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Vacancy-ordering in perovskite oxides brings a rich variety of structures and accompanying physical
properties. Previously, we reported room-temperature magnetoresistance in SrVg sFeq ;05 g with ordered
oxygen vacancies in the primitive perovskite (111), plane. In this report, we characterize the structure and
physical properties of SrVgsFep;0,5 at low temperatures. This compound undergoes a structural phase
transition from the rhombohedral phase to the monoclinic phase by cooling down to T = 200 K. The
transition induces octahedral tilting, affecting its magnetization behaviour: The compound shows weak
ferromagnetism with almost zero coercivity above T, while the coercivity prominently increases below T,
keeping its weak ferromagnetism. We also observed an enhancement of magnetoresistance by decreasing
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Introduction

Perovskite oxides (ABO;, A and B are cations) show
fascinating properties owing to their variety of composition
and derived structures. Many perovskite oxides can adopt
oxygen vacancies, which modify their crystal structure and
electronic state, bringing various properties." When the
oxygen vacancy level (6 in ABO;_s) is commensurate with
respect to the underlying lattice, the oxygen vacancies often
align as typically seen in the ABO,s brownmillerite
structure® and ABO, infinite-layer structure.®” Recently,
several compounds with ordered oxygen vacancies in every
fifth primitive perovskite (111), plane (p represents primitive
perovskite cell), the so-called “15R-structure”, have been
reported.®"" These materials show unique characteristics
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temperature, reaching -18% at 130 Kand 9 T.

such as charge density wave-type ordering in SrCrO, g and the
quasi-two-dimensional metallic state caused by the layered
structure along the [111], direction in SrVO, ,Nge.

In a previous report, we found a new 15R perovskite
oxide SrVgsFey,0,5 (Fig. 1a).’ In this compound, B-site
cations are ordered along the [111], direction accompanied
by the ordered oxygen vacancies: the octahedral sites are
occupied by 100% of Fe®', and the tetrahedral site is
occupied by 25% of Fe*" and 75% of V', leading to a
layered structure of a semiconducting magnetic octahedral
layer and an insulating diluted magnetic tetrahedral layer
with 25% of magnetic cation, Fe**(d®). This compound
shows weak ferromagnetic ordering with a small saturation
moment (ca. 0.4 up/Fe atom) at room temperature. In
addition, this compound exhibits large negative
magnetoresistance (-5% at 9 T) at room temperature by the
tunnelling mechanism.

Here, we report the crystal structure and physical
properties of SrV,s;Fe,,0,s at low temperatures. We found
that this compound undergoes a structural phase transition
at 200 K, caused by octahedral tilting. We discuss the effect
of the transition on the magnetic property. Furthermore, we
also found enhancement of the magnetoresistance at low
temperatures (-18% at 130 K and 9 T).

Experimental

Srv,;Fe, ;0,5 was synthesized by the standard high-
temperature solid-state reaction as reported previously.” The
raw materials, SrCO;, V,0s, and Fe,O;, were mixed and
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(a) Ideal crystal structure of SrVg sFeq;0,.g at room temperature. The displacement disorders of Srl and O3 sites are simplified in Fig. 1a. (b)

Synchrotron XRD patterns for SrVeq sFeq 70, . The asterisk * in Fig. 1b shows the impurity SrzV,0g. Expansions of synchrotron XRD patterns are
shown in the inset figures (c) and (d). The arrows in Fig. 1c denote the peak positions originating from the low-temperature phase. The detailed
peak indexes are shown in Fig. S2:f Crystal structures are visualized with VESTA 3.2

ground with acetone. The obtained dry powder was pelletized
and calcined at 1000 °C for 1 h in air. The calcined sample
was crushed and ground. The obtained powder was pelletized
again and sintered at 1150 °C for 72 h in air with two
intermediate grindings.

