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Room-temperature ferrimagnetism of anti-site-disordered Ca,MnQOsQOg
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Room-temperature ferrimagnetism was discovered for the anti-site-disordered perovskite Ca,MnOsOg with
T. = 305 K. Ca;MnOsOg crystallizes into an orthorhombic structure with a space group of Pnma, in which
Mn and Os share the oxygen-coordinated-octahedral site at an equal ratio without a noticeable ordered ar-
rangement. The material is electrically semiconducting with variable-range-hopping behavior. X-ray absorption
spectroscopy confirmed the trivalent state of the Mn and the pentavalent state of the Os. X-ray magnetic circular
dichroism spectroscopy reveals that the Mn and Os magnetic moments are aligned antiferromagnetically, thereby
classifying the material as a ferrimagnet which is in accordance with band structure calculations. It is intriguing
that the magnetic signal of the Os is very weak, and that the observed total magnetic moment is primarily due to
the Mn. The 7, = 305 K is the second highest in the material category of so-called disordered ferromagnets such
as CaRu;_,Mn,Os3, SrRu;_,Cr,03, and Calr;_,Mn,O3, and hence, may support the development of spintronic
oxides with relaxed requirements concerning the anti-site disorder of the magnetic ions.

DOI: 10.1103/PhysRevMaterials.3.124404

I. INTRODUCTION

Double perovskite oxides containing 3d and 4d/5d ele-
ments are currently much in focus since promising properties
for spintronic applications have been reported. For example,
SrpFeMoOg shows a low-field magnetoresistance at room
temperature [1], and Sr,CrReOg¢ half-metallic (HM) transport
with a remarkably high Curie temperature (7;) of 635 K
[2,3]. Analogous closely related ferrimagnetic (FIM) oxides
have been synthesized with a wide variety of 3d and 4d/5d
elements, such as A,FeMoQOg (A = Ca, Ba) [1,4], A;FeReOgq
(A = Ca, Sr, Ba) [5,6], Ca,CrOsOg¢ [2,3], and CayFeOsOq
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[7,8]. In addition, a ferromagnetic (FM) Dirac—Mott insulat-
ing state (7. ~ 100 K) has been found in Ba;NiOsOg [9] and
an exchange bias effect in BayFe; 120s.83Og [10], which may
also be useful for further development of spintronic oxides.
In the magnetic ground state of Sr,FeMoOg and
Sr,CrReOg, the 3d magnetic moments are ordered parallel
to each other and antiparallel to those of the 4d/5d [1-3].
Anti-site disorder between the 3d and 4d/5d elements has,
however, a significant negative impact on the magnetic prop-
erties, because strongly antiferromagnetic (AFM) Fe-O-Fe
and Cr—O-Cr bonds are formed that interfere with the long-
range magnetic order [11,12]. Indeed, even a small degree
of anti-site disorder dramatically decreases T;, and the spin
polarization is also strongly reduced in Sr,FeMoOQOg [13,14],
accompanied by a linearly decreasing saturation magnetiza-
tion [12]. Therefore, accurate control of the anti-site disorder
has been a significant issue for the fabrication of practical
devices since growing anti-site-disorder-free materials is

©2019 American Physical Society
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highly challenging [11,12]. Alternatively, anti-site-disorder
tolerant materials with promising properties are in demand.

A so-called disordered FM has been reported in a substi-
tutional study of the paramagnetic perovskite CaRuOj3, where
Ru is partially replaced by a variety of magnetic or nonmag-
netic elements such as Sn, Ti, Mn, Fe, Ni, or Rh [15,16].
Among these, CaMnRuOg is particularly of high interest, be-
cause its magnetic moment is relatively large (~1.6 ug/f.u.)
and its T, is high (~230 K) [17,18]. In the structure of
CayMnRuOg, Mn and Ru are distributed over the perovskite
B site at an equal ratio without an ordered arrangement. This
material was revealed to be FIM by neutron diffraction owing
to a balance between FM (Mn3* to Mn**) and AFM (Ru
to Mn) interactions [17-19], and the experimental magnetic
state was consistent with that obtained by first-principles
calculations [19]. Another example is SrRug ¢Cry4O3 which
was found to have a high transition temperature of 400 K but
a very small saturated moment of 0.15 ug /f.u. [20].

In this study, an anti-site-disordered compound,
Ca;MnOsOg was synthesized by a high-pressure and
high-temperature method at 6 GP and 1500 °C. Ca;MnOsOg
shows a FIM transition at 7, = 305 K, which is the second
highest 7. among the disordered FMs. Here we report the
refined crystal structure and bulk magnetic properties of
CayMnOsOg. The results suggest that the compound is
useful for further development of anti-site-disorder-tolerant
spintronic oxides.

