
PHYSICAL REVIEW B 102, 184418 (2020)

Enhanced magnetization of the highest-TC ferrimagnetic oxide Sr2CrOsO6
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The double perovskite oxide Sr2CrOsO6 with a 3d3-5d3 configuration exhibits very high-TC ferrimagnetism
(∼725 K) at the end point of half-metallicity. Many substitution studies have been conducted theoretically
and experimentally over the last two decades to shed more light on the open issue of how the 3d3-5d3

configuration generates the high-TC ferrimagnetic state and to accelerate development toward applications. We
have succeeded in synthesizing a solid solution of Sr2Cr1–xNixOsO6 under high-pressure and high-temperature
conditions. Sr2Cr0.5Ni0.5OsO6 exhibits magnetization sixfold greater (∼1.2 μB/formula unit at 5 K) than that of
Sr2CrOsO6. This enhancement is preserved even at room temperature. X-ray absorption spectroscopy revealed
that the electronic configuration is Sr2(Cr3+

2/3Cr6+
1/3)0.5Ni2+

0.5Os5+O6, indicating that the valence state of
Os does not change from the host state [Os5+(5d3)]. Instead, nonmagnetic Cr6+(3d0) is partly generated
among coexisting Cr3+(3d3). X-ray magnetic circular dichroism measurements showed that the Os ions are
antiferromagnetically coupled to the Cr and ferromagnetically to the Ni. The replacement of antiferromagnetic
Cr by ferromagnetic Ni explains the increase of the net magnetism in this ferrimagnetic system. We infer that the
strong antiferromagnetic exchange interaction of the 3d3-5d3 configuration associated with the Cr3+-O-Os5+

bond still accounts for the robust high-TC ferrimagnetism of the Ni-substituted series. We deduce from the
experiments that the ferromagnetic exchange interaction of the 3d8-5d3 configuration of the Ni2+-O-Os5+ is
stronger than that of the 3d8-3d3 configuration of the Ni2+-O-Cr3+, suggesting that the larger 5d orbital of the
Os allows for a stronger virtual hopping from the Ni than the smaller 3d orbital of the Cr. The present results
can help to further develop practical materials and to resolve open issues concerning the relative strengths of the
various exchange interactions.

DOI: 10.1103/PhysRevB.102.184418

I. INTRODUCTION

Half-metallic materials with a high Curie temperature (TC)
have attracted considerable attention over several decades
because of their promising properties for applications using
spintronics. A high TC improves the feasibility of new devices
that operate at room temperature. Half-metallic Sr2FeMoO6
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with a TC of 420 K was discovered in the double per-
ovskite oxide material category in 1998 [1]. This was followed
by sequential synthesis of analogous half-metals and fer-
rimagnets such as Sr2CrReO6 (635 K [2,3]), Sr2CrMoO6

(450 K [4]), Sr2FeReO6 (400 K [5]), and Sr2CrWO6

(390 K [6]). Similar Ca and Ba families were synthesized,
but their TC s were usually lower than those of the Sr
family [7].

The general formula of the half-metallic and ferrimagnetic
(FIM) double perovskite oxide is Sr2BB′O6, where B and
B′, respectively, are 3d and 4d/5d transition metals. Among
this family, Sr2CrOsO6 (3d3-5d3) is notable because of its
electronic state, in which the majority-spin orbital is empty
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and the minority-spin orbital is fully occupied. This state is
primarily activated by Cr3+(3d3, t2g

3) and Os5+(5d3, t2g
3),

and can be regarded as the end point of half-metallicity [8].
Although slightly different TC s such as 725 K [8] and 660 K
[9] have been independently reported, probably because of
the different degrees of antisite disorder, its TC is the highest
among all bulk oxides.

Theoretically Lee and Pickett proposed that Sr2CrOsO6 is
a near-half-metallic antiferromagnet with a large spin-orbit
coupling (SOC), which significantly reduces the Os magnetic
moment [10]. In an independent study, a multiorbital model
was used to characterize the electronic state of Sr2CrOsO6,
implying that Sr2CrOsO6 is a Mott insulator rather than a
SOC-driven insulator [11]. Meanwhile, it was claimed that the
high-TC FIM state can be understood within a kinetic energy
driven exchange scheme [8,12,13]. Regardless of the driving
mechanism, the high-TC FIM properties are useful and, thus,
the improvement of the electronic and magnetic properties of
Sr2CrOsO6 has been of significant interest.

It is claimed that the high TC is associated with the band-
width of the minority-spin channel [8,14]. Based on this
scheme, La3+ was substituted for Sr2+. In testing, a TC in-
crease of more than 100 K was attained by LaSrFeMoO6 and
LaCaCrWO6 [15,16]. Likewise, a partial substitution of the
5d transition metal is expected to further increase the TC [3,6].
Besides, the hypothetical compound “Sr2CrIrO6” has been
suggested to possess a much higher TC than that of Sr2CrOsO6

[7,17].
The effect of replacing Cr by other 3d elements, especially

by a divalent 3d metal ion, on the physical properties of
Sr2CrOsO6 has not been researched thoroughly. In this study,
the substitution of Ni for Cr in Sr2CrOsO6 was achieved when
a series of polycrystalline Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5,
and 1) was successfully prepared under high-pressure and
high-temperature conditions. The substitution changed the
lattice symmetry, and the electronic and magnetic properties.
Surprisingly, the half substituted Sr2Cr0.5Ni0.5OsO6 exhibits
magnetization sixfold greater [∼1.2 μB/formula unit (f.u.) at
5 K] than that of Sr2CrOsO6. This enhancement is preserved
even at room temperature; these features were not expected in
the schemes to date.

