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An AA’3B4012-type perovskite oxide CaMns(FesMn)O;2 was synthesized at 8 GPa and 1473 K. X-ray diffraction
shows a cubic crystal structure with space group Im-3. The charge states are verified by soft x-ray absorption
spectroscopy to be CaMn®*3(Fe3*3Mn*")01,, where the Ca®* and Mn>" are 1:3 ordered respectively at A and A’
sites, while the Mn*" and Fe®* are disorderly distributed at B site. The spin interaction of A’-site Mn>" ions causes
a long-range antiferromagnetic phase transition at about 39 K. Subsequently, a spin glass transition is found to

occur around 14K due to the randomly distributed Fe>* and Mn** at B site. Moreover, the spin glass behavior
follows a dynamic scaling power law. The temperature dependent resistivity can be well fitted by a 3D Mott
variable-range hopping model, indicating the insulating nature of CaMns3(FesMn)O;2 due to the strong electron

correlation effects.

1. Introduction

A-site ordered perovskite oxides with chemical formula AA’3B4O12
attract considerable attention due to the special crystal structure and
interesting physical properties, such as intermetallic charge transfer
[1-5], half metallicity [6,7], charge disproportionation [8-10], colossal
magnetoresistance [6,11-13], giant dielectric constant [14,15], magne-
toelectric multiferroicity [16,17], and negative thermal expansion [1,
18], etc. In this structure (see Fig. 1a), both A’ and B sites can accom-
modate transition metals, forming A’O4 square and BOg octahedral co-
ordination units, respectively. Correspondingly, a transition-metal cation
with first-order Jahn-Teller effect like Cu®™ (tggeg) or Mn>* (tggeé) is
favorable to occupy the A’ site [19]. In most ACuzB4012 compounds,
there exist strong spin interactions between A’-site Cu and B-site transi-
tion metals, giving rise to a single magnetic phase transition with a higher
ordering temperature [20,21]. For example, CaCusMn4O;2 and
BiCuzMn40;5 experience a Cu(t)Mn(]) ferrimagnetic phase transition
near 350K [13,22]. In contrast to the single magnetic transition, two
antiferromagnetic (AFM) phase transitions are usually found to occur in
AMn3B401,. One originates from the B-site magnetic ions, and the other

from the A'-site M+ spins [16,17,23]. As an instance, in LaMn3Cr4O12
the B-site Cr>* ions cause a long-rang AFM transition at 150 K, while the
A’-site Mn>" ions lead to another one around 50K [24]. Moreover, the
total spin structure composed of cr** and Mn®" can break special
inversion symmetry and therefore induce ferroelectric polarization [16,
25].

CaMn;0;, (CaMn3Mn4015) is a peculiar system, in which both A’ and
B sites are occupied by the same 3d transition metal Mn. Above 440K,
CaMn®*3Mn®2*,0,, possesses an A-site order perovskite structure with
a cubic Im-3 symmetry containing a mixed Mn>2" valence state at the B
site [26-28]. Below this temperature, however, the crystal structure
changes to both A- and B-site ordered perovskite CaMn3+3(Mn3+3Mn4+)
072 with space group of R-3 [29]. In addition, special orbital ordering is
claimed to occur at lower temperatures [30,31]. More interestingly,
CaMny0;, is a magnetoelectric multiferroic material with a high ferro-
electric critical temperature and large polarization [23,26,32]. Neutron
diffraction reveals complex spin interactions in CaMn;Oq5 [28,33],
where the structure and magnetism are sensitive to B-site substitution
[34]. Since Fe>" has similar ionic radius with that of Mn>* [35] but much
more d-electrons, in this paper, we apply high-pressure synthesis
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Fig. 1. (a) Crystal structure of A-site ordered quadruple perovskite with Im-3
symmetry. (b) XRD pattern collected at room temperature and Rietveld refine-
ment results for CaMnsFesMnO;,. Observed (circles), calculated (red line), and
difference (bottom line) profiles are shown. The red ticks indicate the allowed
Bragg reflections with space group Im-3. The green ticks indicate the Bragg
reflections arising from a small amount of a-Fe,O3 impurity phase (~5 wt%).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

conditions to substitute all the B-site Mn®* in CaMn®*5(Mn®"sMn*")01
and prepare CaMnsFesMnO;5 (CMFMO). The crystal structure, magnetic,
electrical, and specific heat properties are reported.