II. EXPERIMENTAL

Polycrystalline Ca,MnOsOg was synthesized via a solid-
state reaction from powders of CaO, (lab-made from CaCl, -
2H,0, 99% Wako Pure Chem.), Os (99.95%, Heraeus Mate-
rials), and MnO; (99.997%, Alfa-Aesar). The powders were
thoroughly mixed at the stoichiometric ratio, followed by
sealing in a Pt capsule. The preparation was conducted in
an Ar-filled glove box. The Pt capsule was statically and
isotropically compressed in a belt-type high-pressure appara-
tus (Kobe Steel, Ltd., Japan [21]), and a pressure of 6 GPa was
continuously applied while the capsule was heated at 1500 °C
for 1 h, followed by quenching to room temperature in less
than a minute. The pressure was then gradually released over
several hours.

A dense, black polycrystalline pellet was obtained, and
several pieces were cut out from it. A selected piece was
finely ground for a synchrotron x-ray diffraction (SXRD)
study, which was conducted in a large Debye-Scherrer camera
in the BL15XU beam line, SPring-8, Japan [22,23]. The
SXRD pattern was collected at room temperature and the
wavelength was confirmed to be 0.65298 A by measurement
of a standard material, CeO,. The absorption coefficient was
measured in the same line. The Rietveld method was used to
analyze the SXRD pattern with the RIETAN-VENUS software
[24,25].

X-ray absorption spectroscopy (XAS) at the Mn-L, 3 and
Os-L3 edges of Ca,MnOsOg was carried out at the BL11A
and BLO7C beamlines using the total electron yield and trans-
mission method, respectively, in the National Synchrotron
Radiation Research Center, Taiwan. The Mn-L, 3 spectrum
of MnO and the Os-L3 spectrum of Sr,FeOsOg were also

measured for energy calibration purposes. X-ray magnetic
circular dichroism (XMCD) spectra at the Mn-L, 3 and the
Os-L; 3 edges were obtained at the BL29 BOREAS beamline
of the ALBA synchrotron radiation facility in Barcelona and
at the ODE beamline of Soleil France, respectively. The
degree of circular polarization in BOREAS and ODE beam-
line was close to 100% and 90%, respectively. The XMCD
spectra were measured in a magnetic field of 60 kOe at a
temperature of 20 K for Mn-L; 3 and in 13 kOe at 4 K for the
Os-L, 3. The Os L3 /L, edge-jump intensity ratio I(Lz)/I(L,)
was normalized to 2.08 [26], which accounts for the difference
in the radial matrix elements of the 2p,/,, — to — 5d(L,) and
2p3j2 — to — 5d(L3) transitions.

The electrical resistivity (p) of polycrystalline
Ca,MnOsOg was measured by a four-point method at a gauge
current of 0.1 mA in a physical properties measurement
system (Quantum Design, Inc.). Electrical contacts on a
piece of Ca;MnOsOg were prepared using Pt wires and
Ag paste in the longitudinal direction. The temperature
dependence of the specific heat capacity (C,) was measured
in the same apparatus by a thermal relaxation method at
temperatures between 2 and 300 K using Apiezon N grease
to thermally connect the material to the holder stage.

The magnetic susceptibility (x) of a loosely gathered
Ca;MnOsO¢ powder was measured in a magnetic properties
measurement system (Quantum Design, Inc.). The measure-
ment was conducted in field cooling (FC) and zero-field
cooling (ZFC) conditions in a temperature range between 2
and 390 K. The applied magnetic field was 10 kOe. The
magnetic field dependence of the magnetization (M) was
measured between —50 and +50 kOe at fixed temperatures
of 2, 200, 300, and 350 K. The alternative current (ac) y was
measured in the same apparatus between 5 and 320 K; the
amplitude and frequencies of the ac-magnetic field were 5 Oe
and 0.5-500 Hz, respectively.

