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Electronic structure calculations indicate that the Sr,FeSbO, double perovskite has a flat-
band set just above the Fermi level that includes contributions from ordinary subbands
with weak kinetic electron hopping plus a flat subband that can be attributed to the
lattice geometry and orbital interference. To place the Fermi energy in that flat band,
electron-doped samples with formulas Sr, La FeSbOg (0 < x < 0.3) were synthesized,
and their magnetism and ambient temperature crystal structures were determined by
high-resolution synchrotron X-ray powder diffraction. All materials appear to display
an antiferromagnetic-like maximum in the magnetic susceptibility, but the dominant
spin coupling evolves from antiferromagnetic to ferromagnetic on electron doping.
Which of the three subbands or combinations is responsible for the behavior has not
been determined.

cation-ordered double perovskites | electron-doping | flat-band materials |
X-ray powder diffraction | magnetism

Flat-band electronic materials have been a keen research topic in theoretical materials
physics due to their potential for hosting strongly correlated electrons and hence exotic
physical phenomena. However, related experiments are mostly limited to engineered
materials, such as a moiré system (the electron density is necessarily low due to the large
unit cell), rather than naturally occurring three-dimensional stoichiometric crystalline
materials which have a potential for physical properties associated with high electron
density. Complex metal oxides, as a vital component of stoichiometric crystalline materials,
have been of enduring interest in a wide range of disciplines, as they can exhibit physical
and chemical properties that are in large part determined by their crystal structures and
electron count (1-5). The perovskite family, as one of the largest structural types in com-
plex metal oxides, serves an important role in the material design area. B-site cation-ordered
double perovskites, formula A,BB’Oy, although more difficult to prepare than their cat-
ion-disordered analogs, can exhibit greater potential in engineering designed-for-purpose
materials (6-8).

‘The double-perovskite Sr,FeSbOy, the basis of this study, has previously been reported
and discussed regarding its crystal structure, with reports ranging from cubic (Fm-3m) to
monoclinic (P2,/7 and /2/m) and further displaying a range of B-site cation mixing (about
80 to 90%) but without an in-depth discussion of its physical properties and band struc-
tures (9-14). Our previous electronic structure calculations (15) found it to exhibit a
nearly flat band at energies just above the Fermi level through the entire Brillouin zone,
due at least in part to the lattice geometry. Those calculations are augmented here, where
we find that some of the orbitals contributing to the band arise from relatively poor Fe
d-state orbital overlap (i.e., a signature of localized Fe ion states) but that a third arises
from the lattice geometry and electron interference. This doped double perovskite is thus
an unusual electronic system worthy of further study due to the potential electron occu-
pancy of its topological flat band. Flat-band materials, especially those that have topological
electronic flattened bands near or at the Fermi level, are prime candidates for hosting
strongly correlated electrons (16) and can lead to exotic physical phenomena including
magnetism, superconductivity, and the quantum anomalous Hall effect (17-25). Therefore,
placing electrons into those bands, achieved here through the La-doping of Sr,FeSbO,,
is worth investigating to determine whether unusual properties can be triggered.

In this study, the electronic structure of this material is further investigated, and to
experimentally realize the flat band doping, La>* is chosen to partially substitute for Sr**
on the A-site of the St—Fe~Sb—O double perovskite (Sr, La FeSbOy), hence formally
reducing some of the Fe’* centers to Fe** centers in the B-site octahedra. The crystal
structures of the undoped parent phase Sr,FeSbO; and the newly synthesized La-doped
materials are carefully examined by high-intensity high-resolution synchrotron powder
X-ray diffraction. We find that a strong magnetic response is induced through the doping:
the observations can be explained by both conventional and unconventional band occu-
pancy. A delicate structure—property relationship is illustrated in the series of materials
presented in this study, as evidenced by the modified properties upon introducing La**
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electronic system worthy of
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Fig. 1. Stacked lab X-ray powder diffraction patterns for compositions of
the Sr, La,FeSbOg series, with orange boxes highlighting the growth of peaks
representing the impurity phases Sr,Sb,0,, and Fe,O;. Inset: low angle area
zoomed in.

dopant; changes in the crystal structure, magnetism, and electronic
band occupancy of the parent compound are induced. Our exper-
imental observations emphasize that it is critical to fully determine
the crystal structures of materials prior to comprehensively under-
standing their physical properties. This study is a good example
of how a characteristic of interest to physicists can be found in a
class of materials of interest to solid-state chemists.