II. EXPERIMENT

Polycrystalline Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1) was
synthesized by a solid-state reaction in a highly compressed
capsule from the powders of SrO (99.9%, Strem Chemicals,
Inc.), CrO2 (Magtrieve, Sigma-Aldrich Co.), NiO (99.97%,
High Purity Chemicals Co., Ltd.), OsO2 (lab-made from Os
powder, 99.95%, supplied by Nanjing Dongrui Platinum Co.,
Ltd.), and KClO4 (>99.5%, Kishida Chemical Lab. Co., Ltd.).
The powders were thoroughly mixed in a stoichiometric ratio,
followed by being sealed in a Pt capsule. The preparation
was conducted in an Ar-filled glove box. Under 6 GPa pres-
sure generated by a belt-type pressure apparatus (Kobe Steel,
Ltd.), the capsule was heated to a target temperature and held
there for 60 min. For the Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5)
the temperature was 1600 °C, and for the Sr2NiOsO6 it was
1300 °C. After heating, the capsule was quenched to 100 °C

or below within 1 min, following which the pressure was
gradually released.

The quality of the high-pressure synthesized products was
investigated by powder x-ray diffraction (XRD) using Cu Kα

radiation in a commercial apparatus (MiniFlex 600, Rigaku
Co, Ltd). In addition, structural refinement was carried out at
750, 550, and 454 K, and room temperature by synchrotron
XRD using a high-precision powder x-ray diffractometer in-
stalled at the BL15XU beamline, SPring-8 [18,19]. A Rietveld
analysis using RIETAN-FP and VESTA software [20,21] was
applied to the synchrotron XRD patterns.

The magnetic properties were measured at temperatures
between 2 and 400 K in a magnetic property measurement
system (MPMS, Quantum Design, Inc.). The magnetic sus-
ceptibility (χ ) was measured in a magnetic field (H) of 10 kOe
under field-cooling (FC) and zero-field-cooling (ZFC) con-
ditions. The isothermal magnetization (M) was measured in
a field range between –70 and +70 kOe at 5 K. The high-
temperature χ was measured from 300 to 950 K using a
vibrating sample magnetometer (VSM, Riken Denshi Co,
Ltd.) in a 10-kOe magnetic field. The copper sample con-
tainer’s contribution was subtracted from the raw data. The
VSM data were calibrated by the room-temperature χ mea-
sured in the MPMS using the same powder.

The electrical transport and specific heat capacity (Cp)
were measured using a physical property measurement system
(PPMS, Quantum Design, Inc.). Silver paste and platinum
wires connected the plateletlike piece to the device termi-
nals for transport measurement. The Cp was measured by
a thermal-relaxation method at temperatures from 300 to
2 K using Apiezon-N grease for thermal contact between
the polycrystal and the sample stage. The Raman spectra
were measured on a Renishaw inVia spectrometer with a
532-nm-laser wavelength. The laser power was 5.8 mW
and a data-collection period of 120 s was maintained for
each spectrum. Heating from 295 to 470 K was carried out
in a normal air atmosphere. For the dielectric and com-
plex impedance studies, silver ink electrodes were applied
and dried in a glove box. The dielectric properties were
measured using an Alpha impedance analyzer (Novocontrol
Technologies GmbH & Co. KG) in the temperature range of
2– 00 K.

X-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) experiments at the Cr-L2,3

and Ni-L2,3 absorption edges were performed at the BL29
BOREAS beamline in the ALBA synchrotron radiation facil-
ity [22]. Circularly polarized light was used with the photon
either spin parallel (μ+) or antiparallel (μ−) to the magnetic
field. The degree of circular polarization at the Cr-L2,3 and
Ni-L2,3 edges was close to 100%. The spectra were recorded
using a total electron yield method by measuring the sam-
ple drain current in a vacuum chamber at a pressure of 2 ×
10−10 mbar. The XAS measurements for Cr, Ni, and Os were
conducted at 300 K. The XMCD at the Cr-L2,3 and Ni-L2,3

edges was collected at a temperature of 25 K in a 60-kOe field.
The XMCD at the Os-L2,3 edges was performed at the ODE
beamline of the Synchrotron Soleil in the transmission mode
at 10 K with a 13-kOe field. We obtained the numerical spin
and orbit moments by the sum-rule calculation as proposed by
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Thole and Carra et al. [23,24];

morb = −4
∫

L3+L2
(μ+ − μ−)dE

3
∫

L3+L2
(μ+ + μ−)dE

(10 − nd ),

mspin + 7〈Tz〉 = −6
∫

L3
(μ+ − μ−)dE − 4

∫
L3+L2

(μ+ − μ−)dE
∫

L3+L2
(μ+ + μ−)dE

(10 − nd ),

where nd is the electrons occupying the d orbitals in a transi-
tion metal, μ+ (μ−) is the XAS spectrum with the magnetic
field parallel (antiparallel) to the spin of the incident light, and
the subscripts L3 and L2 indicate the integrated region. The
term 〈Tz〉 is the intra-atomic dipole moment and is very small
for transition metal ions in octahedral coordination [25,26].

Sr2Cr0.5Ni0.5OsO6 with a TC of 454 K was selected for
further investigation using a transmission electron microscope
(JEM2010, JEOL Ltd.) equipped with a heating stage. The
accelerating voltage was 200 kV. The compound was heated
beyond TC and then cooled to room temperature; the heating
cycle was repeated several times and observation by electron
diffraction was conducted occasionally. The patterns were
recorded on imaging plates.

III. RESULTS AND DISCUSSION

A. Crystal structure

The powder XRD patterns for Sr2Cr1–xNixOsO6 (x = 0,
0.25, 0.5, 1) are presented in Fig. 1(a). The patterns for the
end compounds (x = 0 and 1) indicate that the high-pressure
synthesized Sr2CrOsO6 and Sr2NiOsO6 are comparable to
those prepared without high pressure by others [9,27]. In ad-
dition, the patterns clarify that the Ni substitution results in a
systematic peak shift [see Fig. 1(b)], indicating the formation
of a solid solution between the end compounds. To the best of
our knowledge, the Ni solid solution was produced. Note that
an attempt to synthesize the solid solution at x = 0.75 was
unsuccessful even at 6 GPa; perhaps a much higher-pressure
condition is necessary.

