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ABSTRACT: A new oxide, LaMn;Co,Mn,0,,, was synthesized under high-
pressure (7 GPa) and high-temperature (1423 K) conditions. The compound
crystallizes in an AA’;B,O,,-type quadruple perovskite structure with space
group Im3. The Rietveld structural analysis combined with soft X-ray
absorption spectroscopy reveals the charge combination to be
LaMn**;Co*",Mn*",0,,, where the La** and Mn®" are 1:3 ordered respectively
at the A and A’ sites, whereas the Co** and Mn** are disorderly distributed at
the B site. This is in sharp contrast to R,Co>*Mn*Og4 (R = La and rare earth)
double perovskites, in which the Co** and Mn*" charge states are always orderly
distributed with a rocksalt-type fashion, giving rise to a long-range magnetic
ordering. As a result, LaMn;Co,Mn,0,, displays spin glassy magnetic properties due to the random Co*" and Mn*" distribution, as
demonstrated by dc and ac magnetic susceptibility as well as specific heat measurements. Possible factors that affect the B-site degree
of order in perovskite structures are discussed.
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Recently, the family of R,Co**Mn*'O4 manganite double

Figure 1. Magnetic transition temperature as a function of the average

perovskite has been studied widely because of their interesting Co—O—Mn bond angle in the R,CoMnOj family and LMCMO. T is
magnetism and magnetodielectric prOpertiGS.lg_31 Based on the FM Curie temperature (black circles). Ty is the AFM Neel
the Goodenough—Kanamori—Anderson (GKA) rules,>*** the temperature (red diamonds), and Tgg is the spin glass transition
ferromagnetic (FM) interaction is expected to occur between temperature (magenta triangles). The blue line is a linear fitting for
Co®* and Mn*" ions respectively with 3d"(t’e,*) and 3d*(t,,’) R,CoMnO.

electronic configurations via the Co—O—Mn superexchange
pathways, if the Co—O—Mn bond angle is close to 180°,
whereas the antiferromagnetic (AFM) interaction will emerge Received: May 27, 2020
if the bond angle is close to 90°. As shown in Figure 1, the Published: August 12, 2020
magnetic phase diagram of R,Co**Mn*" Oy family, when the A-

site ionic size gradually decreases to reduce the Co—O—Mn

bond angle, the FM Curie temperature (Tc) almost linearly

decreases from 230 K in La,CoMnOg4 (LCMO) with £Co—
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O—Mn = 160.1° to 60 K in Tm,CoMnOg¢ with £Co—O—Mn
= 144.1°."”% Further bending the bond angle to 143.2° for Yb
and 142.6° for Lu, the E-type AFM ordering instead of the FM
one takes place."” Moreover, a metamagnetic transition from
the E-type AFM structure into a FM polarized structure is
found to occur at higher magnetic field, suggesting a delicate
balance between the AFM and FM interaction intensity in
these two members.'”*°

Compared with a rare earth, the TM has a much smaller
ionic size. At ambient pressure, it is difficult to substitute a TM
ion into the A site in a perovskite structure. Taking into
account that high pressure can effectively modify the ionic size
as well as the BOg octahedral distortion, the three-quarters of
the A site can be substituted by a TM ion A’ and therefore an
A-site ordered quadruple perovskite with chemical formula of
AA’;B,O;, can be formed under high pressure (see Figure
2a).”® Furthermore, one may obtain a both A- and B-site
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Figure 2. (a) Crystal structure of A-site ordered quadruple perovskite
AA';B,O,, with Im3 symmetry. The corner-sharing BO4 octahedra
and spatially isolated A'O, squares are shown. (b) XRD pattern
collected at RT and the Rietveld refinement results for LMCMO.
Observed (circles), calculated (red line), and difference (bottom line)
profiles are shown. The magenta ticks indicate the allowed Bragg
reflections with space group Im3. The inset shows a SAED image
along the [110] zone axis indicating Co/Mn disorder at the B site.