Results and Discussion

Structural Characterization. The stacked profile of lab pXRD
data (Fig. 1) indicates that the maximum La**-for-St** substitution
level is about 30% before the sample is no longer a single phase.
Extremely small amounts of the impurity phases Sr;Sb,0,, (PDF
Card No. 00-034-1111 in ICDD) and Fe,O; (PDF Card No.
00-013-0458 in ICDD) start to be observed in the x = 0.3 pattern
(in too trivial an amount to be reliably quantitatively characterized
by structural refinement). These nonperovskite peaks grow in the x
= 0.4 and 0.5 patterns, while in contrast, the perovskite peaks (e.g.,
[110] and [002]) have shrunk significantly, as highlighted in the
embedded plot of Fig. 1. This behavior indicates that the limit of
the La solid solution is near x = 0.3 for our synthetic conditions.

The ambient temperature crystal structure of the undoped parent
phase Sr,FeSbOj has been reported in the literature several times,
but the symmetries range from cubic (Fm-3m) to monoclinic (22,/n
and 72/m) with a small distribution in the degree of B-site cation
ordering (9-14). In our laboratory pXRD data, multiple weak
reflections are clearly observed in addition to the strong peaks that
can be indexed by a cubic unit cell (space group Fm-3m), and thus,
the symmetry of the unit cell is not cubic. Both monoclinic space
groups mentioned above (P2,/7 and 12/m) were refined against lab
pXRD data and converged smoothly to give essentially undistin-
guishable agreement parameters. Although neutron and lab X-ray
powder diffraction data of the undoped parent phase Sr,FeSbO,
have been reported, high-intensity high-resolution synchrotron
X-ray powder diffraction (SXRD), which is capable of the observa-
tion of weak reflections and small lattice parameter distortions
attributed to tilts or distortions of octahedra and subtle differences
in B-site cation ordering, has not been previously reported.
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The subtle structural issues in this system make it appropriate
to use high-resolution high signal-to-noise SXRD to determine
the crystal structure of the undoped parent phase Sr,FeSbO, and
the La-doped materials. Rietveld refinements of the host and
doped materials were performed using the two monoclinic unit
cells (space group P2,/n and 12/m). All refinements converged
smoothly and provided satisfactory agreement parameters.
Observed, calculated, and difference plots from the Rietveld
refinement of Sr, yLa, ;FeSbO against the SXRD data are shown
as an example in Fig. 24, and the crystal structure together with
selected bond lengths for the FeO, and SbO octahedra are
depicted in Fig. 2B, while the rest can be found in S/ Appendix,
Figs. S$1-S3. In addition, it is safe to conclude that the oxygen
stoichiometry is very close to the nominal value, in part due to
the previous neutron diffraction studies and, in addition, for all
compositions prepared in this study based on our structural refine-
ments against the collected SXRD data. A close inspection of the
low-26 range, shown in the two inserted plots in Fig. 24, empha-
sizes the differences between the two potential monoclinic space
groups (space groups 2,/n and 12/m). It is clearly observed that
the Bragg reflections belonging to space group P2,/n are absent
in the SXRD data collected at ambient temperature (marked by
arrows in the two insets), which agrees with previously reported
(14) ambient temperature NPD data. The absence of primitive
Bragg reflections commonly exists in all the refinements of ambi-
ent temperature SXRD data collected for the Sr, La FeSbO, (0
< x<0.3) double-perovskite series. Hence, we assign the body-cen-
tered monoclinic unit cell (space group 72/m) to the ambient
temperature crystal structure of the undoped parent phase
Sr,FeSbOg and the La-doped materials. As is the case for many
perovskites, the monoclinic distortion of the cubic perovskite cell
is primarily due to the tilting of the octahedra.

There are only two units of charge difference between the two
B-site cations Fe’* and Sb”* and, although they are quite different
chemically, their effective ionic radii are quite close (for high-spin
Fe**: 7= 0.645 A; and for Sb>": 7= 0.60 A) (26). Thus, it is widely
accepted that a certain extent of antisite disorder can exist in this
material (9—14). Therefore, we carefully examined the degree of
B-site cation ordering in our Sr, La FeSbO; (0 < x < 0.3) dou-
ble-perovskite series by refining the site-fraction occupancy for
the two crystallographically independent B-cation sites. The
refinement results show that the degree of ordering is about 95%
in our undoped parent phase Sr,FeSbOy (x = 0), which is higher
than the values reported previously (9—14). This difference can be
attributed to the synthetic conditions employed in the current
study: Multiple high-temperature (1,500 °C) firings of the ceramic
mixture aid the B-site cation ordering, which was also mentioned
in a previous neutron diffraction study (14). In contrast, the degree
of ordering in our La-doped materials (x = 0.1, 0.2, 0.3) is 100%,
i.e., no antisite disorder is observed. Hence, the two crystallo-
grasphically independent B-cation sites were assigned to Fe’* and
Sb™*, respectively, just like other fully ordered double perovskites
(6, 27). The structural parameters and crystallographic positions
of Sr; gLa, ;FeSbOy thus determined are presented in Table 1 and
those of the remaining compositions can be found in ST Appendix,
Tables S1-S3.