2. Experimental

Polycrystalline CMFMO was synthesized under 8 GPa and 1473 K for
30 min by using a cubic-anvil-type high-pressure apparatus. Highly pure
(>99.9%) CaMnOs, Fe;03, Fe and MnO, powders were used as starting
materials. The CaMnO3 was synthesized from a mixture of CaCO3 and
MnO;, as reported elsewhere [36]. The powders with a 1:1:1:3 mol ratio
were fully mixed in an agate mortar within a glovebox filled with Ar gas.
The mixed powders were sealed into a Pt capsule with 3.0 mm in
diameter and 4.0 mm in length for high pressure treatment. Powder X-ray
diffraction (XRD) was performed using a Huber diffractometer equipped
with Cu-Kal radiation at 40 kV and 30 mA. The sample was scanned in
the angle range from 10° to 100° with a 0.005° resolution. The XRD data
were analyzed by the Rietveld full-profile refinement [37] with the GSAS
program [38]. A Philips-CM200 field emission transmission electron
microscope was used to perform high-resolution selected area electron
diffraction (SAED) at room temperature along the [110] zone. The
valence states of Mn and Fe of CMFMO, together with YMn3Al4O;5 and
LaFeOs3 as references were studied by soft X-ray absorption spectroscopy
(XAS) at the Mn-L, 3 edges and the Fe-Lj 3 edges at the 11A beamline of
the National Synchrotron Radiation Research Center in Taiwan using the
total electron yield mode. A single crystal MnO and a single crystal Fe;O3
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were simultaneously measured for energy references at the Mn-L 3 and
the Fe-Lj 3 edges, respectively. A superconducting quantum interference
device magnetometer (MPMS3, Quantum Design) was used to measure
the magnetic susceptibility and magnetization. The zero-field-cooling
(ZFC) and field-cooling (FC) susceptibility data were collected under
0.05 and 0.5 T. The magnetization curves were measured from -7 to +7 T
at several temperatures of 200, 50, 30 and 2 K. A physical property
measurement system (Quantum Design, PPMS-9T) was used to measure
the temperature dependence of the ac magnetization (M'), resistivity and
specific heat.

3. Results and discussion

Fig. 1b shows the XRD pattern measured at room temperature and the
related refinement results for CMFMO. The Rietveld analysis shows that
CMFMO has an A-site ordered quadruple perovskite structure with space
group Im-3. This means that A-site Ca and A’-site Mn are distributed
orderly with a ratio of 1:3, whereas the B-site Mn and Fe are arranged
randomly. To further confirm the B-site disorder, the SAED was per-
formed along the [110] zone axis. As shown in the inset of Fig. 1b, one
cannot distinguish any diffraction spots with h + k 4+ [ = odd, revealing
the disorder distribution for B-site Mn and Fe [39,40]. In Im-3 symmetry,
the A-site Ca atoms and A’-site Mn atoms occupy the 2a (0, 0, 0) and 6b
(0, 0.5, 0.5) positions, respectively; the B-site Mn/Fe atoms are located at
the special site 8c (0.25, 0.25, 0.25), and O atoms at 24g (0, y, ). Table 1
lists the refined structure parameters such as lattice constant, atomic
positions, bond length and angle etc. According to the A’-site Mn—O bond
length, the bond valence sum (BVS) [41,42] calculations show that the
valence state of Mn at this site is +2.75, suggesting the presence of a
Mn3" state.

