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Abstract: The first transition-metal-only double perovskite
compound, Mn**,Fe’" Re’* O, with 17 unpaired d electrons
displays ferrimagnetic ordering up to 520 K and a giant
positive magnetoresistance of up to 220% at 5K and 8 T.
These properties result from the ferrimagnetically coupled Fe
and Re sublattice and are affected by a two-to-one magnetic-
structure transition of the Mn sublattice when a magnetic field
is applied. Theoretical calculations indicate that the half-
metallic state can be mainly attributed to the spin polarization
of the Fe and Re sites.

P erovskite oxides with unpaired d electrons present scien-
tifically and practically interesting electronic and magnetic
properties.l Recently, renewed interest has been focused on
the A,BB’O; double perovskites (A = alkaline earth or rare
earth metal or Pb; B/B’ = transition metals such as Fe/Mo and
Fe/Re) because of their colossal magnetoresistance (CMR)
and half-metallic (HM) properties, which are potentially
useful for spintronic applications.>**! The crystal structures
and physical properties of these materials can be effectively
manipulated by controlling the size of the A site cations.”
Perovskites with unusually small A site cations are an
emerging field for exotic properties,® especially when
transition-metal ions with unpaired d electrons are incorpo-
rated into the A site for an improved performance.”’ Gen-
erally, these materials can only be prepared at high pressure
and temperature (HPT), and owing to their small tolerance
factors (¢), the perovskite structures compete with corundum-
related structures.'®'¥ To the best of our knowledge, only
three ABO5/A,BB'Og¢ type perovskites, namely MnVO;
(Pnma,  antiferromagnetic  (AFM)  metal)*™  and
Mn,MSbO; (M =Fe and Cr),'*'" have been prepared with

transition-metal ions at both the A and B sites. The perovskite
polymorphs Mn*",M*"Sb>*Q4 (P2,/n) can be prepared at 5
(M =Fe) and 8 GPa (M = Cr) with M*" and Sb*' ordered at
the B and B’ sites. Although high-spin (HS) d® Mn*" and Fe**
and d® Cr’" ions occupy the A and B sites in Mn,MSbOq, their
properties are not so remarkable (AFM insulators with Ty
~ 60 and 55 K for M = Fe and Cr, respectively), likely because
of the non-magnetic Sb>" ion at the B'site. Therefore, the
incorporation of transition-metal ions at all of the cation sites
in A,BB'O,4 was anticipated to result in unusual properties.
Herein, we report the first transition-metal-ion-only double
perovskite oxide Mn,FeReOg, which was synthesized by an
HPT method. The crystal and magnetic structures as well as
the magnetotransport properties were experimentally and
theoretically investigated in detail.

Polycrystalline Mn,FeReO, was prepared at 1623 K under
5 GPa. Energy-dispersive X-ray spectroscopy gave a compo-
sition of Mny g510)F€0957)R€104(16)O,, Which is in good agree-
ment with the nominal composition. The room temperature
(RT) powder X-ray diffraction (PXD) patterns of
Mn,FeReOy indicate a pure phase with a monoclinic or
orthorhombic cell (Supporting Information, Figure S1a), but
it is difficult to determine the space group (SG) owing to the
small deviation of the monoclinic angle from 90°. This as-
made phase was stable up to 850 K upon heating at ambient
pressure, at which point it decomposed (Figure S1b). Sub-
sequent electron diffraction experiments confirmed the cell
dimensions (Figure S2) and suggested a monoclinic
P2,/n (No. 14), or orthorhombic Pn type [Pnm2, or Pn2,m
(No. 31) or Pnmm (No. 59)] SG. Finally, the crystal structure
was conclusively determined to be monoclinic P2,/n by high-
resolution synchrotron PXD (SPXD) data refinements
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Temperature-dependent magnetic susceptibil-
ity [x(T)] measurements were performed between
5 and 600 K (Figure 2a). In the low-temperature
regime (5-400 K; see Figure 2a, i), the measure-
ments were conducted by both zero field cooling
(ZFC) and field cooling (FC). The ZFC and FC
curves diverge below 400 K owing to the competi-
tion between different magnetic interactions, as
might be expected for a system with so many
magnetic ions. A high ferromagnetic 7 of approx-
imately 520 K was observed. Above T, the recip-
rocal susceptibility slightly deviated from linear
behavior with a parabolic shape, which is also
a typical ferromagnetic behavior. A regular Curie—
Weiss (CW) law was adopted for a good fit in the
range of 530-600 K (Figure 2a, ii). The paramag-