The density functional theory (DFT) calculation was per-
formed on Ca;MnOsOg with the all-electron full-potential
local-orbital code [27] using the standard generalized-gradient
approximation (GGA) [28]. In this study, a linear tetrahedron
method was employed for all k space integration with a
12 x 12 x 12 subdivision in the full Brillouin zone for an
ordered phase of Ca;MnOsOg. The magnetic ground state
was obtained by computing the total energy of possible mag-
netic configurations. Our calculation was double-checked in
selected cases using the full-potential linearized augmented
plane wave method, as implemented in the WIEN2K code [29].
In order to estimate the correlation effects, the GGA+U (U is
the Coulomb interaction) function with atomic-limit double-
counting correction was used [30,31]. The values of U were
chosen to be 5 eV for Mn-3d and 1.5 eV for Os-5d, which
were comparable to the values in the literature [9,32-36]. The
self-consistent full-relativistic calculations were carried out
with spin-orbit coupling (SOC) included. This is necessary
to determine the magnetic anisotropy energy (MAE) and to
check its influence on the electronic and magnetic properties.
The calculation was first performed with the experimental
lattice parameters obtained by SXRD, and then geometry opti-
mization was conducted. The energy and charge convergence
for the self-consistent calculation was set to 10~® Hartree and
107° of electron, respectively.
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TABLE 1. Atomic coordinates and temperature factors (B)
o Ca,MnOsOq AR for Ca;MnOsOg at room temperature obtained from synchrotron
e XRD. Space° group. Pnma; lattice constants a = 5.50669(4) A, b =
& zz?.ggggg;ﬁ l 7.60567(6) A, and ¢ = 5.39322(4)A; Z = 2; dy = 6.1946 g/cm’;
§ 4 ¢=53932(1) A - : and the final R indices are R, = 2.029% and R,,, = 3.597%.
o
© \J °
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; l S E 02 8d 1 02106(7) 0.4578(5) 0.1850(7) 1.03
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FIG. 1. Rietveld refinement of the powder synchrotron XRD
pattern collected at room temperature. The crosses and solid lines
show the observed and calculated patterns, respectively, with their
difference shown at the bottom. The Os was analyzed simultane-
ously as the secondary phase. The estimated mass proportion was
Cay;MnOsOg. Os = 0.986. 0.014. (Inset) Analysis by an ordered Mn
and Os atoms model; the arrow indicates an obvious discrepancy
between the model and the experiment in the analysis.

III. RESULTS

A. Crystal structure

The double perovskite oxide A,BB'Og [A: alkali earth, B :
3d, B’ : 4d(5d) elements] normally crystallizes into a mono-
clinic (P2;/n), or tetragonal (14/m), or cubic (Fm-3m) struc-
ture, in which two distinct octahedra BOg and B’Og align in a
rocksalt fashion [37]. The degrees of the octahedral distortion
and rotation seem to have a major impact on the lattice sym-
metry [38]. Based on the general trend, we attempted to char-
acterize the crystal structure of Ca,MnOsOg by applying these
models. In particular, the monoclinic model (P2, /n) was very
effective to refine the SXRD pattern as reported for the anal-
ogous compounds such as Ca;FeOsOg¢ [7], Cay;CrOsOq [2],
and Ca;MnReOg [39]. The refinement quality was, however,
not fully satisfactory: a significant failure was found for the
peaks marked by an arrow in the inset of Fig. 1. Although the
major peaks were well refined by the P2, /n model (if Mn and
Os are fully ordered), several expected peaks such as (0—11),
(—101), and (101) were not observed above the background
level. This failure suggested that the rocksalt-type ordered
arrangement of MnOg and OsOg octahedra is not formed in
CayMnOsOg [13], namely, Os and Mn atoms are distributed
randomly over the perovskite B site (i.e., anti-site disorder),
as was found in Cay;MnRuQOg (Pnma [17]).

We therefore tested the Pnma model of the SXRD data,
and as shown in the main panel of Fig. 1, the Pnma model
successfully characterized the structure of Ca;MnOsQOg. The
final solutions of the lattice parameters, atomic coordinates,
and temperature factors are listed in Table 1. Note that the
orthorhombic model (Pnma) was proposed for both end
compounds, CaOsO3 [40] and CaMnOs; [41] as well, which
indicates that Ca,MnOsOg is not a double perovskite, but a
solid solution of them.

The average of the M-O (M = Mn or Os) bond lengths
of CayMnOsOg is compared with that of related compounds;

it is shorter than that of CaOs*tQ; [40] and LaMn’*O;
[42] and longer than that of NaOs>* O3 [43] and CaMn**O5
[41] (see Table II). The comparison suggests that the va-
lence state of M is intermediate between the two groups.
In addition, we examined the impact of the Jahn-Teller (JT)
distortion on the average structure through comparison of the
distortion factors (defined as the ratio of the longest to the
shortest M—O length of an octahedron) of the compounds. It
is 1.084 for Ca,MnOsOg, which is much smaller than 1.142
for LaMn®**0; and much greater than 1.004 for CaMn**Os,
1.030 for CaOs*+ 03, and 1.004 for NaOs>*Os. Although the
comparison indicates that the JT distortion could contribute to
the average structure of Ca,MnOsQOg, it is extremely difficult
to uniquely identify the exact charge distribution on Mn and
Os of Ca;MnOsOg from only an analysis of the powder SXRD
pattern, because of the anti-site disorder.