FIG. 1. (a) Powder XRD patterns of Sr2Cr1–xNixOsO6 (x = 0,
0.25, 0.5, 1) measured at room temperature. (b) Horizontal expan-
sion around the major peaks with hkl indices of 110 and 104 for
the trigonal lattice (R-3) and 112 and 200 for the tetragonal lattice
(I4/m).

To investigate the lattice change during the Ni substitu-
tion, Sr2Cr1–xNixOsO6 powders (x = 0, 0.25, 0.5, and 1) were
studied by synchrotron XRD at temperatures below and above
TC ; room-temperature measurements were conducted for all,
and measurements at 750, 550, and 454 K were conducted
for, respectively, Sr2CrOsO6 (x = 0), Sr2Cr0.75Ni0.25OsO6

(x = 0.25), and Sr2Cr0.5Ni0.5OsO6 (x = 0.5). Note that the
magnetic transition temperatures were 664(1) K, 519(1) K,
351(1) K, and 37.7(4) K at, respectively, x = 0, 0.25, 0.5, and
1 (shown later).

The synchrotron XRD patterns for Sr2Cr1–xNixOsO6 an-
alyzed by the Rietveld method are presented in Figs. S1
(x = 0), S2 (x = 0.25), 2 (x = 0.5), and S3 (x = 1) in the
Supplemental Material [28]. To avoid repeatedly displaying
similar patterns, the x = 0.5 patterns below and above TC

are herein shown as a representative. The crystallographic
parameters refined by the analysis are summarized in Tables
S1–S7 [28]. Regarding Sr2CrOsO6 (x = 0), reasonable agree-
ment between the observation and calculation was attained
by employing a cubic model (Fm-3m) for the 750 K pattern
[Fig. S1(a) and Table S1] and a trigonal model (R-3) for
the room-temperature pattern [Fig. S1(b) and Table S2] [28].
Note that the same structural transition from cubic to trigonal
was observed previously by others [8]. In the analysis, the
occupancies at the 3b and 3a sites (Wyckoff positions) for Os
and Cr were refined independently; a small amount of antisite
disorder was suggested to have occurred between the 3b and
3a sites. However, the total chemical sum, Sr2Cr0.96Os1.04O6,
is very close to the starting composition.

The Sr2Cr0.75Ni0.25OsO6 patterns were analyzed in the
same manner. Successful refinement was achieved for both
patterns at 550 K and room temperature, as shown in
Figs. S2(a) and S2(b), respectively [28]. The results suggest
that Sr2Cr0.75Ni0.25OsO6 crystallizes into a cubic structure
(Fm-3m) above TC and transforms to trigonal (R-3) below TC ,
as does the host compound Sr2CrOsO6.

The synchrotron XRD patterns for Sr2Cr0.5Ni0.5OsO6 are
presented in Figs. 2(a) and 2(b). The high-temperature struc-
ture at 454 K was well refined by the tetragonal model (I4/m)
rather than the cubic model (Fm-3m). In a preliminary anal-
ysis, the occupancies at the 2a and 2b sites for Cr, Ni, and
Os were refined without any constraint; the temporal results
indicate that the 2a site was occupied mostly by Cr and Ni
at an approximately 1:1 ratio with a small amount of Os. The
2b site was fully occupied by Os. Thus, in the final step, a
constraint for the occupancies at the 2a site was introduced,
as shown in Table S5 [28]. The tetragonal model (I4/m) was
successful in the analysis of Sr2NiOsO6 (Fig. S3 and Table
S7) as well [28]. During this study, the site occupancies for Os
and Cr atoms were carefully checked, and a fully ordered Ni
and Os arrangement was supported. The result conforms with
the previous result for Sr2NiOsO6 obtained by others [27].
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FIG. 2. Rietveld refinement of the powder synchrotron XRD pro-
files of Sr2Cr0.5Ni0.5OsO6 at λ = 0.652 98 Å, collected above and
below TC of 351 K: (a) 454 K and (b) room temperature. The red
crosses and green solid lines show the observed and calculated pat-
terns, respectively, with their differences shown at the bottom. The
expected Bragg reflections are marked by ticks.

Based on the analysis of Sr2Cr0.5Ni0.5OsO6, after being
cooled from 454 K to room temperature, a peak split was
observed, as shown in Fig. S4 in the Supplemental Mate-
rial [28]. Therefore, a lower-symmetry model was assumed
for the room-temperature structure. Considering the structural
models of other double perovskite oxides such as Sr2CoOsO6

[29], Sr2FeIrO6 [30], Sr2FeSbO6 [31], Sr2NiTeO6 [32], and
Sr2Ni0.5Mg0.5TeO6 [33], we tested the monoclinic (C2/m,
No. 12) and triclinic (I-1, No. 2) models for the room-
temperature structure; eventually, a better and reasonable
solution was obtained using the monoclinic model (C2/m).
The refined results are shown in Fig. 2(b) and Table S6 [28].

To further study the slightly distorted room-temperature
structure (C2/m) of Sr2Cr0.5Ni0.5OsO6, the same powder was
subjected to an additional examination by electron diffrac-
tion; however, the electron diffraction patterns were rather
consistent with the tetragonal model (I4/m) (Fig. 3). In ad-
dition, upon heating and cooling between room temperature
and 454 K, the anticipated appearance and disappearance
of additional spots was not observed, implying that struc-
tural transition did not occur. Besides, Raman spectroscopy

FIG. 3. Electron diffraction patterns for Sr2Cr0.5Ni0.5OsO6 ob-
served along four different zone axes at room temperature.

was conducted on the same powder, but the patterns did not
support the structural transition in a very clear way (Fig. 4), al-
though features of the magnetic transition (TC = 351 K), such
as the decrease in intensity by heating, were confirmed. Note
that the observed strong and broad peak around 800 cm−1

originates from the OsO6 octahedra [34]. The discrepancies
among the sets of data remain to be further investigated.