netic temperature (6 =502 K) is close to the T,

observed, which indicates that ferro- or ferrimag-
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Figure 1. Rietveld refinement of the SPXD data for Mn,FeReOg in the monoclinic
P2,/n structure at RT. Asterisks indicate peaks from diamond diluent (internal
standard) accounting for 90% of the sample by weight. Tick marks indicate the
positions of allowed perovskite-phase peaks. The left inset shows the monoclinic
splitting of the (204) reflection. The right inset shows the crystal structure viewed
along [110] direction. Mn ions are shown as large spheres, O ions as small spheres,

and the FeOg4 and ReOg octahedra are light and dark gray, respectively.

(Figure 1; a=25.20098(2), b=5.36399(2), c=7.58904(3) A,
B=89.95(1)°, V=211.719(1) A3, R,/R,,=5.50/7.08%, =
1.65). Approximately 5(1) % of Fe and Re anti-site disorder
was observed, giving a compositional formula of
Mn,(Fegos1)Req o5(1)) (Regos1)Fegos1))Os. The refined struc-
tural parameters and agreement factors are listed in
Table S1, and seclected interatomic distances and bond
angles are given in Table S2. Mn,FeReO; crystallizes in
a highly distorted double-perovskite structure, where the Mn
cations are coordinated by eight oxygen atoms, and corner-
sharing FeOg4 and ReO, octahedra are rock-salt-ordered over
the B and B’sites (Figure 1, inset). It is isostructural with
Ca,FeReO¢” and Mn,FeSbO,,"® and consistent with the
t-dependent structural evolution law for A,FeReO4 (A=
alkali earth) complexes shown in Figure S3. The size of the
Mn?" ions at the A positions is extremely small for a per-
ovskite and forces the FeO4 and ReOg octahedra to tilt in
order to optimize the Mn—O distances. The tilting angle was
estimated using the parameter @ = (180°—6)/2 where 6 is the
average angle of Fel/Rel-O-Fe2/Re2. In Mn,FeReOy, this
angle is 140.63° (Table S2), and therefore @ =19.7°, which
indicates a significantly higher distortion than in other
distorted perovskites, such as Ca,CrSbOg, where the A cation
is bigger and @ = 13.5°."") The Mn—O distances with eightfold
coordination (2.379(10) A at room temperature; Table S2)
are also smaller than other A—O distances in distorted double
perovskites, such as Ca,FeReO, (Ca—O =2.499(3) A).*"
Bond valence sum (BVS, Table S2) calculations®®!! suggested
formal oxidation states of Mn*',Fe’'Re’*Og, which was
confirmed by X-ray absorption near-edge spectroscopy
(XANES:; Figure S4-S6).
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netic interactions are predominant. The paramag-
netic effective moment (u ;= 4.4 ug/f.u.; f.u. =for-
mula unit) is much smaller than the expected value
(10.6 up/fu.). The large difference between the
observed and expected u.; values may be attrib-
uted to possible short-range order above T, which
affects the correct evaluation of y(7T), or to spin—
orbit coupling, which has been reported to have an
effect on u; for Re-based perovskites.?>*!

The hysteresis loops indicate clear ferromagnetic behav-
ior (Figure 2b). At 5 K, the saturation magnetization (u,) of
4.9 ug/fu. indicates ferrimagnetic (FiM) ordering of the
cations, as it is much lower than the theoretical sum of the
spin-only moments (17 ug/f.u.). Unlike for the A,FeMoOy
family, where the large Fe-O-Mo bond angle deviation from
180° for smaller A cations reduces the dpd = coupling and
decreases T, the Re analogues show the highest 7 for the
smaller A cations, which was attributed to the strong spin—
orbit coupling of the 5d transition metals,* giving a T value
of 520 K for Mn,FeReO, which is comparable with that of
Ca,FeReOy (ca. 530 K).I"!