ordered quadruple perovskite AA’;B,B’,0,, via additional B-
site substitution. To accommodate the average small A-site
size, in these ordered quadruple perovskites, the B(B')—O—
B(B’) bond angle has to heavily tilt, so that a typical bond
angle is bent to about 140°. Since multiple atomic sites (A’, B,
and B’) accommodate TM ions, new magnetic and electrical
interaction pathways (e.g, A'—A’ and A’—B/B’) that never
occur in simple ABO; perovskites and B-site ordered double

perovskites show up in the quadruple perovskites.’” As a
consequence, a series of special emergent phenomena such as
A’—B intersite charge transfer,”**™"° A- and B-site spins
induced ferroelectricity,”'' and enhanced A’—B—B’ spin
interactions with unusually high spin ordering temperatures
are found to occur.”"** Recently, an A-site and B-site ordered
quadruple perovskite oxide LaMn3;Ni,Mn,0;,(LMNMO) was
reported.”’ Different from the relative double perovskite
La,NiMnOg which shows a single EM transition, " two distinct
magnetic transitions take place in the quadruple one, where a
G-type AFM ordering arising from the A’-sitt Mn®* ions
occurs at 46 K and then an orthogonal spin ordering
contributed by the B-site Ni** and B’-site Mn** is observed
at 34 K.** On account of the similar magnetic phase diagram
between R,NiMnOy and R,CoMnOg* in this paper, a new
oxide LaMn;Co,Mn,0,(LMCMO) with charge combination
of LaMn®";Co**,Mn*,0,, was prepared by using high-
pressure techniques. The crystal structure, valence state,
magnetic, and specific heat properties are studied in detail.
Unexpectedly, although all the R,Co*Mn*'O4 members
crystallize into a B-site ordered perovskite structure, the B-
site Co”* and Mn*" are disorderly distributed in the current
LMCMO, which is also in sharp contrast to the A- and B-site
ordered LaMn>";Ni*,Mn*",0,.

2. EXPERIMENTAL DETAILS

The black polycrystalline LMCMO was synthesized from stoichio-
metric mixtures of highly pure (99.9%) La,O; Mn,0;, CoO, and
MnO, powders. The La,O; powders were heated at 1273 K for 20 h
before using. These reactants were thoroughly mixed and ground in
an agate mortar and then pressed into a gold capsule with 3.0 mm in
diameter and length within an argon-filled glovebox. The capsule was
treated at 7 GPa and 1423 K for 30 min using a cubic-anvil-type high-
pressure apparatus. After heating at 1423 K, the sample was slowly
cooled to 1073 K within S h and then quenched to room temperature
(RT). For comparison, another sample was quenched from 1423 K to
RT. When the heating process was finished, the high pressure was
slowly released to ambient in 6 h. For phase identification and crystal
structure analysis, powder X-ray diffraction (XRD) was performed at
RT on a Huber diffractometer (Cu—Kal radiation, 40 kV and 30
mA). The Rietveld analysis was performed to refine the crystallo-
graphic parameters using the GSAS program.”> A Philips-CM200
field-emission transmission electron microscope with a field-emission
gun manipulated at 200 keV was used to carried out high-resolution
selected area electron diffraction (SAED) at RT along the [110] zone.
The oxidation states of Mn and Co of LMCMO, together with
BiMn;Cr,0,, (BMCO), were studied by soft X-ray absorption
spectroscopy (XAS) measurements at the beamline 11A of the
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The Mn-L,; and Co-L,3; XAS spectra of LMCMO were
measured using the total electron yield (TEY) mode, and MnO and
CoO single crystals were measured simultaneously as energy
references for the Mn-L,; and Co-L,; edges, respectively. Magnetic
susceptibility and magnetization were measured on a commercial
superconducting quantum interference device magnetometer
(MPMS3, Quantum Design). The magnetic susceptibility data were
collected in zero-field-cooled (ZFC) and field-cooled (FC) modes in
2—300 K at a magnetic field of 0.1 T. The magnetic hysteresis loops at
different temperatures of 300, 40, 20, and 2 K were measured between
—7 and 7 T. A physical property measurement system (Quantum
Design, PPMS7) was used to measure the frequency-dependent ac
magnetization (M’) and specific heat.