B. X-ray absorption spectroscopy

To investigate the valence states of Mn and Os, we con-
ducted the Mn-L, 3 and Os-L3; XAS on Ca;MnOsOg and
compared the spectra to those of MnO [44], LaMnO; [44],
SrMnO; [45], and Sr,FeOsOg [46] which serve as Mn?t,
Mn3**, and Mn**, and Os>* references, respectively (see
Fig. 2). The spectral weight of the L; white line shifts to
higher energies by 1 eV or more as the Mn valence state
increases by one: from Mn?* (MnO) to Mn** (LaMnO3)
and further to Mn*t(SrMnO;) [44,45]. The similar energy
position and multiplet spectral features of the Mn-L, 3 of
Ca;MnOsOg and LaMnO3; demonstrate the trivalent state of
Mn in Ca;MnOsOg. Analogously, the Os-L; spectrum of
Ca;MnOsOg locates at the same energy as that of Ca,FeOsOg,
indicating the pentavalent state of the Os [7,47], thereby
fulfilling the charge balance requirement for the Mn3*/0s>*
state. Consequently, the valence state of Ca;MnOsOg (Mn3t,
Os>) is different from that of the analogous compound
Ca,MnRuOg, in which the mixed valent states of (Mn>*,
Ru’*) and (Mn**+, Ru**) are degenerate in energy [17].

C. Electrical transport

Figure 3 shows an increasing resistivity po(7) of
Ca;MnOsOg with lowering the temperature, experimen-
tally demonstrating a semiconducting-like behavior. Interest-
ingly, it is qualitatively and quantitatively different from the
half-metallic behavior observed for the related compound
CayMnRuOg [17,19]. The temperature dependence of p(7T) is
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TABLE II. Comparison of structural parameters of Ca,MnOsOg and related compounds.

LaMn**0; [42]

CaMn**0; [41]

Ca;MnOsOg [this work]

CaOs*t 05 [40]

NaOs**+0; [43]

Space group
a(A)

b(A)

c(A)

V(A%
M-01 (A)
M-02 (A)
M-02 (A)
Distortion*
(M-0) (A)
M-O1-M (°)
M-02-M (°)

Pnma
5.5367(1)
5.7473(1)
7.6929(2)

244.8

1.9680(3) x 2
1.907(1) x 2
2.178(1) x 2

1.142

2.018
155.48(2)
155.11(5)

Pnma
5.279(1)
7.448(1)
5.264(1)

207.0

1.895 x 2
1.900 x 2
1.903 x 2

1.004

1.899

158.6

157.2

Pnma Pnma
5.50666(4) 5.57439(3)
7.60562(6) 7.77067(4)
5.39317(4) 5.44525(3)

225.9 235.9
1.945(1) x 2 2.003(1) x 2
1.917(4) x 2 1.978(4) x 2

2.077(4) x 2 2.037(4) x 2
1.084 1.030
1.980 2.006

149.6(2) 151.7(1)
155.7(1) 152.0(2)

Pnma
5.38420(1)
7.58038(1)
5.32817(1)

217.5

1.946(1) x 2
1.939(3) x 2
1.9403) x 2

1.004

1.942

153.92)
155.2(2)

#Defined as the ratio of the longest to the shortest M—O length of the M Og octahedron.

poorly characterized by the Arrhenius model at low temper-
atures (<300 K, inset of Fig. 3); however, a variable-range-
hopping conduction model better explains the data (inset of
Fig. 3) [48]. Although the Arrhenius model does not exactly
fit the data, we can roughly estimate the lower limit of
the thermal activation energy in the high-temperature region

—— Ca,Mn0OsO,

MnO
~LaMnO,

——SrMno,

(a)

Intensity (arb. units)

640 644 648 652 656

(b)

e CazMnOSO6
—_— SrzFeOSO'3

Os-L3

Intensity (arb. units)

T T T
10860 10880 10900

Photon Energy (eV)
FIG. 2. (a) Room temperature Mn-L,3 XAS spectra of

Ca,MnOsOg and of MnO [44], LaMnQOs [44], StMnO; [45] as
reference compounds for Mn?*, Mn**, and Mn** valence states.
(b) Os-L3 XAS spectra of Ca,MnOsOg and of Sr,FeOsOg [46] as
an Os’* reference.

(>300 K) as ~0.11 eV from the linear fit as shown in the
inset of Fig. 3.

D. Magnetic properties

The magnetic susceptibility x(7) curves measured in the
ZFC and FC conditions for Ca;MnOsOg are shown in Fig. 4.
Upon cooling, there is an increasing value of x at around
305 K, indicating the establishment of a FM-like transition.
The divergence between the ZFC and FC curves at T. is
negligible, but it becomes prominent at approximately 200 K,
suggesting a possible formation of magnetic domains, or the
like in the measurement process. We would like to note that
the range of the high-temperature part (>T;) of the x(7) curve
is too narrow for a meaningful Curie—Weiss analysis (see the
right side of Fig. 4).