The crystal structure of the solid solution Sr2Cr1–xNixOsO6

(x = 0, 0.25, 0.5, 1) shows a symmetry-change from cubic
(Fm-3m) to tetragonal (I4/m) as a function of the Ni concen-
tration, when the temperatures are above their TCs, as depicted
in Fig. 5 (see Table I for details). At room temperature,
the crystal structure is trigonal (R-3), monoclinic (C2/m), or
tetragonal (I4/m) depending on their Ni concentrations (see
Table S8 for details) [28]. These observations suggest that
the magnetic transition has a significant impact on the lattice
symmetry. Therefore, the cell-volume evolution over the Ni

FIG. 4. Raman spectra of Sr2Cr0.5Ni0.5OsO6 at 470, 420, and
295 K.
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FIG. 5. Structure models for Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5,
1.0). Each is based on the structural data obtained from above TC :
(top) parallel and (bottom) perpendicular to the c axis. Green, blue,
gold, and red balls denote Sr, Cr/Ni, Os, and O, respectively.

concentration at room temperature (see Fig. 6) does not show
a linear change, probably because the lattice is under the
influence of magnetic ordering at different TC s.

Based on the refined structure parameters of
Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1), the bond valence
sum (BVS) was calculated and is shown in Tables 1 and

S8 [28]. For Sr, the BVS is close to 2, which is consistent
with the divalency over the entire composition range. For
Cr and Ni, the BVS at the end compositions indicates
trivalency and divalency, respectively. The BVS calculation
thus suggests that the electronic configurations at the ends are
Sr2Cr3+Os5+O6 and Sr2Ni2+Os6+O6, as previously reported
by others [8,35]. Hence, the valence state of the solid solution
may be intermediate between those, but further investigation
by methods such as XAS is necessary to discover the true
valence state of the solid solution.

B. X-ray absorption spectroscopy (XAS)

The combined soft and hard XAS spectra of the solid-
solution Sr2Cr0.5Ni0.5OsO6 were measured to investigate the
valence state of Ni, Cr, and Os ions. As a start, we first deter-
mine the Ni and Cr valence states; Fig. 7(a) shows the Ni-L2,3

XAS spectra of Sr2Cr0.5Ni0.5OsO6, NiO as a Ni2+ reference,
and LaNiO3 as a Ni3+ reference (taken from Ref. [36]). The
energy position of the Ni-L2,3 edge of Sr2Cr0.5Ni0.5OsO6 is
shifted by more than 1 eV relative to the Ni3+ reference, but
the multiplet structure and the energy position are identical to
those of NiO [37,38]. Thus, the Ni of Sr2Cr0.5Ni0.5OsO6 is
divalent.

The Cr-L2,3 XAS spectra of Sr2Cr0.5Ni0.5OsO6, Cr2O3

as a Cr3+ reference, Ag2Cr2O7 as a Cr6+ reference, and
PbCrO3 as a mixed-valence reference ( 2

3 Cr3+ + 1
3 Cr6+, taken

from Ref. [39]) are presented in Fig. 7(b). One can see

TABLE I. Lattice and structural parameters at elevated temperatures of Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1) as revealed by synchrotron
XRD.

x = 0 x = 0.25 x = 0.5 x = 1

TC , TN (K)(=�W ) 664(1) 519(1) 351(1) 37.7(4)
Sample temp. (K) 750 550 454 R.T.
Space group Fm-3m Fm-3m I4/m I4/m
a (Å) 7.84460(5) 7.84115(3) 5.5475(2) 5.5320(2)
c (Å) 7.8580(2) 7.9204(3)
dcal (g/cm3) 7.149 7.185 7.138 7.127
Rwp (%) 1.942 1.785 1.808 2.376
Rp (%) 1.335 1.218 1.222 1.480
RB (%) 0.831 0.730 0.906 0.908
RF (%) 0.430 0.348 0.424 0.426
Z 4 4 2 2
B-O1 (Å)a 1.995(3) × 6 2.0128(16) × 6 2.075(6) × 2 2.060(6) × 2
B-O2 (Å)a 2.046(6) × 4 2.053(5) × 4
Os-O1 (Å)b 1.927(3) × 6 1.9078(16) × 6 1.854(6) × 2 1.900(6) × 2
Os-O2 (Å)b 1.890(6) × 4 1.899(5) × 4
B-O1-Os (deg) 180.0 180.0 180.0 180.0
B-O2-Os (deg) 170.4(4) 163.5(3)
Average (deg) 180.0 180.0 175.2(4) 171.8(3)

BVSc

Sr 2.04 2.04 2.04 2.18
Cr/Ni 2.89 (Cr) 2.03 (Ni)
Os 5.11 5.39/5.94 5.39/5.94 6.07

aB is a transition metal at 4b in the cubic structure and 2a in the tetragonal structure.
bOs is at 4a in the cubic structure and 2b in the tetragonal structure.
cBVS = ∑N

i=1 vi, where vi = e(R0−li )/b0 , N is the coordination number, l is the bond length, b0 = 0.37 [67], R0(Sr2+) = 2.118 [67], R0(Cr3+) =
1.724 [67], R0(Ni2+) = 1.654 [67], R0(Os5+) = 1.868 [68,69], and R0(Os6+) = 1.904 with b0(Os6+) = 0.375 [70]. The BVS before the slash
was calculated with R0(Os5+), while that after the slash was calculated with R0(Os6+).
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FIG. 6. (a) Variations of the cell volume/Z and (b) the average
bond lengths in the B-site octahedra of Sr2Cr1–xNixOsO6 (x = 0,
0.25, 0.5, 1.0), measured by synchrotron XRD at room temperature;
Z = 3, 2, and 2 for the R-3, C2/m, and I4/m models, respectively.

with increase of the Cr valence state from bottom to top,
the Cr-L2,3 spectrum shifts to the higher energy, indicat-
ing its high sensitivity to the Cr valence state. The main
peak at 580.8 eV in the Ag2Cr2O7 spectrum is characteris-
tic of the 3d0 initial state of Cr6+ [40,41] and it shifts by
3.1 eV to the higher energy relative to the main peak of
the Cr2O3 spectrum. The multiplet spectral feature of the
Cr-L2,3 edge of Sr2Cr0.5Ni0.5OsO6 is very similar to that of the
mixed-valence PbCrO3 with an average Cr4+ state, demon-
strating the similar Cr valence state of Sr2Cr0.5Ni0.5OsO6.
The coexistence of Cr3+ and Cr6+ at a ratio of 2:1 in
Sr2Cr0.5Ni0.5OsO6 is supported by XMCD measurements
(discussed later). Reminiscently of the synchrotron XRD
study of Sr2Cr0.5Ni0.5OsO6, the high-temperature structure
(I4/m) transforms into a lower-symmetry structure (C2/m) by
cooling. The complex electronic configuration of Cr may be
associated with the lowering mechanism.