To further confirm the success of the La”*-for-Sr** substitution
in our materials, the lattice parameters for Sr, La FeSbOy (0 < x
< 0.3) were extracted from Rietveld refinements of the SXRD data
and are plotted against the doping level x in Fig. 3. In general, the
lattice parameters 4, b, and ¢ and cell volume V'all get larger, while
the angle f# evolves from slightly above 90° to slightly less than
90° (90 + & formally, not 90 - 8) with La-doping. The changes in
these parameters between x = 0 and 0.1 are quite sharp, while
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Fig. 2. (A) Observed (blue), calculated (green), and difference (cyan) plots from the Rietveld refinement of Sr, ;La, ;FeSbOg (space group /12/m) against the SXRD
data collected at ambient temperature; insets show in detail the absence of primitive Bragg reflections associated with the P2,/n symmetry in our data (positions
marked by arrows). (B) The structural model for Sr; sLa, ;FeSbOg together with selected bond lengths for the FeOg octahedron and the SbOg octahedron.

those between later compositions are much shallower, consistent
with the qualitative change from partial ordering to complete
ordering among the B-site cations. The effective ionic radius of
the La* (r = 1.032 A) (26) dopant is actually smaller than the
original A-site cation Sr** (r = 1.18 A) (26), and hence, a naive
view might be that there should be shrunken lattice parameters.

Table 1.
Sr,,La, ,FeSbO; at 300 K

‘The unit cell expansion observed can be attributed, however, in
an ionic model, to the significantly larger Fe** (r=0.78 A) centers
in some of octahedra compared to the original Fe** (r=0.645 A)
centers. This formal introduction of Fe** occurs as a consequence
of the La**-for-St** substitution used to raise the Femi Level of
this material into the flat bands.

Structural parameters and crystallographic positions from the refinement of SXRD data collected from

Atoms xla yIb z/c S.O.F. Uieo €quiv. (A?)
Sr 0.49917(16) 0 0.25004(5) 0.95 0.00416
La1 0.49917(16) 0 0.25004(5) 0.05 0.00416
Fel 0 0 0 1 0.0009
Sb1 0 0 0.5 1 0.0004
o1 -0.0438(5) 0 0.25219(31) 1 0.0039
02 0.25276(31) 0.25307(31) 0.0230(3) 1 0.0097

Sr, gLag 1FeSbOg space group 12/m (#12)
Formula weight: 453.969 g mol™", Z=2

a=5.62104(1) A, b = 5.59656(1) A, c = 7.90033(1) A, B = 89.9969(6) °, V = 248.5326(8) A>

Radiation source: Beamline 11-BM at a wavelength of ~0.4590 A

Temperature: 300 K
WR =13.791 %; GOF = 1.95

Note: The S.O.F. of the A-site cations (Sr and La) are assigned based on the original stoichiometry ratio of elements put in during the sample preparation.

PNAS 2023 Vol.120 No.8 e2218997120

https://doi.org/10.1073/pnas.2218997120

30of10



Downloaded from https://www.pnas.org by 137.83.217.149 on April 16, 2024 from IP address 137.83.217.149.

56254 @
— ! / L 7.902
= C
°s/ 5.620 + 7 ~
s 2
X 5615 4 o , L 7000 o
S - g R
% / D
8 5610 / g
9} /
£ ; g
8 5605 - y - 7808 S
5 / ©
(=W / 9
Q5600 - /! £
g / 5
= ’ —————— L 7.896 —
5 5595 4
T T T T
0.0 0.1 02 03
90.010
. v
248.8 -
- B
I~ {\\
2486 \ ﬁ L 90.005
: )
05/ \\\ ,/ g\
N \ / ~
© 2484 NS Q
E NS 2
—2‘ K - 90.000 20
= 2482 o SN <
248.0 /
/ L 89.995
2478 . . T T
0.0 0.1 0.2 03
x in Sr, La FeSbOy

Fig. 3. Refined lattice parameters a, b, and ¢, cell volume V, and angle g
plotted for each composition of the Sr,,La,FeSbOg series.

