovskite films and illustrate how combining both cationic and anionic substitutions can

be used to engineer functional properties beyond simple rule of mixtures approximations.

Experimental Methods

The epitaxial SrFe,Mn;.,O2 s films were deposited with oxide molecular beam epitaxy (MBE)
on (LaAlO3)03(Sr2TaAlO¢)o.7 (LSAT) on (001)-oriented substrates. During growth, the substrate
heater was maintained at around 600°C, while the MBE growth chamber pressure was held at 2.5
x 107® Torr with Oz introduced. The films were grown by the co-deposition of Sr, Mn, and Fe with
a ~30 sec deposition rate for each unit cell, followed by a 10 sec anneal with source shutters closed
between each monolayer. The films used in this study are approximately 30 nm thick as verified
by X-ray reflectivity (XRR). The relative cation compositions were determined by X-ray
photoelectron spectroscopy (XPS) confirming the B-site stoichiometry (x) of the films.

The as-grown SrFe.Mn;..O>s films were subsequently exposed to either a post-growth
fluorination or oxidation reaction. The fluorination reactions were carried out using
polytetrafluoroethylene (PTFE) as a precursor for a vapor transport process in which the as-grown
films were placed in an alumina boat, separated by a barrier made of aluminum foil to prevent
contact with the PTFE pellets. The alumina boat was covered in aluminum foil with holes on both
ends and was placed in the center of a quartz tube. The tube was heated to 200°C for 4 h under
flowing Ar at a rate of approximately 0.25 L-min . 162325 To oxidize the as-grown 4BO. s films
into fully oxidized ABOs; perovskites, an oxygen plasma anneal was performed for the SrFe,Mn.
<025 films (x = 0, 0.25, 0.5, 0.75), and ozone anneal was performed for SrFeO>s (x = 1). The
plasma anneal was achieved by heating the as-grown film inside the MBE main chamber in oxygen

plasma at 1 x 107 Torr.** During the plasma treatment, the sample was heated to ~600°C for 1



hour, then the temperature was gradually stepped down in increments of about 50°C and allowed
to sit for 30 min at each temperature step. After the substrate heater reached zero current, the
sample was held for another hour in the plasma. The ozone anneal was performed by placing the
as-grown SrFeQ; s film in the quartz tube in a flowing O3/O, mixture gas at 150°C for 1 hour.
X-ray diffraction (XRD) and x-ray reflectivity were measured using a Rigaku SmartLab
diffractometer. XRD simulations were performed using the GenX software package to extract
accurate c-axis parameters.’> XPS depth profiling using carried out using a Physical Electronics
VersaProbe 5000 instrument with 1 keV Ar" ions for sputtering. Electronic transport experiments
were performed with silver paint contacts in a van der Pauw geometry in a Physical Properties
Measurement System (Quantum Design). Optical absorption spectra were obtained using variable
angle spectroscopic ellipsometry (J.A. Woolam M-200U) with data collected at five incident

angles from 65—75° at room temperature.

Results

Figure l1c shows the XRD data of the as-grown SrFe,Mn;.xO2s, plasma annealed SrFe:Mn;.
x03, and fluorinated SrFexMni.,O2 5.5Fy films. There are 15 films plotted in 5 groups associated
with different cation compositions (x = 0, 0.25, 0.5, 0.75, 1). The obtained c-axis parameters of
each film are plotted in Figure 1d as a function of x. The c-axis parameter of our as-grown
SrMnO»s film is 3.802 A, which agrees with previously reported c-axis values for StMnO..s on
LSAT, which have ranged from 3.790 to 3.811 A.?>% Previous structural studies have shown that
epitaxial StMnOx s films on LSAT grow with the bulk orthorhombic c-axis of STMnQO; 5 parallel
to the c-axis of the substrate, thus leading to the oxygen vacancy channels running along the out-
of-plane film direction.’® The c-axis parameter of our as-grown SrFeO» s film is 4.013 A, which