Having determined the Cr4+ average state and Ni2+

state of Sr2Cr0.5Ni0.5OsO6, we have further confirmed the
Os5+ state as expected by the charge balance. In Fig. 7(c),
the Os-L3 edge of Sr2Cr0.5Ni0.5OsO6 is presented together
with those of La2MgOsO6 as an Os4+ reference [42],
Sr2FeOsO6 as an Os5+ reference [43], and Ba2NiOsO6

as an Os6+ reference [44]. The energy position of the
Os-L3 edge of Sr2Cr0.5Ni0.5OsO6 locates between those of
the Os4+ reference (La2MgOsO6) and the Os6+ reference
(Ba2NiOsO6). In addition, it is at the same position of the

FIG. 7. (a) The Ni-L2,3 XAS spectra of Sr2Cr0.5Ni0.5OsO6 to-
gether with NiO and LaNiO3 (from Ref. [36]) as references.
(b) The Cr-L2,3 XAS spectra of Sr2Cr0.5Ni0.5OsO6 together with
Cr2O3, PbCrO3 (from Ref. [39]), Ag2Cr2O7 as references. (c) The
Os-L3 XAS spectra of Sr2Cr0.5Ni0.5OsO6 with La2MgOsO6 (from
Ref. [42]), Sr2FeOsO6 (from Ref. [43]) and Ba2NiOsO6 (from
Ref. [44]) as references.

Os5+ reference (Sr2FeOsO6), indicating the same valence
state of Os5+ fulfilling the charge balance requirement. Thus,
we can rewrite the composition of Sr2Cr0.5Ni0.5OsO6 as
Sr2(Cr3+

2/3Cr6+
1/3)0.5Ni2+

0.5Os5+O6.

C. Electrical and magnetic properties

The temperature dependence of the electrical resistivity
(ρ) of Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1) is shown in
Fig. 8. The ρ of all compounds continuously increases upon
cooling, indicating semiconductivity. The Arrhenius law was
applied to the data for each at high temperatures (>200 K) to
estimate their activation energy (Ea). The analytical formula
was ρ = ρ0exp(Ea/kBT ), where ρ0 and kB, respectively, are
a temperature-independent constant and the Boltzmann con-
stant. The data fitting for Sr2Cr0.5Ni0.5OsO6 is displayed as
an example by a solid line. Consequently, the increase in Ea

with the Ni substitution was confirmed (inset of Fig. 8). The
activation energy deduced from Arrhenius law at the high
temperatures is related to the band gap energy (≈2Ea) as the
intrinsic resistivity is provided by the thermal activation of
charge carriers over the band gap [45,46]. The increase of Ea

implies the band gap may be tunable through Ni substitution
since Ni has different electron configuration from Cr. The
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FIG. 8. (a) The temperature dependence of electrical resistivity
of polycrystalline Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1) upon cool-
ing (solid dot) and heating (open circles). Inset is a variation of the
activation energy, Ea, over x, estimated by the plots. The dashed
curve is a guide to the eye.

mechanism of the tunable band gap requires further band-
structure calculation.

In Fig. 8, nonlinear behavior at low temperatures suggests
that variable-range-hopping conduction probably originates
from the localized centers [47,48]. For comparison, the T –1/2

and T –1/4 scales are given in Fig. S5 in the Supplemental
Material [28]; clarifying that an expected linear behav-
ior occurs on the T –1/2 scale rather than the T –1/4 scale.
The characteristic temperature dependence suggests that the
Efros-Shkolvskii model is better for describing the hop-
ping conduction of Sr2Cr0.5Ni0.5OsO6 than the Mott model
[47,48]. A soft gap in the density of states near the Fermi
level may have been created by Coulomb interaction [48].
The other Sr2CrOsO6 and Sr2Cr0.75Ni0.25OsO6 show similar
hopping behaviors below ∼100 K, but Sr2NiOsO6 does not
[see Figs. S6(a) and 6(b)] [28].

Below 100 K, an additional transport measurement was
conducted for Sr2Cr0.5Ni0.5OsO6 as an example using an
impedance analyzer. The temperature dependence of the real
part of the dielectric constant (ε′) and dielectric loss (tanδ)
is shown in Figs. 9(a) and 9(b), respectively. High dielectric
constant values at temperatures higher than ∼60 K are typical
of the Maxwell-Wagner effect associated with the electrode
and grain-boundary polarization due to the presence of mobile
charge carriers. As the temperature decreases and the charge
carriers freeze out, ε′ drops and becomes frequency indepen-
dent and reaches approximately 30 (<20 K), which is a typical
value for many complex perovskites (i.e., 20–40). Because of
the carrier freezing, the contribution to ε′ can only arise from
the optical phonons.

Consistently with the ε′-T behavior, the dielectric loss be-
low ∼10 K is small and is frequency independent because
of the carriers freezing [Fig. 9(b)]. With increasing temper-
ature, tanδ increases and becomes frequency dependent. An
increase in the dielectric loss can be explained by the onset
of charge carrier hopping. Interestingly, the tanδ value shows

FIG. 9. (a) Temperature dependence of the dielectric constant
and (b) dielectric loss of Sr2Cr0.5Ni0.5OsO6 at frequencies of f =
1 × 101, 102, 103, 104, and 105 Hz.

a plateau before increasing again at higher temperatures. The
plateau may be attributed to the acoustic-phonon-assisted (lo-
calized) hopping of the charge carriers bound to point defects.
With a further increase in temperature, tanδ sharply increases,
indicating that the charge carriers become increasingly
conductive.