origin of the Flat Bands. The Sr,FeSbO, double perovskite
crystallizes in space group 12/m; the spin structure for the
calculations was set to antiferromagnetic based on our experimental
data and the literature (12, 14). The calculated band structure and
electronic density of states (DOS) of the undoped parent phase
Sr,FeSbOy are depicted in Fig. 4A4. The states close to the Fermi
level arise from Fe-d, and O-p states while the Sb-s states lie higher
in energy. Due to the octahedral environment, the Fe- orbitals
are split into #,, and ¢, groups, with the #,, group giving rise to
the flat bands as shown in Fig. 4B. Spin-orbit coupling (SOC)
has a negligible effect on the bands near the Fermi energy and
neither does the choice of Hubbard U as long as it is larger than
a minimal value, in agreement with other similar Fe oxides (28).

The tight-binding (TB) model of the Fe-t,, states was con-
structed using Wannier90 functions (29) to investigate the origin
of the flat bands. It was found that the Wannier Hamiltonian from
the Fe-t,, states consist of contributions from both direct Fe-Fe
electron ﬁopping and indirect (assisted by Fe-O and Sb-O orbital
overlap) electron hopping. Fig. 4C shows a comparison between
the actual #,; spectrum (which includes both direct and indirect
electron hopping) and a spectrum that considers only direct hop-
ping. It is found that the 4,; and 4, states are slightly affected by
indirect hopping and that the 4, —d,, hopping probability (i.e.,
the sub-band energy width) is increased by five times. Hence, the
direct Fe-Fe electron hopping probability, which is small, is
enhanced by the indirect electron hopping coming from Fe-O
and Sb-O states for the Fe 4., orbitals, and to a much lesser but
significant degree for the &, orbitals. Due to the only weakly
broken fourfold rotational symmetry parallel to ¢, the contribution

40f 10 https://doi.org/10.1073/pnas.2218997120

of indirect electron hopping to the total electron hopping prob-
ability in the xy plane is largest. That is, the presence of a fourfold
rotational symmetry parallel to ¢ implies zero out-of-plane elec-
tron hopping. In fact, it is much larger than the direct hopping,
as is evidenced in Fig. 4C. Furthermore, among the &, and 4,
orbitals, one of the sub-bands (d),) is significantly flatter than the
other. The origin of this very flat sub-band can be attributed to
the interference of electron hopping instead of its absence. Namely,
the in-plane d,.,, a’},z hoppings are close (in parameter space) to a
Hamiltonian with a completely flat band in the £, — £, plane. All
the details for the theoretical calculations are provided in the

SI Appendix.

Physical Property Characterization.

Magnetic properties. The zero-field-cooled (ZFC) and field-
cooled (FC) temperature-dependent DC magnetization data
were collected for each composition of the Sr, Ia FeSbO,
(0 < x < 0.3) double-perovskite series under an applied field of
H =0.1T and then plotted as magnetic susceptibility y against
temperature (Fig. 54). A divergence between the ZFC and FC
curves s clearly observed for each composition after going through
a local maximum in the magnetic susceptibility. This behavior
marks the onset of magnetic ordering. Thus, the DC magnetic
susceptibility data, over the suitable temperature range (selected
as the straight-line part of the 1/  vs. T curves, marked in red
in Fig. 5B) for each composition were fitted to the Curie—Weiss
law [y = C/(T" - 0) + x,], to yield the Curie constants C, Weiss
temperatures 0, and effective moments pg that are listed in
Table 2. The field-dependent magnetization data were collected
from each composition as well, at T = 300 K and 1.8 K, and
are plotted as M against H (-9 < H/ T <9) in Fig. 5 Cand D,
respectively.