Interestingly, Mn,FeReOg is more insulating than other
A,FeReO, (A =alkali earth or Pb) phases, where the
resistivity (o) varies between 0.05 and 1 Qcm at RT,/?!
considering that Mn,FeReOg has a greater number of
unpaired d electrons. Figure 3 shows the temperature depend-
ence of the p value of Mn,FeReOjy at zero field and 8 T. The
resistivity values are almost identical above 150 K at 0 and
8 T, with p=4.98 (0 T) and 4.97 (8 T) Qcm at RT, indicating
the absence of magnetoresistance (MR) at higher temper-
atures. The p value increases slowly down to 50 K, and below
50 K, the resistivity increases steeply with decreasing temper-
ature. The small anomaly around 50 K is probably due to
magnetoelastic coupling, which is also observed in other Re
perovskites (Ca,FeReO)”! and has been reported to be
related to Re spin—orbit coupling that couples the magnetic
moment with the lattice, as also supported by the lattice
parameter evolution (Figure S7). At 5 K, the resistivity values
increase to 122.58 and 396.32 Qcm at 0 and 8 T, respectively,
which corresponds to a positive MR of approximately 220 %.
The isothermal MR ratio between —8 and 8 T at 5 K, with

Angew. Chem. Int. Ed. 2015, 54, 1206912073
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Figure 2. a) The x(T) curves up to 600 K show the magnetic transition
temperature (T) of 520 K. i) ZFC and FC data up to 400 K. ii) The
inverse susceptibility (y ') versus temperature curve nicely fits to the
CW model over the paramagnetic region. b) Isothermal magnetization
curves at 5, 75, and 300 K between —5 and 5 T. Inset: Enlarged area
between —0.6 and 0.6 T.
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Figure 3. Temperature-dependent resistivity of Mn,FeReOy at zero field
and 8 T. Inset: The isothermal MR ratio between —8 and 8 Tat 5 K,
with the maximum positive MR ratio of approximately 220% at 8 T.

a slim butterfly-like shape, is shown in the inset in Figure 3.
Unlike other A,FeMOy (M=Mo and Re) materials with
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a negative MR ratio of approximately —15%, the MR of
Mn,FeReOgq is positive and much larger.

Powder neutron diffraction (PND) data, collected with
and without an applied magnetic field at different temper-
atures, were obtained to determine the magnetic structures
and to better understand the giant positive MR in
Mn,FeReOy (Figure S8 and Tables S3 and S4). The magnetic
structures at low temperature (4 and 70 K) and 0 T have to be
explained in terms of two different AFM structures: one for
the Mn cations and another one for the FiM arrangement of
the Fe and Re moments. At4 K and 0 T, the Mn moments are
aligned antiferromagnetically along the x and z directions
(m,=2.05(11) ug, m,=1.3(2) ug), and the y component is
equal to zero in one magnetic structure (Figure 4a, left),

Figure 4. Magnetic structures of Mn,FeReOy; a) at 4 K and 0 T with two
AFM-coupled Mn sublattices and FiM spin alignment of the Fe/Re
lattice, b) at 250 K and 0 T with FiM ordering of Fe and Re, c) at 4 K
and 7 T with an AFM-coupled Mn lattice and a FiM Fe and Re
arrangement, and d) at 250 K and 7 T with a FiM Fe and Re lattice.

whereas the other magnetic structure (Figure 4 a, middle) has
x and z components equal to zero, and only the y AFM
component deviates from zero (Mn m,=—2.91 ug). There-
fore, the magnetic structure of Mn is represented by two
different sublattices with all of the components coupled
antiferromagnetically, and cannot be explained with one
single magnetic structure because this would correspond to
a forbidden solution for its monoclinic space group. In the
case of Fe and Re, the Fe and Re moments are m,=m,=
3.19(8) ug and m,=m,= —0.143(3) ug, respectively, and the
components along the y axis are again zero; the Fe and Re
spins are antiparallel and form a net FiM structure (Figure 4 a,
right), which can be defined as a P2,/m magnetic space group.
The coexistence of two different Mn AFM structures and the
FiM Fe/Re magnetic structure can account for the high
resistivity of Mn,FeReO, compared to similar phases with
non-transition-metal ions at the A sites.