The ac yx(=x’ +ix”) of CaxMnOsOg¢ was measured at
temperatures between 5 and 320 K, and the x’ and x” vs
T curves are shown in Fig. 5. A sharp peak is observed at

T'(K"
0.005 0.010 0.015 0.020
10"
6 - ~
10° 3 £
10° 4 g
3 S§
s
§ 10+
<3
< 10°4 .
0.25 0.30 0.35
102_5 T-Ud (K»I/‘d)
10" 4
/=0.1 mA
100 LI | —r T T 1 T ¥
100 200 300 400

FIG. 3. Temperature dependence of p for polycrystalline
Ca,MnOsOg. The inset shows an alternative plot of the data. The
blue line indicates a fitting to the Arrhenius law at high temperatures
(>300 K).
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FIG. 4. Temperature dependence of x of polycrystalline
Ca,MnOsOg measured in a field of 10 kOe. An alternative plot (7 vs
x 1) is shown on the right side.

305 K, which is consistent with the onset temperature of the
x(T) measurement. In contrast to multiple transitions found
for Ca;MnRuQOg, no additional anomaly is detected, indicat-
ing a single magnetic transition over the temperature range.
Moreover, it substantiates that the divergence between the
ZFC and FC curves in the x(7) measurements is not caused by
a magnetic transition. In Fig. 6, the temperature dependence
of the heat capacity C}, shows an anomaly evolving at 305 K in
zero magnetic field, and it becomes broader when a magnetic
field of 70 kOe is applied. This observation supports that this
anomaly is caused by a magnetic transition.

%" (emu mol™)

T T T T T
0 50 100 150 200 250 300
T(K)

FIG. 5. (a) Real and (b) imaginary components of ac-magnetic
susceptibility for polycrystalline Ca;MnOsOg measured in an ac-
magnetic field (H,.) of 5 Oe at various frequencies. The inset shows
a horizontal expansion around the magnetic transition temperature.

2004 €a,MnOsO,
e H=70kOe
— o Zero field Qo°°cp
v &
T 000
,8100-
2
QQ
04
T T T T
0 100 200 300
7 (K)

FIG. 6. Temperature dependence of specific heat capacity of
Ca,MnOsOg.

The field dependence of the magnetization was measured
at several temperatures between 2 and 350 K (see Fig. 7).
The linear feature at 350 K confirms the paramagnetic be-
havior above T.. In contrast, magnetic hysteresis appears at
temperatures below T, suggesting that a FM component is
involved in the magnetically ordered state. The magnetization
at 2 K and 50 kOe is 1.40 ug/f.u., which indicates the
partial cancellation of the Mn and Os magnetic moments.
The separate Mn and Os contributions to the total magnetic
moment will be disentangled using the element specificity of
XMCD (vide infra).

E. X-ray magnetic circular dichroism

Figure 8(a) shows the Mn-L, 3 XAS spectrum (green) and
the XMCD spectrum (blue), which is the difference between
circularly polarized light with positive and negative helici-
ties in an applied magnetic field of 60 kOe at 20 K. The
XMCD signal can be clearly seen in Fig. 8(a). In order to
extract the Mn moment, we performed the well-established
configuration-interaction cluster calculations using the XTLS
code [49]. The method uses a MnQOg cluster, which in-
cludes explicitly the full atomic multiplet interaction, the

Ca,MnOsOq

1 L 1

-0--8: -3;-.8-.-.9--—9‘*5--6--9-@
-85
1.04

;
-1.04 200 K 9..e-~0'd ‘é; L
o--0--® @::G‘.‘.@'—'-g-—.e o000
2K
T L T T T T
-40 -20 0 20 40
H (kOe)

FIG. 7. Isothermal magnetization of polycrystalline Ca,MnOsOg
measured at various temperatures.
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660
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FIG. 8. (a) Mn-L, 3 XAS (green) and XMCD (blue) spectra of
Ca;MnOsOg measured at 20 K under a magnetic field of 60 kOe
and (b) the calculated XAS (green) and XMCD (blue) rescaled by a
factor 1/3.

hybridization of the Mn with the oxygen ligands, and the crys-
tal field acting on the Mn ions. The hybridization strengths
and the crystal field parameters were taken from Ref. [50].
Figure 8(b) shows the calculated XAS (green) and XMCD
(blue) for the Mn cluster in an exchange field (H) of 30
meV. With this field (the energy scale of which reflects the
experimentally determined 7; of 305 K) the Mn is fully
magnetized having a moment of 3.9 ug. We observe that the
line shape of the calculated XMCD spectrum is very similar
to the experimental one, but we also notice that its magnitude
is larger than measured. To reproduce the experimental size of
XMCD signal in Fig. 8(a), we need to rescale the calculated
XMCD spectrum by a factor of 1/3 as shown in Fig. 8(b).
This implies that the XMCD experiment presents the net Mn
moment of 3.9/3 = 1.3 up.