also agrees with previously reported values for SrFeO,.s/LSAT.?” The orientation of the oxygen
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vacancy planes in the as-grown SrFeO» s films is unknown. While DFT calculations indicate that
ordering of the vacancies within the pseudocubic (100) and (010) planes is energetically
favorable,*® recent experimental work has demonstrated that both horizontal and vertical vacancy
ordering can be stabilized in SrFeO2s/LSAT depending on the synthesis conditions.* For the as-
grown SrFe.Mni.,O25 films, we observed a c-axis expansion from SrMnO> s to SrFeO> s with
increasing x (Figure 1d). The exact crystal structure of the as-grown alloyed films (x = 0.25, 0.5,
0.75) is unknown, but are hypothesized to lack long-range order of the oxygen vacancies due to
the disordered distribution of Fe and Mn on the B-site positions. In a previous report of bulk
SroFeMnOs.+y, the O vacancies were found to be disordered but the (Fe,Mn)-O bond lengths were
very close to the average of Fe-O and Mn-O bond lengths in SrpFexOs and SroMnoOs,
respectively.*® The lattice constant of bulk SroMn2Os is ~3.84 A,*! smaller than that of Sr2Fe,Os
~4.00 A.>® Therefore, the lattice expansion with increasing Fe substitution (x) is to be expected
based on the bulk structures.

After oxidation, the nominal 3+ state of Mn in StMnQO> 5 is increased to 4+ in StMnQOs3. Our
observation of a decreased c-axis parameter of StMnO3 compared to StMnO» 5 is consistent with
the lattice contraction that has been observed in manganites upon decreasing the oxygen vacancy
concentration.*? After oxidation, the Fe*" is oxidized to the nominal Fe*" state with a smaller ionic
size resulting in a decreased c-axis parameter.'**} For the mixed B-site SrFe;Mn;.,Os films (0 <x
< 1), the lattice parameter increases with x due to the substitution of larger Fe*" ions for the smaller
Mn*" ions.* The slope of the c-axis parameter of SrFe,Mn;..Os as a function of x becomes smaller
when x > 0.5, which is consistent with the decreased slope of lattice parameter with increasing x
observed in bulk SrFe,Mn;,O3 when x > 0.5.%* The non-linear expansion of ¢ with x is attributed

to the stronger hybridization of Fe 3d-O 2p compared to Mn 3d-O 2p, which makes the Fe-O bond



more covalent than Mn-O.* This is consistent with previous work illustrating that increased
covalency of the B-O bond results in a smaller lattice size.*®

Contrary to oxidation, the c-axis parameter expands after fluorination for each film. This F-
induced lattice expansion is consistent with numerous previous studies showing an expansion of

15,16.23.25,28:47.48 The lattice expansion

lattice volume in oxyfluorides compared to perovskite oxides.
of fluorinated SrBO; s.sFy is interpreted by the F/O?" substitution-induced reduction of Fe/Mn ions
and consequently longer bond distance of B-(O,F) due to increased ionicity.'® As shown in Figure
1d, the relative c-axis expansion value increases with the increasing Fe substitution (x). According

to previous studies, the degree of c-axis expansion positively correlates with F content (y) for both

SrFe0; 5.5Fy and StMnO, 5.sF,.'%?
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Figure 1. Crystal structures of bulk (a) Sr2Fe2Os and (b) Sr2Mn»0s. (c) XRD data of as-grown
SrFexMni.xO2 5, fluorinated SrFe.Mni..O25.5Fy, and oxidized SrFe.Mn;..O3 films showing the
pseudocubic 002 reflection. The sharp peak near 47° is the LSAT 002. (d) The c-axis parameters

as a function of x for the three different anionic compositions.

The F content of each SrFe,Mn;.,O2s.5Fy film was probed by XPS. Figure 2 shows the F
content (y) as a function of x, and the 2p photoelectron spectra of Mn and Fe in the fluorinated
films. Each film was fluorinated at the same condition, 200°C for 4 h with PTFE as the fluorine
source. The F content is obtained by averaging the XPS depth profile through the film, which is
shown in Figure S1. The atomic concentration of each element is normalized by the atomic percent
of Sr, as listed in Table S1. As shown in Figure 2a, the fluorinated x = 0 film has the lowest F

content. The F concentration increases continually as more Fe is substituted for Mn; the x = 1 film



has the highest F content. We attribute the trend in F incorporation to an increase in the F diffusion
coefficient in SrFeO,s compared to StMnQO: s, which is consistent with the commonly reported
large ionic conductivity in brownmillerite Sr2Fe2Os.”* In contrast, SruMnOs does not appear to
exhibit ionic conductivity comparable to Sr2Fe>0s.>° The x = 0 and 0.25 oxyfluorides also have a
significant decrease in the measured F concentration from the initial spectra (top surface layer
before sputtering) to the spectra obtained after the first sputtering cycle (near-sub-surface region).
This suggests that the incorporation process associated with F movement from the surface to within
the crystal lattice is also a rate limiting step, especially in the Mn-rich samples. The increased F
content with increasing x is also consistent with the increased c-axis expansion of SrFe;Mn;.,O2 s.
sFy with increasing x, shown in Figure 1d. We note that we do not have a direct measurement of o
within the films. However, the reduction of Mn in StMnO> 5.sFy films indicates that 6 <y < 29, as
v = 0 will induce a reduction from 3+ to 2.5+ while the limit of y = 20 would not alter the average
B-site oxidation state.

