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Cubic perovskite BaFeO; single crystals with stoichiometric oxygen content were successfully grown by a
two-step method. With decreasing temperature, the crystal experiences a spin-glassy transition at Tsg =~ 181K,
followed by a long-range spiral antiferromagnetic ordering at Ty &~ 117 K, and then a third spin transition at 7y, ~
97K, revealing the subtle magnetic competition and interactions. As a result, a smaller magnetic field (~0.4 T)
can induce a metamagnetic transition towards a ferromagnetic state with the saturated magnetic moment about
3.2 ug/f.u. at 2 K. The easy magnetization axis looks to vary from the direction perpendicular to [111] to the
[100] axis. Semiconducting behavior with a small activation energy is observed above Ty, whereas the spiral spin
ordering changes the electrical transport to be likely half-metallic with considerable negative magnetoresistance

effect.

DOLI: 10.1103/PhysRevB.101.144421

I. INTRODUCTION

Iron-based oxides with unusually high Fe valence states
such as Fe** show intriguing physical properties such
as charge disproportionation, intermetallic charge transfer,
metal-insulator transition, negative thermal expansion, etc.
[1-6]. As the AFe**O3; (A = Ca, Sr, Ba) perovskites are
concerned [2,7,8], the orthorhombic CaFeO3; experiences a
charge-disproportionation transition around 290 K, accom-
panied by the reduction of crystal symmetry as well as the
sharp variation in electrical transport. In magnetism, CaFeO3
exhibits a spiral antiferromagnetic (AFM) ordering at the
Néel temperature Ty &~ 120 K with the propagation vector
k//(111) direction [9,10]. Different from the distorted per-
ovskite CaFeOs;, the analogous compound SrFeO; crystal-
lizes into a simple cubic structure without FeOg octahedral
distortion [11], since the electronic state of Fe in SrFeO; is
dominated by d°L configuration instead of d* configuration
at the ground state with strong Jahn-Teller distortion [12].
Here the L stands for a ligand hole from the coordinated
oxygen 2p states due to the considerable negative charge
transfer energy A ~ -3eV (the energy needed to transfer
an electron from ligand atom to transition metal) [4]. As a

*ghzhou@hunnu.edu.cn
fywlong @iphy.ac.cn

2469-9950/2020/101(14)/144421(7)

144421-1

consequence, SrFeOj displays metallic conductivity [11]. In
spite of the distinct structures and transport properties, StFeO;
shows similar spiral AFM ordering to that of CaFeO; with the
propagation vector parallel to the (111) direction, too [13].
By comparison, the spins between the adjacent layers rotate
by about 46° in SrFeO3; while they rotate by 60° in CaFeOj3
[10].

In contrast to the corner-sharing perovskite structures of
CaFeO; and SrFeQOs;, the large ionic size of Ba’* causes
BaFeOs to be a 6H or 12H hexagonal structure by sharing
corners and edges of FeOg octahedra [14,15]. The cubic
perovskite phase of BaFeO; was absent until 2011, when a
topochemical method was adopted at a low synthesis reaction
temperature (473 K) by using ozone as an oxidant [8]. Al-
though the cubic BaFeOj; also has a spiral AFM ground state,
it shows lower magnetic field-induced ferromagnetic (FM)
polarization, making this phase unique in all the iron-based
compounds composed of an unusually high Fe** valence
state. Unfortunately, however, the topochemically oxidizing
method can only obtain a small amount of polycrystalline
powders with the depth of about 1 pum, which severely re-
stricts the study of bulk properties such as specific heat and
electrical transport. Although lots of efforts were made to pre-
pare cubic BaFeOj thin films [16-18], the magnetic ground
state has always been changed into an FM state instead of the
spiral AFM ground state as observed in powders, reflecting
the sensitive effects of residual strain, reduced dimensionality,
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and/or slight oxygen deficiency on the intrinsic physical prop-
erties of BaFeO3. Consequently, the thin films show electrical
insulating behavior with an energy band gap as large as 1.8
eV [18]. Such a large band gap looks incompatible with a
high Fe** state possessing remarkable negative p-d charge
transfer energy. To get deeper insight into the intrinsic physics
of the cubic BaFeOs perovskite, it is pressingly needed to
grow high-quality single crystals with stoichiometric oxygen
content. In this paper, we prepare such single crystals by
a two-step method combining a floating zone method with
a high-pressure treatment technique [19]. Multiple magnetic
transitions and spin-induced electrical transport variation are
found to occur.