Nyquist plots of the complex impedance of
Sr2Cr0.5Ni0.5OsO6 are shown in Fig. S7 [28]. In the
temperature range of 30–60 K, a single arc (Z′-Z′) grows
by cooling. At the lowest frequency (i.e., 10 Hz), the arc
intercepts the Z′ axis at an impedance value consistent with
the dc resistivity. This indicates that the grain boundary and
sample-electrode interface resistances are negligible. With
further cooling, the charge carriers freeze out at temperatures
below 30 K and the arc no longer intercepts the Z′ axis because
the specific resistivity becomes very high (>2 × 107 	 cm).

The temperature dependence of Cp for these compounds
is plotted in Fig. 10. The low-temperature part is replotted
to the Cp/T vs T 2 form (inset of Fig. 10). An approximated
Debye model Cp/T = γ + β0T [2], in which γ and β0 are,
respectively, the Sommerfeld coefficient and a constant, was
applied to fit the low-temperature part. The analysis yielded
γ values of 3.9(2) × 10–3 J mol–1 K–2 and β0 of 5.50(4) ×
10–4 J mol–1 K–4 for Sr2Cr0.5Ni0.5OsO6. The small γ may be
associated with the variable-range-hopping conduction. The
Debye temperature was calculated from β0 to be 327.9(8) K.
The parameters for the other compounds are listed in Table II,
indicating a weak composition dependence. Note that the
parameters of Sr2NiOsO6 could not be deduced in the same
manner because of the poor linearity. The origin of the unusual
Cp of Sr2NiOsO6 is left for future study.
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FIG. 10. Temperature dependence of the specific heat for
Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1). The upper axis corresponds
to the Dulong-Petit limit of the lattice-specific heat. (Inset) Linear fit
(solid lines) to the Cp/T vs T 2 curves for the low-temperature region.

The temperature dependence of χ in an applied magnetic
field of 10 kOe is shown in Fig. 11(a). In each plot for
Sr2Cr1–xNixOsO6 (except x = 1), two independent sets of
the data were combined because the TC was too high to be
measured on a single instrument. Sr2NiOsO6 shows a sharp
peak in the ZFC and FC curves at 38 K; this is indicative
of antiferromagnetic (AFM) ordering. The magnetic behav-
ior is comparable to that observed by others for Sr2NiOsO6

synthesized without high pressure [27]. In contrast, the χ vs
T curves for each Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5) show
pop-ups at 664(1) K, 519(1) K, and 351(1) K, respectively,
suggesting the occurrence of long-range ferromagnetic (FM)
or FIM ordering.

In the χ -T curves for Sr2CrOsO6, nonmonotonic temper-
ature dependence below TC was confirmed, as previously
observed by others [8,9]. It was argued that the different tem-
perature dependencies of the Os and Cr magnetic sublattices
may account for the nonmonotonic behavior [9]. In contrast,
the χ -T plots for Sr2Cr0.5Ni0.5OsO6 and Sr2Cr0.75Ni0.25OsO6

are rather monotonic (see the FC curves).
It has been argued that a 3d3-5d3 hybrid oxide such as

Sr2CrOsO6 shows a relatively high TC as does a d3 oxide

[49–51]. Indeed, when Os5+(5d3) of Sr2CrOsO6 is replaced
by Re5+(5d2) or W 5+(5d1), the magnetic transition tempera-
ture (725 K [8]) decreases to 635 K (Sr2CrReO6 [3]) or 458
K (Sr2CrWO6 [6]). Therefore, it is not unexpected that the
substitution of Ni2+ for Cr3+ results in a decreasing TC . The
Ni concentration dependence of the magnetic transition tem-
perature (TC and TN ) is summarized in the inset of Fig. 11(a),
which indeed shows a linear feature.

The 1/χ vs T plot of these compounds displays a linear
behavior above TC (TN ), as shown in Fig. 11(b). However,
the high-temperature-end part does not follow the linear trend
because of the measurement accuracy (see the fluctuation of
the data points). Thus, the end part was not considered in
this analysis. Sr2Cr0.5Ni0.5OsO6 exhibits linear behavior in
the temperature range 390–470 K; therefore, the Curie-Weiss
law 1/χ = (T –�W)/C was applied to the range, giving the
C (the Curie constant) of 0.292(1) and �W (Weiss tempera-
ture) of 351(1) K. The effective magnetic moment (μeff ) was
deduced from C : μeff = 1.53(1)μB, although the theoretical
spin-only moment of Sr2(Cr3+

2/3Cr6+
1/3)0.5Ni2+

0.5Os5+O6 is
4.90 μB [calculated from Cr3+(3d3), Cr6+(3d0), Ni2+(3d8),
and Os5+(5d3]. The theoretical value is too large to account
for this observation. Perhaps an impact from the SOC on the
electronic state needs to be considered. The analysis was also
applied to the plots for the other compounds, from which the
Curie-Weiss parameters were deduced, as shown in Table II.
It appears that the μeff of Sr2Cr0.5Ni0.5OsO6 is intermediate
between the experimental μeff of Sr2CrOsO6 [0.831(3) μB]
and Sr2NiOsO6 [3.29(1) μB]. The linear trend can also be
seen for the Weiss temperature, which declines with increas-
ing Ni concentrations [see the inset of Fig. 11(a)]. In contrast,
Sr2Cr0.75Ni0.25OsO6 shows a second magnetic anomaly at
∼540 K, which is an indication of the occurrence of an
additional magnetic transition or the presence of a magnetic
impurity. To figure it out, further measurement and study
are required; for example, neutron diffraction and electron
microscopy may help [52].