The detailed structure at low temperatures was
investigated by wusing high-resolution synchrotron X-ray
diffraction (XRD) measurements to detect the peak

splitting and negligibly small peaks. The synchrotron XRD
data were collected at the beamline BL02B2 (JASRI,
SPring-8). The incident beam from a bending magnet was
monochromatized to 0.77407 A. The ground powder
sample (particle size is about 1-10 pum; see Fig. S1f) was
put into a quartz capillary of 0.2 mm in outer diameter.
The sealed capillary was cooled with a low temperature N,
gas flow device and rotated during measurements to
reduce the effect of potential preferential orientation. We
carried out temperature dependence of neutron diffraction
(ND) below room temperature on a high-resolution time-of-
flight powder diffractometer SuperHRPD in the Materials and
Life Science Experimental Facility (MLF) of the Japan Proton
Accelerator Research Complex (J-PARC). The obtained
synchrotron XRD and ND data were analyzed using
Jana2006."

Mossbauer spectra for SrV, ;Fe,,0, ¢ were taken at 78 K,
200 K, and 300 K in a conventional transmission geometry
using a *’Co/Rh yray source. The source velocity was
calibrated by a-Fe as a reference material.

Magnetic susceptibility was measured by using a SQUID
magnetometer (MPMS, Quantum Design, Inc.). Electric
resistance was recorded in the range of 130-300 K by a two-
probe method in PPMS with an externally equipped source
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(Keithley 2450 SMU, Tektronix Inc.). The magnetic field was
applied using PPMS. The magnetoresistance MR is calculated
using the following equation.

R(H, T) - R(0T, T)

MR(H, T) = R(OT, T)

(1)

Here, R(H, T) represents the resistance at H [T] and T [K].

Results and discussion

Fig. 1b-d show the temperature dependence of the synchrotron
XRD pattern for SrV, ;Fe, ;0, . At room temperature, the pattern
could be indexed on a rhombohedral cell (R3m) with a =
5.59349(1) A and ¢ = 34.7975(1) A, consistent with the previous
report.” When the temperature decreases, the peaks gradually
shift to higher angles. In addition, small peaks appear below 200
K (arrows in Fig. 1c). Simultaneously, the splitting of the main
peaks (1 1 0 and 1 0 10) was observed (Fig. 1d), indicating the
occurrence of the structural phase transition (7; = 200 K). The
peak splitting occurs gradually, indicating a second-order phase
transition. Among the maximal non-isomorphic subgroups of
R3m (I: R3m, R32, R31, and C2/m; Ila: P3m1, and IIb: R3m, and
R3c), C2/m is a plausible space group for the low-temperature
phase since it can only allow the peak splitting of the main
peaks (1 1 0 and 1 0 10). We screened the superstructure by
using ISODISTORT.' Considering the peak positions of the
synchrotron XRD pattern, we selected space groups C2/m or C2/c
with @ =9.68 A, b =5.59 A, ¢ = 23.39 A, and # = 97.93°, which are
transformed from the original rhombohedral cell by the
following matrix (Fig. 3a and b).

This journal is © The Royal Society of Chemistry 2025
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Here, the two space groups are the klassengleiche subgroups of
C2/m, which is the translationengleiche subgroup of the room
temperature phase. By using this cell size, all the peaks at 90 K
can be fitted by Le Bail analysis. C2/c has a ¢ glide plane and
shows fewer reflections than C2/m by the reflection conditions
(hOl: I is odd). Since these reflections are absent in the
experimental data (Fig. S37), C2/c is chosen. The obtained lattice
parameters are a = 9.68235(3) A, b = 5.57301(2) A, ¢ = 23.3663(1)
A, and 8 = 97.8936(3)°.

Fig. 2 shows the temperature dependence of lattice
parameters agr and cg for the high-temperature rhombohedral

1
phase and by, normalized ay, (— aM) and normalized ¢y

V3
3 . o
(ECM smﬁM) for the low-temperature monoclinic phase.