Figure 9 shows the Os-L; 3 XAS spectrum (green curve)
together with the XMCD spectrum (blue curve) measured
below T; in an applied magnetic field of 13 kOe at 4 K.
The XMCD signal of the Os has an opposite sign as that
of the Mn, which indicates an antiparallel alignment of Os
magnetic moment with that of the Mn. We have also per-
formed configuration-interaction cluster calculations using an
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T . T ' 77
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FIG. 9. (a) Os-L, 3 XAS (green) and XMCD (blue multiplied by
400) spectra of Ca,MnOsOg measured at 4 K under a magnetic field
of 13 kOe. (b) the calculated Os-L, 3 XAS (green) and XMCD (blue)
spectra.

OsOg cluster with parameters taken from Ref. [51]. Figure
9(b) shows the calculated XAS (green curve) and XMCD
(blue curve) spectra. With an exchange field of 30 meV (7,
of 305 K) the Os is fully magnetized having a moment of
2.05 up. The line shapes of the calculated spectra match very
well those of the experiment. We notice, however, that the
magnitude of the experimental XMCD is about 400 times
smaller than that of the calculated, which suggests that most
of the Os ions are magnetically disordered and/or antiferro-
magnetically aligned.

We would like to note that our finding from XMCD that the
net Mn moment is 1.3 upg and that the net Os moment is very
small (antiparallel aligned) is in excellent agreement with the
magnetization measurement (see the previous section), which
yielded a total net moment of 1.40 ug/f.u.

F. Density functional theory (DFT) calculation

We investigated the electronic and magnetic ground state
of Ca;MnOsOg by DFT calculations. In this theoretical study,
we investigated a hypothetically ordered phase (P2;/n; see
Table S1, Figs. S1, and S2 in Supplemental Material [52]).
The symmetry of the P2; /n structure has been reduced further
to lower symmetry P-1 (space group: 2), which gives rise
to two in-equivalent atoms each of Os and Mn, respectively.
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FIG. 10. Possible spin arrangements considered in the theoretical calculation for Ca,MnOsOgq with ordered Mn and Os atoms; ferromag-
netic (FM), antiferromagnetic (AFM), and ferrimagnetic (FIM) configurations.

The magnetic ground state of the ordered phase was studied
by calculating the total energy for each of the five different
magnetic states, namely FM (FM-1111; Osl: Os2: Mnl:
Mn?2), two AFM (AFM-1-1] 1| and AFM-2-1| | 1), and two
FIM (FIM-1-11] | and FIM-2-111]) states (see Fig. 10).
From the total energy calculations, FIM-1 is found to have the
lowest energy, with an energy difference of 198 meV /unit cell
to that of the next lowest order (AFM-1). The spin-polarized
DFT calculations for the hypothetically ordered Ca,MnOsOg
suggest that the magnetic ground state is certainly FIM-1
with the antiparallel alignment of Mn moments to Os. The
electronic ground state is HM (the HM gap is approximately
0.87 eV in the spin-up channel) within the GGA functional.
Additionally, SOC effects has been considered where the
spins are allowed to ordered along the [100] and [001] di-
rection to check its influence on the electronic and related
properties. Significant difference was not found for the net
moments for Mn and Os (see Table III), while a reasonable
change has been observed in the electronic behavior.

The electronic band structure and the spin-resolved density
of states (DOS) (total and partial) within GGA functional
are shown in Fig. 11 for the ordered phase, which is HM
with an insulating band gap of ~0.87 eV in the spin-up

channel and metallic state in the spin-down channel. The
major contributions to the total DOS around the Ep are at-
tributed to the Os-5d orbitals in both spin channels, which
hybridize strongly with the O-2p orbitals. From the partial
DOS and band structure (see Fig. 11 and Fig. S3a [52]), the
Os-5d orbitals in the spin-up channel are found to be fully
occupied by 5d-1p, orbitals, which shows the 0s>* (5d°) state.
The six bands at and around the Fermi level ranging from
—1.5 eV up to ~ +0.7 eV are from the Os-5d-1,, orbitals
that hybridizes strongly with the O-2p orbitals (see Fig. 11
and Fig. S3a [52]) in spin-up and spin down channel. On
the other hand, Mn-3d states are found to dominate mostly
above +0.7 eV in the conduction region in spin-up channel,
while in spin-down channel three d orbitals (d-t,,) are fully
occupied lying below —1.5 eV, while two of the d states (d-e,)
cross the Fermi level signaling the partial occupancy in spin-
down channel. This feature is close to the ionic picture Mn3>*
which should have four d states occupied. With SOC taken
into account (within GGA), band splitting was observed (see
Fig. S3a [52]), however, the overall band gap did not open.
This suggests the necessity of using GGA+U.