The isothermal magnetization of Sr2Cr1–xNixOsO6 (x = 0,
0.25, 0.5, 1) at 5 K is shown in Fig. 12. Nonlinear behav-
ior is evident in the plots for Sr2Cr0.5Ni0.5OsO6 as well as
the other Cr-rich compounds Sr2Cr1–xNixOsO6 (x = 0 and
0.25). It shows that the saturation magnetization (Msat) is
enhanced by the half Ni substitution more than 6 times that of
Sr2CrOsO6 [9]; the Msat of Sr2Cr0.5Ni0.5OsO6 is ∼1.2 μB/f.u.

The enhancement is preserved even when the temperature was
elevated to room temperature [see Fig. 11(a)].

TABLE II. Sommerfeld coefficient (γ ), constant β0, Debye temperature, and Curie-Weiss parameters of Sr2Cr1–xNixOsO6 (x = 0, 0.25,
0.5, 1).

Sr2Cr1–xNixOsO6 x = 0 x = 0.25 x = 0.5 x = 1

γ (10–3 J mol–1 K–2) 4.3(4) 2.8(3) 3.9(2) –
β0(10–4 J mol–1 K–4) 5.39(9) 3.21(5) 5.50(4) –
Debye temperature (K) 330(2) 392(2) 328(1) –

C(emu mol–1 Oe–1 K) 0.0863(7) 0.165(1) 0.292(1) 1.35(1)
μeff (μB/f.u.) 0.831(3) 1.15(1) 1.53(1) 3.29(1)
�W(K) +664(1) +519(1) +351(1) +37.7(4)
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FIG. 11. (a) Temperature dependence of ZFC (open dot) and FC (solid dot) susceptibilities (H = 10 kOe) for Sr2Cr1–xNixOsO6 (x = 0,
0.25, 0.5, 1). (b) Alternative plots of the same data. The solid line indicates fitting to a linear part of each curve. (c) Weiss temperatures over x.

D. X-ray magnetic circular dichroism (XMCD)

In order to further understand the magnetic properties of
Sr2Cr0.5Ni0.5OsO6, we performed XMCD measurements at
the Cr-L2,3, Ni-L2,3, and Os-L2,3 edges. XMCD is an element-
specific method that can determine the magnetic orientations
of the various ions and also what their spin and orbital

FIG. 12. Isothermal magnetization curves at 5 K for
Sr2Cr1–xNixOsO6 (x = 0, 0.25, 0.5, 1). Inset: the saturation
magnetization estimated from the curves.

contributions to the magnetic moments are. As shown in
Fig. 13, both the Ni and Os XMCD possess the same negative
(positive) sign at the L3 (L2) edge, which is indicative of FM
coupling between Ni and Os. However, the Cr XMCD shows a
positive (negative) sign at the L3 (L2) edge, just opposite to Os
and Ni. Hence, Cr is antiferromagnetically coupled with the
Os and also the Ni in Sr2Cr0.5Ni0.5OsO6. The spin and orbital
moments obtained from the sum rule calculations are listed in
Table III.

The spin (mspin) and orbital (morb) contributions of
Ni2+(3d8) were evaluated, respectively, to be 1.39 μB/Ni2+

and 0.39 μB/Ni2+. The magnitude of the spin moment is
smaller than the theoretical value of Ni2+(3d8), while the
orbital contribution is large (the ratio morb/mspin is 0.28). Such
a sizable orbital moment of Ni2+ was also observed for other
Ni oxides. This is due to the fact that the SOC introduces an
orbital component via a mixing of the eg and t2g orbitals be-
cause the d-d multiplet interaction is larger than the effective
crystal-field splitting [53–55].

In case of the element Cr, the spin sum rule calculation
cannot be applied because of the significant overlap between
the L3 and L2 edges [26,56]. To obtain a correct spin moment
from the experimental Cr-L2,3 XMCD spectra, we performed
full-atomic-multiplet ligand-field calculations using the XTLS

9.0 code [57]. The parameters used are listed in Ref. [58]. The
calculated Cr XMCD spectra with Cr3+ : Cr6+ = 2 : 1 are
displayed in Fig. 14(b), which readily reproduces the experi-
ment [Fig. 14(a)]. The Cr3+ XMCD and Cr6+ XAS spectra are

184418-9



JIE CHEN et al. PHYSICAL REVIEW B 102, 184418 (2020)

FIG. 13. (a) Ni-L2,3, (b) Cr-L2,3, and (c) Os-L2,3 XMCD spectra
of Sr2Cr0.5Ni0.5OsO6.

also shown in Figs. 14(c) and 14(d), respectively. The calcu-
lated spin and orbital moments of Cr3+ are listed in Table III.
It should be noted that the magnetic contribution of Cr comes
only from the Cr3+ in the compound (Cr = 2

3 Cr3+ + 1
3 Cr6+);

TABLE III. Spin (mspin) and orbital (morb) moments of
Sr2Cr0.5Ni0.5OsO6 deduced by XMCD.

Atom Ni Cr3+ Os

mspin (μB/atom) 1.39 –1.84 –
morb (μB/atom) 0.39 0.041 –
mspin + morb(μB/atom) 1.78 –1.80 –
mspin + morb(μB/f.u.)a 0.89 –0.60 (0.91)b

mobit/mspin 0.28 –0.022 −0.16

aThe unit conversion is based on the experimental formula
Sr2(Cr3+

2/3Cr6+
1/3)0.5Ni2+

0.5Os5+O6.
bEstimated from the isothermal magnetization (Msat =
∼1.2 μB/f.u.) at 5 K.

FIG. 14. (a) Experimental and (b) calculated Cr XMCD spectra
of Sr2Cr0.5Ni0.5OsO6. (c) Calculated Cr3+ XMCD spectra. (d) Cal-
culated Cr6+ XAS spectra.

therefore, it is reasonable to use a factor of 1
3 (=0.5 × 2

3 ) in the
unit conversion in Table III (from μB/Cr to μB/f.u).

The absolute value of the magnetic moment on Os5+

obtained from the sum rule is less accurate than the ratio
morb/mspin due to a low external magnetic field of 13 kOe,
where the Os5+ was not magnetically saturated. The ratio
morb/mspin is –0.16 for Os5+, which is very close to the values
obtained from other Os5+ compounds [42,59].