The XAS technique is applied to verify the valence states of Mn and
Fe. Fig. 2a shows the Mn-Ly3 XAS spectra of CMFMO, and of
YMn®*3A140,5 (YMAO) as a Mn®" reference with MnOy4 square coordi-
nation [43], and LasMnCoOg (LMCO) taken from Ref. [44], as a Mn*t
reference with MnOg octahedral coordination. One can see that the ab-
sorption spectrum of CMFMO displays mixed features from those of
YMAO and LMCO. It means that both square-coordinated Mn>* and
octahedral-coordinated Mn** are involved in CMFMO. Actually, a simple
XAS superposition of YMAO and LMCO with a 3:1 ratio (see the magenta
line in Fig. 2a) can well reproduce the spectrum of CMFMO, confirming
the formation of Mn>" state at the A site and Mn*" state at the B site.
Fig. 2b shows the Fe-Ly 3 XAS spectrum of CMFMO together with that of
LaFeO3 with a similar FeOg octahedral coordination. Obviously, these
two compounds have similar energy position and spectral shape
demonstrating the presence of Fe®* state with octahedral coordination in
CMFMO. The XAS resultsthus confirm the charge combination of

Table 1

Refined structure parameters of CaMnsFesMnO;, at room
temperature. Space group: Im-3; Atomic sites: Ca 2a (0, 0, 0),
Mn 6b (0, 0.5, 0.5), Mn/Fe 8¢ (0.25, 0.25, 0.25), O 24g (0, y,

2).
Parameter CMFMO
a(A) 7.38086(1)
oy, 0.1779(4)
0, 0.3113(4)
Usso (Ca) (100 x A?) 0.24(8)
Uiso (Mn) (100 x A?) 1.12(2)
Usso (Fe) (100 x A?) 0.46(1)
Uiso (0) (100 x A%) 0.42(5)
Mn-O ( x 4A) 1.914(3)
(x4A) 2.756(3)
(x4A) 3.307(3)
£Mn-O-Mn (deg) 102.9(1)
£Fe-O-Fe (deg) 138.5(1)

Rup (%) 1.37
Ry (%) 1.02
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Fig. 2. (a) The Mn-Ly 3 XAS spectra of CMFMO (black) and the references
YMn®*3A1,01, and La;Mn**CoOg (LMCO blue from Ref. [44]). The magenta dot
line stands for a simple superposition of YMAO and LMCO with a 3:1 ratio. (b)
The Fe-Ly 3 XAS spectra of CMFMO (black) and the reference LaFe®t05 (red).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

CaMn>*5(Fe®*3Mn*1)0,, in agreement with the BVS calculations.

Considering that both A’- and B-site atoms are accommodated by
magnetic transition-metal ions, it is interesting to study the magnetism of
CMFMO. Fig. 3a shows the ZFC and FC susceptibility curves measured at
0.05 and 0.5T. The susceptibility shows similar features at these two
fields. With decreasing temperature, the ZFC curve experiences a sharp
anomaly at Ty =~ 39 K, followed by another broadening one around Tsg ~
14 K. As will be shown by ac magnetization later, the magnetic transition
occurring at Ty is independent on measurement frequency, while the
lower-temperature one changes considerably. Therefore, a long-range
AFM ordering is assigned at the onset of 39K, whereas a spin glass
transition takes place near 14K in the current CMFMO. As shown in
Fig. 3a, the ZFC and FC susceptibility curves separate for each other
below Ty. It may imply a canted AFM ordering and/or the formation of
some short-range spin interactions. Fig. 3b shows the inverse suscepti-
bility as a function of temperature. Between 200 and 300 K, the data can
be well fitted based on the modified Curie-Weiss law with the function
¥ =yo + C/(T-0), where y is the temperature independent susceptibility
including Van-Vleck paramagnetism and core diamagnetism. The fitted
Weiss temperature is § = -59 K. The value of |9 | is slightly larger than Ty,
and the negative sign indicates the dominant AFM interaction in
CMFMO. According to the Curie constant we obtained during the fitting
(€=19.22 emu-K/mol), the effective moment is calculated to be
petf = 12.4 pp/fu. This value is comparable with the spin-only theoretical
one (13.86 up/fu) for CMFMO with the charge format of
CaMn®*5(Fe®t3Mn*")0,,, agreeing well with the XAS results.