Further information on the Mn and Fe bonding comes from the 2p photoelectron spectra.
Figure 2b shows the Mn 2p photoelectron spectra of fluorinated films and as-grown StMnO: s. For
the as-grown SrMnOxz s, the Mn 2p3. peak is located at 640.6 eV; after fluorination, the Mn 2p32
peak of SrMnO; s.sFy (x = 0) shifts to 642.1 eV. This is consistent with the formation of Mn-F
bonds after fluorination.?> As reported in bulk materials, the Mn 2ps peak is located at lower
binding energy in Mn oxides (641.5 eV for MnO and Mn»O3) than in Mn fluorides (642.8 eV for
MnF> and MnF3).>! However, for each of the alloyed (x = 0.25, 0.5, 0.75) oxyfluoride films, the
Mn 2ps3» peak shifts back to the position of Mn 2p3» peak in as-grown SrMnOs s, despite the

increased F content (y) observed with Fe substitution (Figure 2a).

10



The Fe 2p photoelectron spectra are shown in Figure 2¢. The Fe 2p3/» peaks of all SrFe,Mn.
x02:5.8Fy (x = 0.25, 0.5, 0.75, 1) oxyfluoride films are located at the same position around 710 eV
with minimal spectral change as x is increased from 0.25 to 1, where the Fe 2p3/> peak of as-grown
SrFeO» s resides at around 709.5 eV. The Fe 2p3,» peak of Fe oxides is located at lower binding
energy than Fe fluorides in bulk.’?> Therefore, the Fe 2p3» peak positions within the SrFe.Mn;.
+02.5.5Fy films with x = 0.25, 0.5, 0.75, and 1 indicate the formation of Fe-F bonds. The satellite
peaks of Fe 2p are sensitive to the oxidization state and the ligand electronegativity. After
fluorination, a satellite peak is visible at around 720 eV in the StFeOx 5.sFy films (x = 1). In the x =
0.75, 0.5, and 0.25 samples, the satellite peak of the fluorinated SrFe,Mn.,O> s.sFy films is located
at around 717 eV. The satellite peak shifting to lower binding energy is consistent with the
reduction of Fe.!®> Therefore, the addition of Mn to the B-sites appears to promote the reduction
of some Fe*" cations to Fe?*. Additionally, in the x = 1 SrFeO. s and SrFeOx 5.5F; films, a shoulder
feature was observed near 707 eV, which is attributed to sputter-induced formation of reduced Fe,
such as in FeO species,** as this feature is not present on the film surface and increases in intensity
with increasing sputter cycles as shown in Figure S2.

In the B-site alloyed oxyfluoride films, the F incorporation will form Fe-F-Fe, Mn-F-Mn, and
Fe-F-Mn bonds. Because the electronegativity of Mn is smaller than Fe, F tends to share its
electrons more prominently with Fe due to the inductive effect, in which the covalency of a metal-
ligand bond is influenced by the presence of additional metals or anions in the crystal with differing
degrees of electronegativity.>>® Therefore, the photoemission signature of Fe-F bonds is more
pronounced than for the Mn-F bonds. However, because the Fe 2p3/» peak shifting of SrFeOx s-sFy
(x =1) compared with as-grown SrFeO; 5 is small (~0.5 eV), we are unable to determine if the Fe

2p3 peak shifts to higher binding energy with increasing amounts of F.
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Figure 2. (a) The F content, v, as a function of Fe composition, x. These data were measured from
the fluorinated samples in Figure 1. The (b) Mn 2p and (c) Fe 2p photoelectron spectra of different
SrFe,Mn.xO2 5.5Fy films, along with the Mn 2p and Fe 2p of as-grown StMnO: s and SrFeO: 5 films

as references.