The magnetic structure at 70 K and H =0 T is the same as
that at 4 K and H =0T, but with smaller magnetic moments
(Table S3). At 250 or 300 K and 0 T, the Fe and Re moments
correspond to the same FiM structure as at 4 K and H=0T,
but are smaller, while the Mn cations are no longer magneti-
cally ordered (Table S3 and Figure 4b). To the best of our
knowledge, only Sr,CoOsOy has been established to feature
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two interpenetrating magnetic sublattices with clearly differ-
ent and independent ordering magnetic transitions among the
double perovskites.’® As the Mn sublattice is no longer
magnetically ordered at high temperature, it cannot affect the
Fe and Re magnetic sublattice, and the resistance of the
sample decreases compared to that at 4 K (Figure 4a). At7 T
and 4 K, the simultaneous presence of two different magnetic
sublattices that defined the Mn magnetic structure at H=0T
is no longer valid. The second AFM Mn structure (Figure 4a,
middle), together with the FiM sublattice of the Fe and Re
cations, can be used to explain the data (Figure S8c): The
applied magnetic field (7 T) brings about a transition that
simplifies the magnetic structure. The magnetic moments of
Mn are now AFM-coupled and oriented along the y axis
(m,=—2.93(5) ug), as the components along the x and
z directions become zero (Figure 4c¢ and Table S4). The FiM
Fe/Re sublattice gives a net magnetic moment of 5.0 u, which
is similar to the saturation magnetization (4.9 ug) at 5 K and
ST (see Figure 2b). We propose that this magnetic structure
at 4K and 7T hinders the half-metallicity of sublattice B
more than the combination of magnetic structures found at
0T, which could explain the incremental change in the
resistivity when a magnetic field is applied. At 250 K and 7 T,
the magnetic structure (Figure 4d and Table S4) is similar to
that at 250 K and 0 T (Figure 4b). These magnetic-structure
evolutions are also reflected by the PND patterns in Fig-
ure S9. When an external magnetic field is applied, the
orientation of the spin and orbital moments of Re could be
modified in a way that hinders the half-metallicity and
increases the global resistivity of the material. Other Re
double perovskites, Ba,MnReOg, and Ca,FeReO4 have been
reported to present positive MR,?"?! but with much smaller
values.

First-principle calculations based on density functional
theory (DFT) can stabilize a collinear magnetic structure of
Mn,FeReOg, which correctly captures the AFM and FIM
coupling of the Mn and Fe/Re sublattices, respectively. The
corresponding density of states (DOS) and the electronic
band structure are shown in Figures 5 and S10. Both the Mn
and Fe sites are nearly fully polarized by a large exchange
splitting between the spin majority and minority components,
while the Re site is weakly polarized with a much smaller
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Figure 5. The computed DOS of Mn,FeReO; and its projections onto
the d orbitals of different sites. Positive (negative) values corresponds
to spin majority (minority) components.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

exchange splitting. The scenario is in agreement with the
PND measurements, where large moments were observed for
the Mn and Fe sites and a much smaller moment for the
Re site. Interestingly, the DOS exhibits a significant insulating
gap (ca. 1.0eV) in the spin majority component and
a relatively high density of states in the spin minority
component at the Fermi level; thus the pronounced HM
behavior is mainly due to the Re and Fe sites. Therefore, it is
likely that the half-metallicity of the Fe/Re sublattice is
affected by the complicated magnetic structure of the
Mn sites in a way that an external magnetic field would
modify the electronic structure to produce the observed giant
positive MR. It is also possible that the spin—orbit coupling of
the Re moments has an effect on the positive MR, but this
point needs further clarification.

In conclusion, the first transition-metal-only double
perovskite compound, Mn,FeReOq, has been prepared at
high pressure and temperature, and was experimentally and
theoretically established to be a half-metallic ferrimagnet
(Tc=520K) above room temperature with giant positive
magnetoresistance (ca. 220 % ). These findings set a record for
the number of unpaired d electrons (17) in a double per-
ovskite oxide and will encourage further searches for new
multifunctional materials.

Experimental Section

Experimental details, electron-diffraction and crystal-structure data,
XANES, detailed powder neutron diffraction data analysis, low-
temperature lattice parameter evolution, and theoretical calculations
are presented in the Supporting Information. Further details on the
crystal structure investigation may be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de),
quoting the depository numbers CSD429762 to 429768.
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