The isothermal magnetization was measured at selected tempera-
tures as shown in Fig. 3c. At the temperature well above Ty, e.g. at
200K, the linear magnetization behavior is consistent with the para-
magnetism. Near Ty such as at 50 and 30 K, however, the magnetization
deviates from the linear dependence on field, but there is no visible
magnetic hysteresis. It means that some short-range FM-like

Journal of Solid State Chemistry 278 (2019) 120921

— ZFC0.05T 1
— FC005T
— ZFCO05T
— FCO0S5T

(=]
(o)}
1

z’ﬂ

2

@
7~

z(emumolOel) &
=
N

0.2
0.0 e
0 50 100 150 200 250 300
®) 20—
R . ZFC
15+ — Curie-Weiss fitting

1/y (emu-mol-Oe
S

0 " 1 L 1 " 1 . 1 . 1 L
0 50 100 150 200 250 300
T(K)

~
(]
~

M(pg / fu))

4 2 0 2 4 6
H(T)

-6

Fig. 3. (a) Temperature dependence of magnetic susceptibility measured at
0.05 and 0.5 T. (b) The inverse susceptibility and the Curie-Weiss fitting above
200 K. (c) Isothermal magnetization measured at selected temperatures.

correlations may form at lower temperatures. Below the spin glass
transition temperature (e.g. at 2 K), one can find remarkable hysteresis
as well as unsaturated magnetization behavior with field up to 7T,
implying the presence of competing FM and AFM interactions. Note that
during the structure refinement, a small amount of a-Fe;O3 impurity
phase (~ 5 wt%) is observed (see Fig. 1b). However, the impurity effect
on the intrinsic magnetism of CMFMO is negligible since one cannot
discern the spin transition of a-Fe;O3 occurring near 260 K [45] and
that this critical temperature is far away from the Ty and Tsg, as rep-
resented in Fig. 3a.

In order to deeply investigate the magnetism of CMFMO, the ac
magnetization as a function of temperature was measured at different
frequencies from 133 Hz to 6333 Hz. As shown in Fig. 4, the ac suscep-
tibility shows a frequency independent anomaly at Ty, confirming the
long-range AFM phase transition occurring at this temperature. On
further cooling to around 15K, a broadening peak can be found. More-
over, with increasing frequency, the peak position shifts towards higher
temperatures along with a reduction in the intensity, indicating the
occurrence of a spin glass transition. Moreover, the characteristic fre-
quency dependence of freezing temperature Tf in CMFMO can be well
described by the conventional critical slowing down behavior with the
model 7r=1o(T¢/ Tg—l)'z" [46]. Here zv is the dynamical exponent,
7¢=1/f is the relaxation time related with the measurement frequency f,
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Fig. 4. Temperature dependent ac magnetization. The inset shows the plot of
1g(zp) vs 1g(Te/Ty-1)"™ and the fitting result.

79 is the intrinsic relaxation time of a single spin flip, and Ty~ 15.5K is
the freezing temperature at f=0 by extrapolating the Tf versus f. As
shown in the inset of Fig. 4, we obtained the fitting parameters using this
function, yielding 7o = 3.77(3) x 10785 and zv = 4.63(3). The expected
value of zv for a spin glass system usually varies from 4 to 12 [47]. For the
cluster spin glass and canonical spin glass, the value of 7y ranges from
1077010 °sand 10?0 10713 s, respectively [48,49]. On the basis of
the value of zv, we conclude that cluster spin glass should form in
CMFMO.