The undoped parent phase Sr,FeSbOy (x = 0) has been reported
to adopt long-range, A-type (i.e., type I) antiferromagnetic order-
ing based on low-temperature neutron powder diffraction (NPD)
data (12). The ZFC temperature-dependent magnetization data
collected from our Sr,FeSbO; shows an antiferromagnetic tran-
sition around Ty = 33 K, in good agreement with the literature.
However, a second transition (T, = 15 K) is observed in every
batch of this compound at lower temperature. Based on the struc-
tural refinement against the high-intensity high-resolution syn-
chrotron XRD data, the presence of a minority phase in the parent
compound is unlikely, and hence we believe that the transition at
T, is intrinsic. This observation suggests that an additional feature
apart from the well-established antiferromagnetic transition, for
example, potentially some glassiness or frustration, is likely to
present to a certain extent in the parent compound (Fig. 5 4 and
B). However, one of the diagnostic features of a typical spin-glass
system (low-temperature field-dependent magnetization data dis-
placed from the origin) (30) is absent in our M vs. H plots (Fig. 5
Cand D), which could be due to the nearly-fully-ordered character
of our sample and the relatively low sensitivity of our M vs. H
measurements. To further investigate these two transitions (T
and T'y), AC magnetic susceptibility data " were collected at var-
ious frequencies with a small DC field (10 Oe) applied. These data
are plotted against temperature T in the inset in Fig. 54. The
transitions are both visible: The one around Ty = 33 K is relatively
resistant to the change in AC frequency, while the transition
around T, = 15 K is quite labile. This supports the conclusion
that the transition at Ty = 33 K is attributed to long-range anti-
ferromagnetic ordering, while the transition at T = 15 K should
be attributed to a less well-defined transition in the system, pos-
sibly as a consequence of the small amount of antisite disorder
existing between B-cations in the parent compound. The
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coexistence of a magnetically ordered spin system and a spin-glass
system for the parent compound has been postulated in a previous
study (12). Thus, in our case, if the lower temperature transition
is assumed to be a spin-glass transition, then that is consistent
with expectations that the glassiness vanishes upon La-doping as
a result of complete ordering between B-site cations.

The La-doped materials Sr, La FeSbOy (x=0.1, 0.2, 0.3) show
a systematic increase in the magnitude of DC magnetic suscepti-
bility, accompanied by a subtle but continuous shift of the local
maximum to a lower temperature (Fig. 5 4 and B). At 300 K, the
isothermal magnetization as a function of applied field for the
materials studied is linear and passes through the origin with a

Table 2. The Curie constant and Weiss temperature extracted from the fitting of paramagnetic susceptibility to
the Curie-Weiss law, the observed effective moment per formula unit, and the calculated effective moment per
formula unit predicted based on the spin-only formula for each composition of the Sr, La FeSbOg series

Curie constant C

formula unit

Calculated effec-
tive moment per
formula unit

Peff.cag (“B/f- u ) ueff.cajs (“B/f- u ) Fleff.caj5 (“B/f- u )
Fe3*and (h.s.d

Observed effec-
tive moment per
(h.s.d

Fe**and (h.s.d

Calculated effec- Calculated effec-
tive moment per tive moment per
formula unit

formula unit

Fe* and  Weiss tempera-

Composition (cm’ K mol™) Heff.ops (Be/f.U.) l.s. d® Fe”™) i.s. d®Fe”™) h.s. d® Fe”") ture 6 (K)
Sr,La,FeSbOg

x=0 3.796(7) 5.511 5.916 5.916 5.916 -169.2(6)
x=0.1 3.510(7) 5.299 5.324 5.607 5.814 -126.0(6)
x=0.2 3.019(6) 4914 4.733 5.299 5.713 -54.6(5)
x=0.3 2.839(5) 4.766 4.141 4.990 5.611 +5.0(5)
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data y’ collected from Sr,FeSbOg at various frequencies with a small DC field (10 Oe) applied; (B) The inverse of magnetic susceptibility 1/ y plotted against
temperature T, with the straight-line part (marked in red) fitted to the Curie-Weiss law; the field-dependent magnetization data collected at (C) 300 K and (D) 1.8
K for each composition of the Sr, La,FeSbOq (0 < x < 0.3) double-perovskite series.

positive slope, while the analogous data collected at 1.8 K exhibit
hysteresis with the “loop” systematically opening up upon increas-
ing electron doping (Fig. 5 Cand D), all consistent with temper-
ature-dependent magnetization data.

'The Curie constant C (Fig. 64), Weiss temperature 6 (Fig. 65),
and effective moment per formula unit, p4 (Fig. 6C), extracted
from the Curie—Weiss fits of DC magnetic susceptibility data over
the same high-temperature range (200 to 300 K), all progress
linearly with respect to the La-doping level x. The Curie constant
C extracted from Sr,FeSbOy (x = 0) is 3.796(7) cm® K mol™ and
hence yields an observed p g value of 5.511 pg/f.u., corresponding
to ~93% of the expected spin-only value for an § = 5/2 system
(Fig. 6A4). Since Fe”" in this case undoubtedly exhibits a high-spin
(hs) & configuration, and upon formal reduction to Fe** due to
the La**-for-Sr** substitution, the number of unpaired electrons
should decrease independent of whether the Fe™ displays high-
spin (h.s.), intermediate-spin (i.s.), or low-spin (Ls.) d° configu-
ration (Fig. 6D). If the overall observed effective moment p g is a
linear combination of Fe’* and Fe’* centers in our materials, an
expected effective moment p g can be calculated from the spin-
only formula. The observed effective moment p g (black solid line)