The magnetic moments for Cr, Ni of Sr2Cr0.5Ni0.5OsO6

are tabulated in Table III. Although the net magnetic mo-
ment of Os5+ was not obtained from the XMCD data, the
value can be estimated from the difference between Msat
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(=∼ 1.2 μB/f.u.) and the magnetic moments of 3d ions (Ni2+

and Cr3+), which gives a value of 0.91 μB/f.u. for Os5+ of
Sr2Cr0.5Ni0.5OsO6. This value is close to the value of Os5+

(0.82 μB) obtained by neutron diffraction reported by others
for Sr2CrOsO6 at 5 K [9]. The moment of Os5+ of both
Sr2CrOsO6 and Sr2Cr0.5Ni0.5OsO6 is smaller than the values
observed for the other Os5+ perovskites [60–62]; the reason
has remained elusive [9].

IV. DISCUSSION

The high-TC FIM properties of Sr2CrOsO6 have been stud-
ied by many experiments and theoretical calculations over
the past two decades, but the mechanism of the remarkably
high TC with a small Msat remains an open question. In this
study, the high-pressure synthesized Sr2CrOsO6 displayed a
TC (664 K) and magnetization (0.124 μB/f.u. at 70 kOe)
comparable with the values reported previously by others
[9]. In addition, a Ni substitution series Sr2Cr1–xNixOsO6

(x = 0.25, 0.5) was synthesized under high-pressure and high-
temperature conditions. It appears that the Ni substitution
results in a reduced TC (from 664 to 351 K), but the Msat

was unexpectedly enhanced by more than a factor of 6. The
enhancement is preserved even at room temperature.

In the ferrimagnetic Sr2CrOsO6 compound, the Cr and Os
moments are antiparallel aligned in spin. With the moments
almost equal in size, the resulting net magnetization becomes
rather small. In Sr2Cr0.5Ni0.5OsO6, we find from our XMCD
measurements that the Os ions are still antiferromagnetically
coupled to the Cr. Excitingly, we observe that the Ni moments
are ferromagnetically aligned to the Os. The replacement of
antiferromagnetic Cr by ferromagnetic Ni therefore explains
naturally the swift increase of the net magnetism in this Ni-
substituted system.

Sr2Cr0.5Ni0.5OsO6 is a complex system because three tran-
sition metals coexist at the perovskite B site. The oxidation
states of Cr, Ni, and Os found in the XAS experiment indicate
that Sr2Cr0.5Ni0.5OsO6 and Sr2CrOsO6 partly share the same
electronic 3d3-5d3 configuration for the nearest-neighbor
Cr3+-O-Os5+ bonds in the lattice. Sr2Cr0.5Ni0.5OsO6 is a
magnetic insulator; therefore, its properties can be char-
acterized by the magnetic superexchange interactions run-
ning among Cr3+(3d3), Ni2+(3d8), and Os5+(5d3). The
Cr3+-Os5+, Cr3+-Ni2+, and Ni2+-Os5+ interactions are ex-
pected to be AFM, FM, and FM, respectively, according to
the Goodenough-Kanamori rule [63,64].

We infer that the strong antiferromagnetic exchange in-
teraction of the 3d3-5d3 configuration associated with the
Cr3+-O-Os5+ bond still accounts for the robust high-TC fer-
rimagnetism of the Ni-substituted series. We find from the
XMCD experiments that the Ni and Os are spin parallel,
consistent with the expectation that the exchange interac-
tion of the 3d8-5d3 configuration of the Ni2+-O-Os5+ bond
is ferromagnetic. We would like to note, however, that
SrLaNiOsO6 is an antiferromagnet while BaLaNiOsO6 shows
ferromagnetic correlations [65], so bond angles or structural
details in general are important in determining the strength
of the Ni2+-O-Os5+ ferromagnetic exchange interactions
relative to other exchange interactions present in the crystal

[65]. In our case, this Ni2+-O-Os5+ ferromagnetic exchange
interaction is apparently stronger than that of the also ferro-
magnetic Ni2+-O-Cr3+ since the Cr is spin antiparallel with
the Ni and Os as revealed by our XMCD measurements. A
similar situation was revealed for other 3d-5d oxides such
as RCu3Fe2Os2O12 [43,66], in which the strong Cu-O-Os
interaction forces the spins of Cu2+ and Fe3+ to be parallel
with each other. These results suggest that the larger 5d orbital
of the Os allows for a stronger virtual hopping from the Ni
than the smaller 3d orbital of the Cr.

Finally, we must note that the presence of the ferromag-
netic Ni2+-O-Os5+ interactions constitutes a competition with
the antiferromagnetic Cr3+-O-Os5+ interactions that are re-
sponsible in the first place for the FIM order in Sr2CrOsO6.
Therefore upon Ni for Cr substitution, this together also with
the lower number of Cr3+-O-Os5+ bonds will weaken the FIM
order of Sr2CrOsO6, resulting in lowering the TC from 664 K
(Sr2CrOsO6) to 351 K (Sr2Cr0.5Ni0.5OsO6).

V. CONCLUSION

With TC beyond room temperature, the complex 3d3-5d3

double perovskite insulator Sr2Cr0.5Ni0.5OsO6 has more than
sixfold the improved high-TC FIM properties of the 3d3-5d3

insulator Sr2CrOsO6, Msat. The XAS measurements reveal
that the valence state of Os5+(5d3) does not change via
Ni2+ substitution, but instead, the nonmagnetic Cr6+(3d0)
is partly generated among coexisting Cr3+(3d3). Therefore,
the 3d3-5d3 configuration of the Cr3+-O-Os5+ bonds are still
firmly present in the lattice; this accounts for the robust high-
TC FIM properties of the Ni-substituted series. Moreover, we
found from the XMCD experiment that the Ni and Os are fer-
romagnetically coupled; this explains the large increase of the
magnetization since spin-parallel Ni ions are replacing spin-
antiparallel Cr ions in the ferrimagnetic Os-Cr perovskite.
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