II. EXPERIMENTAL AND CALCULATION METHODS

The polycrystalline BaFeO, s precursor was synthesized
by a solid-state reaction method as reported elsewhere [20].
Then, the BaFeO, 5 single crystal with a brownmillerite-type
structure was grown by using a floating zone method in
Ar atmosphere. The growth rate was 2mmh~'. Finally, the
brownmillerite-type BaFeO, s precursor single crystal was
treated on a cubic-anvil-type high-pressure apparatus at 5 GPa
and 1000 K for 30 min with the usage of a KClO4 oxidizing
agent [21]. To identify the sample quality and determine
the crystal orientation, powder x-ray diffraction (XRD) and
Laue back reflection were measured at room temperature on
a Huber diffractometer. Structural refinement was performed
based on the Rietveld method using the GSAS package [22].
The thermogravimetric (TG) analysis was carried out using a
Setaram TG-DTA system. The sample was heated up to 950
K in Ar flow with a heating speed of 10 K/min. The residual
product was checked by XRD. Temperature dependence of
dc magnetic susceptibility and isothermal magnetization were
measured using a superconducting quantum interference de-
vice magnetometer (Quantum Design, MPMS-VSM). The ac
magnetization, specific heat, and electrical transport proper-
ties were measured on a physical property measurement sys-
tem (Quantum Design, PPMS-7T). X-ray magnetic circular-
dichroism (XMCD) spectroscopic studies at the Fe-L, 3 edges
were performed applying a 6-T magnetic field at the BL29
BOREAS beamline at the ALBA Synchrotron Light Facility.

The band structures of BaFeO3 with FM and G-type AFM
states were calculated by a first-principles method based on
density functional theory implemented in VASP with general
gradient approximation plus Hubbard Uy = 3.0eV [23-25].
The projector augmented wave pseudopotentials with 600 eV
energy cutoff was used in our calculation. For band disper-
sions, a 24 x 24 x 24 k-point grid was adopted for their
self-consistent calculations.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the as-made BaFeO,s and BaFeO;
single crystals with black color. After high-pressure treatment,
the BaFeO; crystals ~3 mm in diameter and height can
be obtained. To determine the crystal structure, the single
crystal was crushed into powders for XRD measurement.
As shown in Fig. 1(b), the XRD pattern of BaFeO; can be
well fitted on the basis of a simple cubic perovskite structure

with space group Pm-3m. The refined lattice constant is a =
3.96833(2) A, which is slightly less than that reported on
previous polycrystalline (3.971 06 A) and thin film (~3.97 A)
samples [8,18], suggesting that the oxygen content in the
current single crystal is closer to the stoichiometric value.
To identify the single crystal quality, Laue back reflection
was carried out. The sharp Laue diffraction spots indicate
the successful growth of high-quality single crystal. As an
example, the Laue spots for a high symmetrical plane of
(100) and the related XRD pattern of this plane are shown
in Fig. 1(c). Since the oxygen content plays a crucial role
in the physical properties of BaFeO3 [26,27], we performed
TG measurement. As shown in Fig. 1(d), the oxygen starts
to release on heating to about 370 K, and the mass is almost
invariable above ~850 K. According to the mass loss as
well as the final product (BaFeO,s), the oxygen content is
determined to be 2.99 £ 0.02, suggesting the stoichiometric
chemical composition and the formation of Fe** state in
BaFeO; single crystal.