To further investigate the experimentally observed semi-
conducting transport, we performed a GGA+U calculation

TABLE III. Spin (m,) and orbital (n;) moments measured by XMCD and two sets of theoretical values for ordered Ca,MnOsOg

GGA+SO
XMCD* Ordered structure [100] Ordered structure [001]
Mn Os Mn Os Mn Os
ms (g /atom) 1.3 —0.005 3.13 —1.38 3.14 —1.41
my(up/atom) 0.0 0.000 0.02 0.02 0.01 0.08
mg + my (g /atom) 1.3 —0.005 3.15 —1.36 3.16 —1.33

AT = 4K and H = 13kOe for Os and 20 K and 60 kOe for Mn.

bStandard generalized-gradient approximation with spin-orbit interaction.
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FIG. 11. (a) Band dispersion and (b) DOS of Ca,MnOsO¢ with
fully ordered Mn and Os atoms within GGA (optimized).

with U values ranging from 0-5 eV for Mn and 0-2.5 eV
for Os [32-35]. The HM state changed to a semiconducting
state at U (Mn) = 4eV and U (Os) = 1.25eV or higher [19].
With U = 5¢eV for Mn and 1.5 eV for Os, the calculated
DOS and band structure are shown in Fig. 12. A band gap of
0.11 eV was achieved, which agrees well with the experiment
(~0.11 eV). With SOC, an indirect band gap of 0.14 eV is
found between the high symmetry point I and M, and a direct
band gap of 0.21 eV at I" point in the band dispersion shown in
Fig. S3b [52]. Splitting of the orbitals for the easy axis [001]
is large with a gap size of 0.14 eV. From the scalar relativistic
DOS and band structure shown in Fig. 12, and relativistic fat
bands in Fig. S3b [52], the Os-5d states are found to fully
occupy with three #,, orbitals in the spin-up channel and the
remaining e, orbitals are unoccupied, while in the spin-down
channel, all the d bands lie above Eg. Most of the bands from
Mn-3d around Ey hybridize with the O-2p and Os-5d states.
The broad band lying just above Eg is mainly contributed
by the Mn-3d orbital; the exchange energy splitting is of the
order of ~1.75 eV. Besides, MAE has been considered for the
FIM-1 ground state. The calculated MAE is 29.6 meV /unit
cell with its easy axis along the cubic [100] direction [53]
within GGA. In contrast, within GGA+U, the easy axis is
found along the out-of-plane with MAE of 3.46 meV /unit cell
with all the spins aligned along the [001] direction.
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FIG. 12. (a) Band dispersion and (b) DOS of Ca,MnOsOs with
fully ordered Mn and Os atoms within GGA+U (U = 5eV for Mn
and 1.5 eV for Os atoms, respectively).

To evaluate the impact from anti-site disorder on the elec-
tronic ground state, five different anti-site-disordered con-
figurations (AS1, AS2, AS3, AS4, and ASS5) were created
as shown in the Fig. S4 [52], where a 1 x 1 x 2 supercell
has been generated that corresponds to a total of 40 atoms
in a unit cell. DFT calculations were first carried out on
these five different anti-site-disorder cases with FIM spin
state. However, in comparison with the ordered FIM-1 case
these anti-site-disordered cases showed higher energies within
~0.6 to 1.37 meV /unit-cell (see Table S2 [52]), with ener-
gies that AS1 < AS2 < AS3 < AS4 < ASS5. We further cal-
culated these anti-site-disordered cases with FM spin state.
Energy differences (AE) between FM and FIM states in
the respective anti-site-disordered cases are summarized in
Table S3 [52]. FIM states showed lower energies, indicating
that AFM alignment is favorable between Mn-Os, while FM
coupling may be favorable among the Mn-Mn or Os-Os,
giving rise to long-range FIM order in the anti-site-disordered
Ca;MnOsOg. The electronic band gap is noted for AS1 and
AS2 cases, while others remain metallic within GGA+U (see
Table S2 [52]).

IV. DISCUSSION

We synthesized an anti-site-disordered double perovskite
Cap,MnOsOg (equivalent to CaMng 50sg 5s0O3) with Mn3t and
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Os’* ions randomly distributed at the B site of the perovskite.
It is noteworthy that neighbor compounds Ca,FeOsOg and
Ca,CrOsOg all crystallize in ordered double perovskite struc-
ture with rocksalt arrangement of FeOg/CrOg and OsOg
octahedra. The B and B’ site ordering in double perovskite
is generally determined by the charge difference and effective
ionic size difference of B and B’ ions [54]. Given that Mn3*
has the same effective ionic radii (0.645 A) as that of Fe3*
in octahedral coordination [55], the reason for the absence of
Mn** and Os>* ordering in Ca;MnOsOg is unclear, although
perhaps the JT distortions induced around the Mn>* ions may
play an important role. Despite the absence of Mn** and
Os>* ordering, Ca,MnOsOy is electrically semiconducting
and features a remarkably high 7. above room-temperature
(305 K).