3. RESULTS AND DISCUSSION

The XRD pattern measured at RT as well as the related
refinement results for the slow-cooled LMCMO sample are

https://dx.doi.org/10.1021/acs.inorgchem.0c01548
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presented in Figure 2b. All the diffraction peaks can be well
identified as a cubic AA’;B,O,-type quadruple perovskite
structure with a space group Im3, which is isostructural with
LaMn;Cr,0,,.” No visible impurity phase is observed from the
XRD pattern. In the Im3 structural symmetry, the A-site La
and A’-site Mn are distributed orderly in a rocksalt-type
fashion with a ratio of 1:3, whereas the Co and Mn are
arranged randomly at the B site. To further confirm the B-site
Co/Mn disorder, the SAED was performed along the [110]
zone axis for LMCMO. As shown in the inset of Figure 2b, the
absence of any discernible diffraction spots with h + k + [ =
odd, like the (111) spot, reveals the disordered distribution for
Co/Mn at the B site,*** in agreement with the XRD
refinement. Table 1 lists the refined structural parameters,

Table 1. Refined Structure Parameters of LMCMO and the
BVS Result for A’-site Mn at RT“

parameter LMCMO
a (A) 7.39303(1)
o, 0.1743(3)
0, 0.3098(2)
U,o(La) (100 x A?) 2.29(3)
U,,,(Mng,) (100 x A?) 2.25(4)
U,o(Co/Mng,) (100 x A?) 2.16(3)
U,,(0) (100 x A?) 2.16(7)
Mng,-O (x4 A) 1.907(1)
(x4 A) 2.756(3)
(x4 A) 3.307(3)
£Co/Mng,—0O—Co/Mng, (deg) 137.8(1)
BVS (Mng,) 2.80
R, (%) 1.48
R, (%) 111

“Space group: Im3; atomic sites: La 24 (0,0,0), Mn 6b (0, 0.5, 0.5),
Co/Mn 8¢ (0.25, 0.25, 0.25), O 24g (0, y, z). The BVS values (V)
were calculated using the formula V; = Z]S,-]-, and §; = exp[(ro — rij) /
0.37]. The value of ry = 1.732 for Mng,. For the Mny;,, 12-coordinated

oxygen atoms were used.

including lattice constant, atomic positions, selected bond
lengths, and bond angles. Since Co** has a larger ionic radius
compared with Ni*",* the lattice parameter of LMCMO
(7.39303 A) is slightly larger than that of LMNMO (7.36863
A) at RT. According to the A’-site Mn—O bond length, the
bond valence sum (BVS) calculations give the valence state of
Mn at this site is close to +3 (see Table 1). As Co and Mn
randomly arrange, one cannot obtain the reliable valence states
for these two TMs by the BVS method. Note that we analyzed
the detailed crystal structure and magnetic susceptibility for
both the slow-cooled and quenched LMCMO samples, and no
visible difference is found to occur between them. Therefore,
only the slow-cooled sample was used to show the related
experimental results in this article.

It is well-known that the soft XAS at the 3d TM element L, ,
edges are highly sensitive to their valence states* ™' and local
environment.’>>* Figure 3a shows the Mn-L, ; XAS spectrum
of LMCMO. For comparison, another A-site ordered
quadruple perovskite BiMn**,;Cr,O;, was presented as a
Mn>* reference with a MnO, square coordination,'" and a B-
site ordered double perovskite La,Co>"Mn*'O4 was used as a
Mn** reference with MnQg octahedral coordination.”'
Obviously, LMCMO shows a mixture from the A-site
square-coordinated Mn** and B-site octahedral-coordinated
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Figure 3. (a) The Mn-L,; XAS spectra of LMCMO (black) with
related references BiMn**,Cr,0,, and La,CoMn*"O4 (LCMO, green
from ref 21). The red line stands for a simple superposition of BMCO
and LCMOwith a 3:2 ratio. (b) The Co-L,;XAS spectra of LMCMO
(black) with related references LCMO and EuCo’>*O; from ref 35.