Figures 2(a)-2(c) show temperature dependence of dc
magnetic susceptibility (), ac magnetization (M'), and spe-
cific heat (C,) measured on BaFeO; single crystals, respec-
tively. The zero-field-cooling (ZFC) and field-cooling (FC)
modes were used for x measurement by applying a magnetic
field H = 1000e parallel to the (110) and (111) planes.
Different from the polycrystalline sample where only a single
AFM transition is observed around 111 K [8], three magnetic
transitions are found to occur in single crystal. With decreas-
ing temperature, the x experiences an anomaly around Tgg ~
181 K, at which a frequency-dependent peak is observed in
M’ but there is no anomaly in C,, indicating a spin-glassy
transition. This can be understood on the basis of the spiral
AFM ground state of BaFeOj3 [8], where the nearest-neighbor
FM and next nearest-neighbor AFM competition is respon-
sible for the spin-glass behavior [28,29]. On further cooling
to Ty ~ 117K, the ZFC and FC curves start to separate
from each other. Based on powder neutron diffraction, a
noncollinear spiral AFM spin structure was determined for
the cubic perovskite phase of BaFeO3 below about 111 K [8].
In this spiral spin structure, the propagation vector is along
the [100] direction and the rotation angle is about 22°. Since
the spins tend to orientate along the applied magnetic field
during the susceptibility measurement, the separation between
ZFC and FC curves occurring at the onset of 7y ~ 117 K may
suggest the formation of a long-range spiral AFM ordering
[30,31]. Moreover, the C, shows an apparent anomaly and the
electrical transport behavior changes essentially (shown later)
at Ty, providing convincing evidence for the presence of long-
rang AFM phase transition, in agreement with the observation
of a spiral AFM ordering in a polycrystalline sample near
111 K [8]. Furthermore, as the temperature decreases to Ty, ~
97K, both ZFC and FC curves exhibit a kink accompanied by
the frequency-independent peak in M’. Besides, a remarkable
separation is found to occur between the (110) and (111)
planes at this temperature [see Fig. 2(a)]. These features may
demonstrate a second AFM phase transition taking place in
BaFeO; single crystal, although it cannot be distinguished in
the polycrystalline sample. A possible origin for this transition
may be attributed to spin reorientation. Alternatively, in the
analogous cubic perovskite SrFeOs, multiple AFM transitions
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FIG. 1. (a) Morphology of BaFeO, s and BaFeOj; single crystals. (b) Powder XRD pattern and Rietveld refinement results of pulverized
BaFeO; crystal measured at room temperature. The observed (black circles), calculated (red line), and difference (blue line) patterns are shown.
The ticks indicate the allowed Bragg reflections with space group Pm-3m. (c) XRD pattern for the high symmetrical (100) plane. The inset
shows the Laue diffraction spots of this plane. (d) Temperature dependence of sample mass (left y axis) and oxygen content (right y axis)

derived from the TG measurement.

are also observed in its single crystal due to the variation of
spiral AFM propagation vectors [32]. Similar change prob-
ably occurs in the current BaFeOs single crystal at 7. The
inset of Fig. 2(a) shows the Curie-Weiss fitting for the inverse
x above 210 K, yielding a Weiss temperature 6 = 165.5(6) K
and a Curie constant C = 4.73(1) K emumol~!. The positive
6 implies the occurrence of nearest-neighbor FM interactions
as expected from the spiral magnetic structure composed
of rotated FM planes, although the whole spin structure is
AFM. According to the Curie constant, the effective mag-
netic moment is calculated to be peg = 6.15(1)up/f.u. In
comparison, this value is closer to the spin-only theoretical
value for a high-spin Fe** ion (5.92 ug/f.u.) than that of an
Fe** ion (4.90 up/f.u.), suggesting that the electronic state
of Fe in BaFeO; can be mainly regarded as 3d°L. It means
that there is a considerable negative charge transfer energy
in BaFeO; [33,34]. At low temperature (<12 K), the specific
heat data can be fitted by the function C, = yT + 8 T3 [see
Fig. 2(c)], producing y =2.78(4) x 1072Jmol~' K2 and
B = 8.4(3) x 1073 Jmol~! K=*. The significant Sommerfeld
coefficient is indicative of an itinerant electronic feature, in
accordance with the dominated 3d°L state possessing strong
d-p hybridization.