To rationalize the magnetic properties, we first consider
the double perovskite Ca,MnOsOg with perfect Mn3* and
Os>* ordering. Our band structure calculations suggest that
this would lead to a FIM ground state, where the moments of
Mn?* (t2,%e,") and Os’* (15,”) are arranged antiparallel. In or-
der to interpret this result, we notice that the nearest-neighbor
Mn3+ —0—0s* super-exchange coupling can either be FM
(the Mn?* ¢, electrons hop on to the empty Os>" e, states) or
AFM (the down spin Os>" 1, electrons hop on to the Mn**
I states). In comparison to 3d ions, the 5d ions have much
enhanced crystal field splitting, therefore the FM coupling
involving the virtual hopping between e, orbitals becomes
weak. In particular when the crystal structure is distorted
this FM coupling can become even weaker [47,56], with the
result that the AFM Mn3* —0—0s>* coupling is the dominant
interaction and generate the FIM state in the hypothetically
ordered Ca,MnOsQOg.

Introducing now anti-site disorder in CaMnOsOg, we will
have also NN Os>* —0—0s>* and Mn** —O—Mn?* interac-
tions. The Os>* —0—0s>* coupling is AFM as shown in AFM
NaOsOs; [43,57]. The Os°t moments are therefore expected
to compensate each other in such a situation. This would
then be consistent with the experimental observation that the
Os XMCD effect is very small. The case concerning the
Mn**—O—Mn?" interactions is more complex. Depending
on the orbital orientation due to the JT distortion of Mn3t,
the interaction can be either FM or AFM which has been
well discussed in LaMnOj [42,58-61]. In our crystal struc-
ture analysis, the contribution from the JT effect of Mn3+t
was clearly noticed (see crystal structure part). The moment,
1.3 ug /Mn3+, obtained from Mn XMCD is not negligible, but
smaller than the theoretically calculated 3.15 pg/Mn3*+ for
ordered Ca;MnOsQg phase (see Table III) and also smaller
than the 3.9 g /Mn3* from the cluster calculations. This indi-
cates that there are competing FM and AFM Mn** —O—Mn**
interactions. Studies of highly anti-site-disordered double per-
ovskite A,Mn3tB'Og (A = Ca, Sr; B = Ta, Sb), in which
only Mn** is magnetic, found that the FM interactions are
dominant in these compounds with positive Weiss temper-
atures varied from 64-107 K [62]. A large FM component
with a magnetization of about 1.47 ug/Mn** (at 5 K and
50 kOe) was observed in Sr,MnTaOg despite its glassy state
at low temperatures [62]. These results are thus similar to our
Ca,MnOsOg case.

Recent theoretical and experimental studies of the anti-
site disorder on the magnetic properties of Sr,FeMoOg,
SrpFeReOg, Sr;CrReOg, SrpCrOsOg, and SrpFeRuOg sug-
gested that the anti-site disorder suppresses 7. or de-
stroys the magnetically ordered state, because the anti-
site disorder introduces strong AFM Fe3*—O—Fe** and
Cr3*—0—Cr3* interactions to hinder the long-range magnetic
order [11-14,63-65]. Different from Fe?* and Cr3t, the
Mn3*—0O—Mn3* superexchange interactions can be both FM
and AFM [42,58-61] depending on the orbital orientation,
which may help to maintain net partial Mn** moments and
also a high T in this anti-site-disordered Ca;MnOsQOg. This
scenario is likely to be different from the ferrimagnetism
of anti-site-disordered Ca,MnRuOg [17,18], where the pres-
ence of mixed valence states of Mn**/Mn**—Ru** /Ru>+
would also lead to a ferromagnetic double exchange mech-
anism for the Mn3*—Mn** and a HM state for Ca;MnRuOg
[17-19].

V. CONCLUSION

Anti-site-disordered Ca;MnOsOg was synthesized under
high-pressure (6 GPa). It crystallizes into an orthorhombic
structure (space group: Pnma), in which trivalent Mn and
pentavalent Os share the Wycoff 4b position without an
ordered arrangement. Ca,MnOsQOg is electrically semicon-
ducting. XAS measurement confirmed the trivalent Mn and
pentavalent Os oxidation states. The XMCD reveals the an-
tiparallel alignment of the net Mn and Os magnetic moments.
Remarkable is that the net Mn moment is only about 1/3 of
its full Mn** value and that the net Os moment is very small.
We have discussed the strength and sign of various intersite
exchange interactions in this material using data from band
structure calculations, taking into account also the presence
of anti-site disorder and JT distortions around the Mn>* ions.
The 7. = 305 K is the second highest in the material category
of so-called disordered ferromagnets and could therefore be
useful in the development of oxide spintronic devices that are
less sensitive for anti-site disorder during fabrication.
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