Temperature-dependent electronic resistivity data are shown in Figure 3; all samples are
insulators except SrFeOs. SrFeO, s, SrFeo.7sMno 2502 5-5F;, and SrFeO» 5s.sFy are too resistive for our
measurement capabilities (p > 10* Q-cm) even at 380 K. For the as-grown SrFe,Mn;.,O, 5 films
shown in Figure 3a, increasing the Fe content results in a larger resistivity, which increases
exponentially with decreasing temperature. The resistivity at 300 K are plotted in Figure S3b to
enable comparisons between different anion compositions as a function of x. After fluorination, as
shown in Figure 3c, resistivity increases for all values of x, consistent with our previous study of
SrMnO25-5Fy.2 Both SrFeO5 and SrFeO..s.sFy were too resistive to measure, so the impact of
fluorination on transport in the x = 1 material is unclear. After oxidation, all films became more
conductive with the largest effect for the SrFeO; film, which shows metallic behavior. The SrFeO3
resistivity is about 1.9 mQ-cm at room temperature and exhibits a p3oox/p1ok ratio of 25.8. A slight

hysteresis, observed at ~100 K, is consistent with transport reported in bulk SrFeQs.2”*” Oxidized
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SrMnOs has a lower resistivity than StMnQO: s, but is still an insulator, consistent with previous
literature.?**® Other SrFe,Mn;.,O3 films are all insulators but with lower resistivity compared with
the as-grown films. The resistivity increases with x, reaches a maximum when x = 0.5 and
decreases with further Fe substitution as shown in Figure 3b. A similar non-monotonic trend was
found in bulk SrFe,Mn;. O3 where resistivity reaches the maximum when x = 0.1.%* Previous
studies of the SrFe,Mni..O;3 electronic structure showed that the Fe 3d bandwidth is larger than
that of Mn 3d, which was attributed to the stronger hybridization of Fe 3d-O 2p compared to Mn
3d-O 2p.** The higher covalency of Fe-O bonds leads to a metallic behavior of SrFeQs, also
consistent with the reduced slope of c-axis parameter expansion with increased x when x > 0.5

shown in Figure 1d.
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Figure 3. Resistivity as a function of temperature in (a) SrFe,Mn;.,O2s, (b) SrFexMn;.xO3, and (c)

fluorinated SrFexMn;.,O2 5.5Fy films.

We fit the resistivity using a basic Arrhenius equation to determine activation energies for
electronic conductivity (Figure S3a). The obtained activation energy of each film, along with the
300 K resistivity, are displayed inset of Figure S3b. Similar to the resistivity data, for the as-grown
SrFe,Mn1.xO25 and fluorinated SrFexMni.xO2s.sFy films, the activation energies increase with

increasing x and after fluorination. The obtained activation energy of 130 meV for SrMnOs is
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consistent with previously reported 160 meV for SrMnO3 epitaxial films on LSAT.>® However,
for the oxidized SrFe,Mni.xO3 films, the resistivity increases (up to x = 0.5) and then decreases
with further Fe substitution (x from 0.5 to 1). The activation energy shown in the inset of Figure
S3b doesn’t show a clear trend of the oxidized SrFe,Mn;.4O3 films, but the x = 0.5 film exhibits

the highest activation which is consistent with the highest resistivity at 300 K when x = 0.5.
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Figure 4. The optical absorption spectra (top), the simulated absorption spectra for the mixed B-
site alloys (dashed lines in middle panels), and the difference between the measured and simulated
spectra (bottom) of (a) as-grown SrFe:Mni.xO2 s, (b) oxidized SrFe:Mn;.xO3, and (c¢) fluorinated

SrFe,Mni., O 5.5Fy films.
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The absorption coefficients as a function of photon energy were obtained using spectroscopic
ellipsometry. Figure 4 shows the optical absorption spectra for as-grown SrFe.Mn.,O2 5, oxidized
SrFexMn;.xO3, and fluorinated SrFe:Mni.xO2s.5Fy films. Alternatively, the absorption data are
plotted in five groups with x =0, 0.25, 0.5, 0.75, and 1 in Figure S4 to show the impact of anionic
composition at fixed cation stoichiometry. For as-grown SrFe,Mn1.,O2 s films (top panel of Figure
4a), a clear trend is present from StMnO, s to StFeOy s, as the absorption edge shifts to higher
photon energy (blue-shift) with increasing Fe substitution. This trend could possibly be attributed
to two factors: first, the Fe substitution increases the overall transition energy between O 2p and
Mn/Fe 3d states, the energy of which evolve with x, leading to a blue-shift. Second, the
incorporation of Fe simply leads to a new Fe 3d band, such that intermediate SrFe:Mni.,O2 s
compounds (0 < x < 1) act as a linear combination of the SrFeO> s and StMnO> s films. To test
these two scenarios, we simulated the absorption spectra of SrFe:Mni..O> s films (x = 0.25, 0.5,
and 0.75) using the measured SrFeO,.5 and StMnO; 5 absorption. The simulated absorption (otsim)
of SrFexMn;.,O> 5 is calculated as @, = X5 + (1 — x) gy and is plotted in the middle panel
of Figure 4a. The difference spectra, defined by subtracting the simulated spectra from the
measured data, are plotted in the bottom panel of Figure 4a. The simulated spectra show the same
basic spectral shape as that measured from the SrFe.Mn..O> 5 films (x = 0.25, 0.5, and 0.75). The
difference between the simulation and the experimental data is within 10%.