The isothermal magnetization curves measured at selected
temperatures with H//(100) are shown in Fig. 3(a), where the

magnetic field is set at 5 T and scans from 5 to —5, and then
to 5 T. At the first glance, BaFeO3 shows soft FM behavior
with the saturated magnetic moment up to 3.2 ug/f.u. at 5
T and 2 K. The detected saturation moment is somewhat
smaller than the magnetic moment of a high-spin Fe** or
an Fe”é state in the assumption of a local electronic model,
suggesting that some electrons contribute to electrical itiner-
ancy. In analogy with the FM metal SrCoOj3 with localized 15,
and itinerant e, electrons [35], the ,, electrons of Fe ions in
BaFeOj; should contribute to the localized spin moment, while
the e, electrons mainly take part in electrical transport. On the
other hand, Fig. 3(b) shows the field-dependent magnetization
with increasing field from O to 5 T (the data above 2 T
are not shown). Consistent with the AFM ground state, the
magnetization of BaFeO3 almost shows a linear relationship
with fields below about 0.3 T. However, a smaller field about
0.4 T can trigger a metamagnetic transition from the initial
AFM to a FM state as represented in Fig. 3(a). If one compares
the magnetization curves above 0.5 T with the field along
different planes shown in Fig. 3(b), during the field increasing
process, the curves with H//(111) and (100) cross with each
other around 0.7 T, and both curves exhibit larger magnetic
moments than that with H//(110) when the magnetic moment
does not become saturated below about 1.5 T. These features
may indicate the easy magnetization axis changes from the
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FIG. 2. Temperature dependence of (a) dc magnetic susceptibil-
ity with field parallel to (110) and (111) planes, (b) ac magnetic
susceptibility measured at different frequencies, and (c) specific heat
for BaFeO;. The inset of (a) shows the inverse susceptibility and the
Curie-Weiss law fitting (red line) for the (110) plane between 210
and 300 K. The inset of (c) shows the fitting result (red curve) for
specific heat below 12 K as described in the text.

direction perpendicular to [111] to the [100] axis with in-
creasing field to 0.7 T. It means that the spin orientation of
BaFeOs is sensitive to external conditions. The third magnetic
transition occurring at 7, ~ 97K is thus probably attributed
to a spin reorientation (or propagation vector variation as
mentioned above), but the detailed mechanism remains to be
studied in the future. As shown in the inset of Fig. 3(a), once
the field-induced metamagnetic transition completes with ap-
plied field up to 5 T, during the field decreasing process,
magnetic hysteresis behavior can be found to occur below Ty
(e.g., at 2 and 50 K) with a small coercive field about 400 Oe.

To further analyze the spin magnetic moment (M) and
orbital magnetic moment (M), the XMCD was measured
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FIG. 3. Field dependence of (a) isothermal magnetization curves
measured at selected temperatures with field parallel to the (100)
plane, and (b) magnetization measured at 2 K for different planes
of BaFeOs. The magnetic field in (a) is set at 5 T and scans from 5
to —5 and then to 5 T, and in (b) from O to 5 T (the data above 2 T
are not shown). The inset of (a) shows an enlarged view for the lower
field behavior.

at Fe-L, 3 edges under a 6-T field, as shown in Figs. 4(a)
and 4(b). The XMCD curve Apu is the difference between
the x-ray absorption spectroscopy (XAS) with photon spin
parallel (™) and antiparallel («~) to the applied magnetic
field. The XAS and XMCD curves of BaFeO; single crystal
are rather broad revealing a strong covalent property of the
high Fe** state [35,36]. In comparison, the size of the XMCD
signal at the Fe-L; edge in our BaFeOs; single crystal reaches
to 24%, which is larger than that detected in the thin film
(~18%) [36] and the polycrystalline powder sample (10%)
[37]. Furthermore, according to the XMCD sum rules [38,39],
the Mpin and My, of BaFeOs crystal are calculated to be about
1.537 and 0.046 g /f.u. at 2 K. The sum-rule analysis would
underestimate the magnetization of Fe taking into account
the strong overlapping between the Fe-L; and -L, edges
owing to the considerable multiplet interactions and saturation
effects in the total-electron-yield method [40,41]. By using the
same correction coefficient as adopted for BaFeOj3 thin film
[36], namely, 1/0.58 and 1/0.88 to compensate the reduced
moment due to overlapping between the Fe-L; and Fe-L,
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FIG. 4. XMCD spectra for Fe-L, 3 edges measured at (a) 2 K and
(b) 150 K for BaFeOs. The photon spin is aligned parallel (1™ blue
line) and antiparallel (.~ red line) to the applied magnetic field. The
XMCD signals Ay = ut—p~ are shown in green line. The dotted
line stands for the contribution of the background.