6 0of 10 https://doi.org/10.1073/pnas.2218997120

is plotted together with the calculated ones (normalized to the
value at 0 electron doping) for all three scenarios (red dotted line
for h.s.+ Ls., green dotted line for h.s.+ is., and blue dotted line
for h.s.+ h.s.) in Fig. 6C. Our experimental data thus suggest a
possibility of high-spin d’ Fe’* plus intermediate-spin d° Fe**
scenario for our materials, even though O is a relatively weak
field ligand, which in principle should favor the high-spin elec-
tronic configuration of a 34 transition metal like Fe. The interme-
diate-spin configuration of Fe** (S = 1) is not commonly seen, but
a few intermediate-spin iron(II) complexes have been reported in
the literature (31-33). Another possible explanation for what may
appear to be an unusual intermediate-spin Fe** ion is, contrary to
the case where all the spin values deduced are based on a localized
spin picture, that in this flat-band electronic system, in which the
doped electrons are in a complex band, the effective moment per
doped electron is actuall;r lower than expected from a combination
of localized high-spin d’ Fe®* plus localized high-spin d° Fe**. We
also note that for all the materials studied here, the temperature
dependence of the magnetic susceptibility deviates from strict
Curie Weiss behavior on decreasing the temperature below about
150 K. We have no data that indicate why this is the case.
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configurations of Fe*" and Fe®* centers.

The Weiss temperature 0 progresses from a large negative value

to a small positive value with increasing La-dopant concentration
(Fig. 6B). 'This indicates that the antiferromagnetic coupling
between ferromagnetically ordered moments that dominates the
bulk magnetic behavior of Sr,FeSbOj (an A-type antiferromagnet)
is significantly weakened by introducing the electrons. At the
threshold composition of the single-phase solid solution studied
here (x = 0.3), the ferromagnetic coupling within the layers even-
tually outweighs the competing antiferromagnetic interactions
between layers. Magnetic characterization at higher temperatures,
which is not available in our laboratory, may be of interest in
future studies designed to investigate the magnetism of these mate-
rials above room temperature.
Heat capacity. Heat capacity data were collected from both end
members of the Sr, La FeSbO; (0 < x < 0.3) double-perovskite
series: the undoped parent phase (x = 0) at various external applied
fields (uyH = 0, 3, 6,9 T) and the threshold composition (x = 0.3)
at zero applied field. Data were also collected for the nonmagnetic
analog Sr,GaSbOy at zero applied field over the temperature range
1.8<T/K<50.

PNAS 2023 Vol.120 No.8 e2218997120

The total heat capacity C,,, data are plotted against tempera-
ture in Fig. 7A. The peak observed in C_, curves of the undoped
parent phase Sr,FeSbOy near T = 33 K is again seen to be relatively
resistant to changes in the external applied field, corresponding
to the phase transition associated with bulk long-range antiferro-
magnetic ordering observed in the temperature-dependent mag-
netization data. The lower temperature transition (T = 15 K)
observed in the magnetic susceptibility cannot clearly be seen in
the total heat capacity C, curve, consistent with the possibility
that only a small amount of glassiness is present in the system due
to the limited antisite disorder. Furthermore, the feature around
T = 33 K which is associated with the long-range antiferromag-
netic ordering in the undoped parent phase Sr,FeSbOy is absent
in analogous total heat capacity data C,, collected from the
threshold composition Sr, ;La, ;FeSbOy, x = 0.3. This is unusual
and suggests that the phase transition due to long-range antifer-
romagnetic ordering has been significantly suppressed in the
doped sample in spite of its significant drop in susceptibility near
30 K. The introduction of the La>* dopant seems to severely inter-
fere with the original long-range A-type antiferromagnetic

https://doi.org/10.1073/pnas.2218997120 7 of 10
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Fig. 7. (A) The total heat capacity C, plotted against temperature for
Sr,FeSbOg at H =0, 3, 6, 9 T field applied, Sr, ;La,sFeSbOg, and Sr,GaSbOg at
zero field applied; (B) All relevant C/T plotted against temperature T to extract
the magnetic contribution to heat capacity and entropy change in Sr,FeSbO,.

ordering in the undoped material, hence yielding the disappear-
ance of a signature A-shaped transition in the thermodynamic data
collected from the threshold composition. This peculiar feature
postulates that the transition observed in the magnetic suscepti-
bility of Sr, ;La, ;FeSbO4 may not be long-range and its origin
may be of future interest.