We now discuss the origins for the two magnetic transitions occurring
in CMFMO. As mentioned above, the A-site ordered AMn3B4O15 perov-
skites usually exhibit two independent magnetic phase transitions orig-
inating from the A'-site Mn>* and the B-site magnetic ions, respectively.
Moreover, the A’-site Mn®" spins often antiferromagnetically order at a
critical temperature about 40-50 K, as shown in YMn3Al401, [43] and
La/BiMn3Cr4O12 [16,17] etc. Taking into account the disorder
Mn**/Fe3* distribution as well as the similar Ty of CMFMO with those
observed in other isostructural compounds [24,33,50], the long-range
AFM ordering observed at 39K is attributed to the A’-site Mn>" ions,
while the cluster spin glass arises from the competing FM and AFM in-
teractions due to the random distribution of Fe>* and Mn*" at the B site
in CMFMO. According to the Goodenough-Kanamori-Anderson rules
[51-53], the Fe3*(3d%)-0-Mn**(3d>) superexchange pathways in a
perovskite structure can generate FM interactions, whereas both
Fe3*-0-Fe* and Mn**-O-Mn** superexchange pathways give rise to
AFM correlations. Therefore, the randomly distributed Fe®>* and Mn**
would cause competing FM and AFM interactions, which are responsible
for the cluster spin glass behavior.

Resistivity and specific heat were measured to characterize the
transport properties of CMFMO. Fig. 5a presents temperature dependent
electrical resistivity p(T) measured at zero field. With decreasing tem-
perature, the resistivity increases rapidly from 324 Qcm at 300K to
323kQcm at 155K, indicating the insulating behavior. In CMFMO, the
A’-site MnOy4 units are spatially isolated from each other, the corner-
sharing Mn/FeOg octahedra at the B site will dominate the electrical
transport. Between 155 and 300K, the resistivity data of CMFMO well
follow the 3D Mott variable-range hopping model with the formula
p(T) = poexp(T O/Dl/ 4, in accordance with the insulating feature due to
the strong electron correlation effects of Fe®* and Mn** [54].

Fig. 5b shows the temperature dependence of specific heat. Corre-
sponding to the long-range AFM phase transition, the specific heat ex-
periences a kink at Ty. However, near Tg, one cannot find any anomaly, as
expected from the spin glass behavior. At lower temperatures (<12K),
the specific heat can be well fitted by the formula C, = BT + aT>? (see
the inset of Fig. 5b) [55], yielding the coefficient
£=7.2(4) x 1074 J/mol-.K* and a=8.9(1) x 10~2J/mol-K>2. The T°
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Fig. 5. (a) Temperature dependence of resistivity of CaMnsFesMnO; . The inset
shows the fitting result by the 3D variable-range hopping model between 155
and 300 K. (b) Specific heat as a function of temperature. The inset shows the

low-temperature fitting result between 4 and 12 K using the formula C, = BT +
oT*2,

term represents phonon and AFM contributions, and the T%2 term results
from the competing FM contribution, as reported in other spin glass
systems [56,57]. The lack of T term is in agreement with the insulating
feature of CMFMO at low temperature.

4. Conclusion

In summary, we are succeed in preparing a new oxide CaMngs
FesMnO; at high pressure and high temperature. XRD and SAED show
that this compound crystallizes in an A-site ordered perovskite structure
with space group Im-3, indicating disorder distribution of Mn and Fe at
the B site. On the basis of BVS calculations and XAS results, the charge
states are determined to be CaMn3+3(Fe3+3 Mn4+)01 2. Along-range AFM
transition is observed at 39K due to the spin ordering of A’-site Mn>"
ions. As the temperature further decreases to about 14 K, the compound
shows a cluster spin glass transition due to the competing FM and AFM
interactions generated by the randomly distributed Fe3* and Mn**
magnetic ions at the B site. The temperature dependent resistivity of
CMFMO well follows the 3D Mott variable-range hopping mechanism,
revealing the insulating behavior due to the strong electron correlation
effects of Fe>" and Mn**.
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