edges and the saturation effects in total-electron-yield mode,
respectively [36,42], we obtained the Mgy, ~ 3.01 ug/f.u.
and My = 0.095 ug/f.u. at 2 K. Therefore, the total mag-
netic moment is about 3.11 ug/f.u., which is close to the
saturated magnetic moment measured in magnetization at
the same temperature [see Fig. 3(a)]. Obviously, the orbital
contribution to the total moment is negligible in BaFeOs as
expected for half-fully occupied #,,/e, orbitals in a dominant
3d°L ground state. The XMCD measured at 6 T and 150 K is
shown in Fig. 4(b). The Au is suppressed compared with that
measured at 2 K [Fig. 4(a)]. By using the same calculation
as mentioned above, we obtained the M, ~ 1.75, Moy, ~
0.074, and Mo =~ 1.82 pp/f.u., which is also comparable
with the magnetization measurement result.

Figure 5(a) shows the temperature-dependent resistivity of
BaFeO; single crystal with electric current 7//(100), (110),
and (111) planes. Although the absolute values of resistivity
change somewhat in these planes, they exhibit very similar
temperature dependence. Specifically, as the temperature de-
creases, the resistivity smoothly increases and experiences
a kink at Ty, followed by a slight decrease with a small
upturn at lower temperatures. It means that a semiconductor
to metal-like transition takes place at 7Ty due to the long-range
spiral AFM ordering. Using the (111) plane as an example,
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FIG. 5. (a) Temperature dependence of resistivity measured for
different planes of BaFeO;. The inset shows the fitting result (red
line) using the thermal excitation model for the (111) plane. (b)
Field dependence of magnetoresistance effects measured at different
temperatures.

above 200 K, the resistivity can be well fitted by a thermal
activation model as shown in the inset of Fig. 5(a), produc-
ing the activation energy E = 27.6meV. This is essentially
different from the strong insulating behavior observed in thin
films [18,43], where a considerable optical gap as large as
1.8 eV is reported [18]. For the (100) plane, the resistivity
was measured at both 0 and 8 T. Apparently, the magnetic
field can decrease the electrical resistivity below Ty. We thus
at selected temperatures performed a field scan for resistivity
with the 7//(100) but H L (100) plane. The magnetoresistance
(MR) effects were calculated using the function MR (%) =
100% x [p(H)—p(0)]/p(0). As shown in Fig. 5(b), at 2 K, the
resistivity slightly increases with field up to about 0.4 T, and
then sharply decreases with increasing field. It means that the
AFM ground state has a small positive MR effect, whereas
the sign changes to be negative once the field-induced FM
state emerges. At 50 and 100 K, the positive MR behavior
is not discernible, probably due to the thermal perturbation on
the subtle spiral AFM ground state. The absolute MR value
observed at 9 T and 2 K is 14.1%, while it increases to 16.8%
at the same field and 50 K. Above Tsg, e.g., at 200 K, the MR
effect becomes negligible.
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FIG. 6. First-principles calculations results for the electronic
density of state of BaFeO; near the Fermi level (Er) with (a) FM
and (b) G-type AFM spin configurations.

To get deeper insight into the electronic properties, first-
principles calculations were carried out. For simplification, we
only consider the FM and G-type AFM spin configurations.
Figures 6(a) and 6(b) show the electronic density of states
near the Fermi level for these two types of spin configuration.
In the FM configuration, the spin-up channel crosses the
Fermi surface and contributes to electrical transport, whereas

pressure treatment technique. The TG analysis confirms the
stoichiometric oxygen content. Although only a single mag-
netic transition is observed in the polycrystalline sample, the
current single crystal shows three magnetic transitions, i.e.,
a spin-glassy transition at about 181 K, a long-range spiral
AFM ordering at ~117 K, and a third transition around
97 K. The AFM ground state of BaFeO; is very sensitive
to magnetic field, so that a moderate field can induce a
metamagnetic transition to an FM state with the saturated
magnetic moment about 3.2 ug/f.u. Compared with the spin
moment, the orbital moment is negligible as confirmed by
XMCD analysis. Semiconducting behavior is found to occur
in BaFeO; in the paramagnetic region. However, the long-
range spiral AFM ordering changes the electrical transport to
be possibly half-metallic with a spin-up conducting channel
and a spin-down insulating channel with remarkable negative
MR effects below Ty.
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