After oxidation, the absorption edge of all SrFe,Mn;.1O3 films shift to lower photon energy
(red-shift) compared with the as-grown SrFe,Mni.,O2 s films, as shown in Figure S4. For the both
end members STMnO» 5 (x = 0) and SrFeO. 5 (x = 1), the red-shift after oxidation has been attributed
in previous studies to a broadening of the O 2p bandwidth for StMnOs; (SrFeOs) compared to

StMnO25 (SrFeO25) and the emergence of new empty states above the Fermi level.?>%¢! The
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simulated and difference spectra are also plotted in the middle and bottom panels, respectively, in
Figure 4b. A similar trend of the absorption spectra with increasing x is observed in simulated
spectra. Therefore, the absorption of the oxide SrFe.Mni.,O3 and SrFe,Mn;.xO5 films can be
approximated by a linear combination of parent ternary compounds.

For the fluorinated SrFe,Mn;.,O2 5.5Fy films, the absorption coefficients could be influenced
by the Fe substitution, F content, and the O vacancies. The measured and simulated absorption
spectra of SrFexMn1.,O2 5.sFy films along with the difference spectra are plotted in the top, middle,
and bottom panels respectively in Figure 4c. Comparing the measured and simulated spectra, the
optical absorption of SrFexMn;.,O2.5.sFy does not follow a linear combination of StMnO- s.sFy and
SrFeO2.5.5Fy. One possible factor is the difference in F content for each film, as shown in Figure
2a, which does not follow an exact linear dependence on x. Another likely origin of this phenomena
is the influence of the countercation Mn on the Fe-F bonds (and vice versa) as revealed by the
photoemission spectra. In the bottom panel of Figure 4c, there is a trend of the peak within the
difference spectra shifting to higher photon energy with increasing x. Since the highest intensity
peak position of SrFeOa s5.sFy is in higher photon energy than SrMnO, s5.sFy, the difference peak
shifting presumably indicates the Fe 3d and F 2p interaction is enhanced. These results suggest
that the combination of cationic and anionic substitutions, in which the covalency of the metal-
ligand bond is influenced by the presence of a second B-site cationic and anionic element, can
result in non-trivial changes to band structure, making this a fertile strategy for design and
discovery of materials with novel electronic, optical or magnetic function.

Conclusion
We synthesized a series of SrFe.Mni..O2s epitaxial films with five different cation

compositions and converted these films into SrFe.Mni..O2s.sFy oxyfluorides by a topotactic

16



fluorination method; we also oxidized the as-grown films into SrFe.Mn;..O3 perovskites. The F
content increases with the increasing Fe substitution and reaches the maximum at x = 1. The
photoelectron spectra of Mn and Fe 2p indicates the F anions have a more significant impact on
the Fe bonding state than the Mn. The electronic transport measurements show that fluorination
increases the resistivity for all films. The optical absorption of the 0 < x < 1 oxide films are well-
described by a linear combination of the parent compounds SrMnO>s5 (StMnQO3) and SrFeO: s
(SrFeO3), which indicates the Fe substitution introduces a Fe 3d state into the electronic structure
without significantly modifying the Mn-derived bands. For the fluorinated SrFeMni..O2s.
sFy films, the F incorporation induces non-linear changes to band structure, with the spectral
difference peak shifting towards SrFeO;s.sFy, which is consistent with an enhanced Fe-F
interaction as revealed by XPS. This work demonstrates that the combination of B-site cation and
F anion substitution results in non-trivial changes to the structural, electronic and optical properties,
enabling new paths to engineer the properties in functional heteroanionic materials.
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