Here, subscripted M and R denote monoclinic and
rhombohedral cells, respectively. The changes from ay to
normalized ay and by and from ci to normalized ¢\, are
continuous, confirming the second-order phase transition.
Although ¢y and ¢y decrease monotonously, ag splits into ay,
and by below T, ay and by are longer and shorter,
respectively, than a,,. by 0.1-0.2%.

There are several structures that can be considered
as a member of the (111) vacancy-ordered perovskite
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Fig. 2 Temperature dependence of lattice parameters of
SrVo3Feo7028. Here, a,.. represents the geometric mean of by and
normalized apm.
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AB%, ,B*,05,1 (B°® and B'‘ represent cations in
octahedral and tetrahedral sites, respectively).®™*">®
Glaserite-type oxides Na,BaMV,0g3 (M = Mn, Fe, and
Mn,Coo4),"” *° which are examples of that member,
show a second order phase transition with the symmetry
reduction (from P3m1 to C2/c) at low temperature. The
primary origin of the phase transition was reported as
polyhedral tilting (Fig. 3d)."” Considering the similarities of
the structure and symmetry reduction between SrV, ;Fe; ;0,5
and Na,BaMV,0g, the primary origin of the phase
transition in SrV,;Fe, ;0,5 is also considered as polyhedral
tilting.

To prove the octahedral tilting, we performed Rietveld
analysis of synchrotron X-ray and neutron powder diffraction
data to precisely determine the atomic positions. We refined
atomic positions of oxygen with those of cations fixed in the
analysis of neutron diffraction data. The obtained neutron
diffraction pattern contains some magnetic reflections. The
magnetic structure of SrV,;Fe,,0,s consists of the G-type
antiferromagnetic component with the propagation vector k
= (0, 0, 3/2) and ferromagnetic component with k = (0, 0, 0) at
room temperature.” The result of refinement, including the
magnetic structure, is shown in Fig. S4 and Table S1.f
Although it is difficult to determine the precious oxygen
positions due to the overlapped magnetic reflections, the
combination of polyhedral rotation along the ay-axis and c%;-
axis is observed as illustrated in Fig. S5,F which is the same
to Glaserite-type oxides. Considering the symmetry reduction
and the change of the lattice parameters, the rotation along
the ay-axis is dominant. Therefore, this structural phase
transition is caused by the polyhedral rotation along mainly
the ay-axis (Fig. 3c¢).

In order to obtain further information about the
transition, we carried out °>’Fe Mossbauer spectroscopy at low
temperatures (Fig. 4). In the previous report, we measured

JJ2V 2020720

207202072

Fig. 3 (a and b) The transformation from R3m (black) to C2/c (light
blue) in SrVo sFeq70,8. (c) Octahedral tilting of SrVg3Fep,0,s. Left is
the high temperature phase without polyhedral tilting and right is the
low temperature phase with polyhedral tilting. (d) Octahedral tilting of
Na,BaFeV,0g at high (left) and low (right) temperatures.
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Fig. 4 5’Fe Mossbauer spectra for StVq sFeg,0, 5 taken at 78 K, 200
K, and 300 K. The spectrum at 300 K is taken from a previous study.’
Black closed circles and lines represent the observed and calculated
intensities. The green, blue, and pink lines represent subspectra from
Fel, Fe2, and Fe3, respectively. The red line represents the total fitted
spectrum.

the *’Fe Mossbauer spectrum for SrV, ;Fe, 0,5 at 300 K, and
three sets of subspectra were assigned to Fel, Fe2, and Fe3
sites in the crystal structure.” Increased splitting width at
low temperatures suggests an increase in the magnetic
moments. Notably, the observed spectra also consist of
three sets of sextet peaks even well below T, at 78 K. This
means that there is no further site separation at each Fe
site, consistent with the C2/c structural model. Monotonous
increase in the isomer shift (IS) and the almost constant
quadrupole shift (QS) at Fel and Fe2 suggest that no
significant deformation of the octahedra occurs (Table 1). In