The total heat capacity of a magnetic material can be interpreted
as the sum of electronic, phonon, and magnetic contributions
(Coorat = Cutectron + Cphonon + Cinag)- Thus, to isolate the magnetic
contribution C,,, to determine the magnetic entropy change
AS, .., the heat capacity contributions due to electrons (C.on)
and phonons (C,,,,) need to be estimated and subtracted. To
make this approximation, the heat capacity data collected from
Sr,GaSbOy, a nonmagnetic analog of Sr,FeSbOy, has been res-
caled here to minimize the nonmagnetic differences between Fe’*
and Ga™, hence serving as an approximation for Cononon Of
SrzFeSbO6. Clectron 18 effectively = 0 for insulating materials such
as these (the resistivity of all the materials prepared in this study
is too high to measure at ambient temperature and increases with
decreasing temperature meaning that there are no conduction
electrons present that would yield a significant C,, ). The result-
ing C,/T is plotted against temperature in Fig. 7B. After subtract-
ing the approximate phonon contributions, equivalent to rescaled
Crow/ T of Sr,GaSbOg, an approximate magnetic contribution

80f 10 https://doi.org/10.1073/pnas.2218997120

Cinag/ T 0f Sr,FeSbOg can be extracted. Then, the magnetic entropy
change AS,.,. can be estimated to yield a saturation value of ~7.14
J/mol/K, which corresponds to -~ 48% of that expected for
Heisenberg spin (for an § = 5/2 system (Fe** : high-spin d’)) order-
ing, RIn (2§ + 1) = 14.89 J/mol/K. The experimental value is
much closer to the Ising spin prediction R1n (2) = 5.76 J/mol/K.
We therefore tentatively conclude that the magnetic entropy
released at the magnetic phase transition is associated with the
bulk long-range ordering of spins in Sr,FeSbOy that are closer to
Ising-like than Heisenberg-like.

Basic optical properties. The diffuse reflectance spectra were
collected from powder samples at ambient temperature in order
to observe the evolution of the optical absorption behavior in
the Sr, La FeSbO, (0 < x < 0.3) double-perovskite series. The
pseudoabsorbance, transferred from the reflectance using the
Kubelka—Munk function, is plotted against wavelength (nm)
in Fig. 8. The optical transitions were then analyzed based on
Tauc plots via the direct-transition approach, as shown in the
Inser. The energy scales determined for these direct transitions,
which for the La-doped material do show a gradual decreasing
trend (from 2.58 eV to 2.24 eV) with increasing La-dopant
concentration. Thus, the La-for-Sr substitution has a relatively
small effect on the band gap, which is below the Fermi energy
for the doped compositions, but the electrons in the narrow
band do not yield a strong optical effect. Experimental work
exploring more extreme conditions or different electron dopants
to overcome the current solubility threshold in this system may
be of future interest.

Conclusions

Based on theoretical insights into the flat electronic bands
expected to lie above the Fermi Energy in this double-perovskite
system, the parent phase Sr,FeSbOj and its La”*-for-Sr**—substi-
tuted phases were prepared via traditional high-temperature
ceramic synthesis. Their structural and physical properties were
characterized. Sr, La FeSbO, (0 < x < 0.3) double perovskites
crystallize in a monoclinic symmetry space group (/2/m) based
on high-resolution SXRD data collected at ambient temperature.
A small amount of antisite disorder exists in our Sr,FeSbO,
(-95% degree of B-cation ordering) and vanishes when the

Sr, La FeSbO,

1000

Direct Transition

—_—x=0

Pseudo Absorbance (a.u.)

T T T T
500 1000 1500 2000
Wavelength (nm)