Table 1 Isomer shift (IS), quadrupole shift (QS), and hyperfine field (HF)
fitted from Mossbauer spectra on SrVgsFeg,0,5 at 300 K, 200 K, and
78 K

Site IS (mm s™) QS (mm s™) HF (T)
300 K Fel 0.39 0.10 38.3
Fe2 0.36 -0.19 34.9
Fe3 0.19 0.35 29.0
200 K Fel 0.45 0.10 47.4
Fe2 0.42 -0.16 44.1
Fe3 0.26 0.41 37.6
78 K Fel 0.51 0.11 54.7
Fe2 0.47 -0.13 51.8
Fe3 0.29 0.52 44.3
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contrast, the increase of the QS at Fe3 at low temperatures
indicates a significant change of local structure around the
tetrahedra, which is also indicated by the shift of the Sr1
site from the result of the structural refinement. Overall,
the >’Fe Mossbauer spectra are consistent with the results
of the structural analysis. Thus, the distorted structure of
SrV,;Feq ;0,5 below T is caused by the polyhedral tilting
along the ays-axis.

We investigated the effects of structural phase transition
on the physical properties. Fig. 5a shows field cool (FC) and
zero field cool (ZFC) at 0.1 T (its derivative is shown in Fig.
S61). The anomaly can be observed at 200 K, corresponding
to Ts. Around T, the shape of magnetization curves clearly
changes (Fig. 5b). Although the coercivity (hysteresis) is
almost zero above T, it prominently increases as
temperature decreases below T;. This is consistent with the
discrepancy (hysteresis) between FC and ZFC becoming
prominent below T. Namely, it can be assigned to the soft-
to-hard ferrite transition.

The magnetic structure analysis shows that the low
temperature phase also has antiferromagnetic component in
the ab plane as the high temperature phase (Fig. S71). Thus,
the magnetic phase below Ty is also weak ferromagnetism
based on the G-type antiferromagnetic order. Considering the
determined magnetic structure and polyhedral tilting, we
deduce that the change of magnetic behaviours originates
from the change in magnetic anisotropy.

Temperature dependence of resistivity at 0 T, 1 T, 3 T,
and 9 T are shown in Fig. 5c. Semiconductor-like behaviour
and the decrease of resistance in the magnetic field are
observed in the entire measurement range. In contrast to
the magnetization, no anomaly at Ty is observed in the
resistivity. We converted the resistance into the MR at each
temperature (Fig. 5d). At 300 K, MR is proportional to the
square of magnetization, indicating the tunnelling
mechanism, as reported previously.” However, this
relationship is broken below 300 K: the shape of MR
becomes broader than that of magnetization (Fig. S81). The
MR increases as temperature decreases and reaches ca.
-18% at 130 K and 9 T. This value is comparable to the
magnetoresistance reported for other iron-base oxides (Zng »-
NiggFe,04: ca. —20% at 150 K and 9 T (ref. 20)). Thus,
Srv,;Fe, ;0,5 can potentially exceed these values by
chemical substitution to tune its physical properties.

Conclusions

In summary, we observed the structural phase transition
from the rhombohedral to monoclinic phase caused by the
polyhedral tilting in SrV,3;Fe,,0,g at 200 K. This phase
transition affects the magnetic properties: the hysteresis
becomes open and coercivity increases from almost zero as
the temperature decreases. In addition, magnetoresistance
increases as the temperature decreases, reaching ca. —~18% at
130 K at 9 T. This material has the potential to show further
large magnetoresistance by chemical substation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 FC-ZFC curves at 0.1 T (a) and M-H curves at 10, 100, 200, and 300 K (b) for SrVo 3Feq70,. The inset in Fig. 5b is an expansion near the
zero-feild region. The M-H curve at 300 K is taken from the previous study.® (c) Temperature dependence of resistivity. (d) Magnetoresistance at

300, 200, and 130 K.
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