Fig. 8. The diffuse reflectance spectra collected from the Sr,,lLa,FeSbOg

(0<x<0.3)double-perovskite series with the energy scales of optical transitions
extracted from Tauc plots obtained by using a direct transition equation.
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La-dopant is introduced into the system. These subtle structural
changes are reflected in the physical properties of these materials.
Sr,FeSbOy possesses two intrinsic transitions in magnetic sus-
ceptibility data. The first one at Ty = 33 K is attributed to the
bulk long-range antiferromagnetic ordering. The origin of the
second transition at T, = 15 K is unclear but may be due to the
small amount of spin-freezing/frustration in the system which
disappears upon La-doping as a result of complete ordering
between B-site cations in doped materials. The magnetization
data collected from doped materials also suggest that the anti-
ferromagnetic coupling used to dominate the bulk magnetic
behavior is weakened by introducing the La’* dopant into the
system, and the dominant coupling between spins eventually
becomes weakly ferromagnetic at the threshold composition
Sr, ;Lay ;FeSbOy. The parameters extracted from the Curie—Weiss
fit and the calculated band structures support the idea that in a
localized moment picture some of the d° Fe’* centers are reduced
to d° Fe** centers upon La>*-for-St** substitution. Heat capacity
data collected from two end members of our double-perovskite
series, Sr,FeSbOy and Sr, ,La, ;FeSbOg, completely agree with
the collected magnetization data. In addition to the magnetic
properties, the optical transitions experimentally evaluated were
found to gradually decrease in energy scale with increasing
La-dopant concentration, suggesting that the material does not
fit into in a strictly “rigid band” scenario. The theoretical picture
and experimental data thus suggest that the electron-doped dou-
ble-perovskite Sr,FeSbO, may be an unusual electronic system
worthy of further study due to the potential electron occupancy
of its flat electronic band. Furthermore, Sr,FeSbOy is certainly
not the sole example in this material family that is with flat
electronic bands near or at the fermi level, other candidates such
as the Cr-analog are of future interest as well.

Materials and Methods

Materials Synthesis. Approximately 1.0 g polycrystalline powder samples of
the Sr,La,FeSbO, (0 < x < 0.5) double perovskites were prepared via traditional
high-temperature ceramic synthesis. Stoichiometricamounts of SrCO, (Alfa Aesar,
99.99%), La, 0, (Alfa Aesar, 99.99%, dried at 900 °C), Fe,0, (Alfa Aesar, 99.997%),
and Sh,0; (Alfa Aesar, 99.998%) were thoroughly ground together by using an
agate mortar and pestle and then transferred into an alumina crucible for cal-
cinations in air. These reaction mixtures were first slowly (1 °C/min) ramped up
to 1,000 °C and held overnight to decompose the carbonate, and then were
annealed at 1,500 °C (temperature raised at 3 °C/min) for two periods of 48 h
with intermittent grindings. A powder sample of Sr,GaSbO,, as the nonmag-
netic analog of undoped parent phase Sr,FeSb0,, was prepared as previously
described (34) to provide a nonmagnetic phonon standard for the heat capacity
measurements.

X-ray Powder Diffraction Measurements and Refinements. The reaction
progress was monitored using laboratory X-ray powder diffraction data collected
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at room temperature on a Bruker D8 FOCUS diffractometer (Cu Kot) over a 26
range between 5° and 70°. Once the reactions were deemed finished, labo-
ratory XRD data with much better statistical significance, covering a 26 range
between 5°and 110°, were collected from each sample to establish the sample
purity. The high-resolution SXRD data were acquired at Beamline 11-BM at the
Advanced Photon Source at Argonne National Laboratory at a wavelength of ~
0.4590A. Detailed structural refinements were performed by the Rietveld method
(35) using the GSAS-Il program, with crystal structures visualized by the VESTA
program.

Magnetization and Thermodynamic Measurements. The magnetization data
were collected using the ACMS Il and VSM options of a Quantum Design Physical
Property Measurement System (PPMS). Temperature-dependent magnetization
(M) data were collected underan applied external field (H) of 1,000 Oe. Magnetic
susceptibility is defined as M/H. Field-dependent isothermal magnetization data
between H = 90,000 Oe and -90,000 Oe were collected at T= 300 K and 1.8
K. Heat capacity was measured using a standard relaxation method in the PPMS
over the temperature range 1.8 to 50 K.

Optics Measurements. The diffuse reflectance spectra were collected from a
powder sample of each composition at ambient temperature on a Cary 5000i
UV-VIS-NIR spectrometer equipped with an internal DRA-2500 integrating sphere.
The data were converted from reflectance to pseudo absorbance via applying the
Kubelka-Munk function, and band gaps were calculated from Tauc plots by using
a direct transition equation (36).

Theoretical Calculations. Density-functional-theory-based (DFT) first-principles
calculations were performed using the projector augmented-wave (PAW) method
asimplemented in the VASP code (37, 38). The generalized gradient approxima-
tion (GGA) was employed to deal with electron correlation (39). Reciprocal space
integrations were completed overa 7 x 7 x 5 Monkhorst-Pack k-point mesh.The
energy cutoff was chosen to be 1.5 times as large as the values recommended for
the relevant PAW pseudopotentials. SOC had an insignificant effect on the bands,
and we therefore ignored it in our analysis. The Hubbard U was set to 3 eV, as in
othersimilariron oxides (28).To study the flat-band properties of the compound,
we obtained a real space tight-binding Hamiltonian using the maximally localized
Wannier functions (MLWFs) approach (29).

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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