Mn*". Actually, the multiplet spectral feature as well as the
peak energies of LMCMO can be well reproduced by a simple
superposition of BiMn**;Cr,O;, spectrum and LCMO
spectrum with a 3:2 ratio, unveiling the formation of Mn**
state at the A site and Mn*" state at the B site.

The Co L, ;-edges XAS of LMCMO is shown in Figure 3b,
where the spectra of LCMO”' and EuCoOj; (from ref 55) are
used as Co*" and Co®" references in octahedral coordination,
respectively. One can see that, compared with the Co®*
reference EuCoOj;, the main peak of Co-L; edge of
LMCMO shifts toward lower energy by about 1.5 eV but
locates at the same energy of LCMO, demonstrating a Co**
valence state. The very similar multiplet spectral feature of
LCMO and LMCMO suggests also a very similar local
environment of the Co ions. The XAS results thus confirm the
charge combination and also local environments of Mn and Co
ions in LMCMO to be LaMn®**;Co**,Mn*",0,.

Since the A’-site Mn®" and B-site Co®" and Mn*" are all
magnetic ions, dc and ac magnetization measurements were
performed to characterize the magnetism of LMCMO. Figure
4a shows the magnetic susceptibility curves measured in ZFC
and FC modes at 0.1 T. Different from the double long-range
spin orderings observed in LMNMO, only a single magnetic
transition is found to occur in the current LMCMO at a critical
temperature Ts; & 27.5 K. Moreover, there is a considerable
separation between the ZFC and FC curves below Tgg. As
shown by ac magnetization later, the magnetic transition is
dependent on measurement frequency. Therefore, such a large
ZFC and FC separation observed in the dc susceptibility is
indicative of a spin glass transition. As reported in ref 21 on
LaMn*Co**,50;, the Co** in octahedral coordination
environment has a considerable contribution of orbital
moment (0.99 up/Co*"), giving rise to the deviation of inverse
susceptibility from the Curie—Weiss law at higher temper-

https://dx.doi.org/10.1021/acs.inorgchem.0c01548
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Figure 4. Temperature dependence of (a) dc magnetic susceptibility
and (b) the inverse susceptibility measured at 0.1 T between 2 and
300 K for LMCMO. The red line in (b) shows the Curie—Weiss
fitting above 155 K. (c) Isothermal magnetization curves measured at
different temperatures.

atures. In analogy with LaMn,sCo, 5O, the Co*" in LMCMO
may also have considerable orbital moment, so that the inverse
susceptibility clearly deviates from the linear behavior below
about 155 K, a temperature much higher than Tgg. Above 155
K, the inverse dc magnetic susceptibility follows the Curie—
Weiss law with the function y ' = (T — 6)/C. The fitting result
(shown by the red line in Figure 4b) gives a Curie constant C
= 20.18 emu-K/mol and a Weiss temperature 8 = —24.5 K.
Based on the Curie constant, the effective magnetic moment is
calculated to be p g = 12.71 pp/fu., which is slightly larger than
the spin-only theoretical value (11.49 ugp/fu.) for LMCMO
with the charge format of LaMn**;Co*",Mn*",0,,, probably
due to the effect of orbital moment of Co*".

Figure 4c shows the isothermal magnetization curves
measured at different temperatures for LMCMO. At the
temperature well above T eg, at 300 K, the linear
magnetization behavior is coherent with the paramagnetism.
At 40 K, the magnetization slightly deviates from the linear
dependence on fleld without distinct magnetic hysteresis. It
may imply the formation of some short-range FM correlations
at the temperatures close to Tgg. Similar behaviors are
observed in the isostructural spin-%lass compounds
CaMn;Fe;MnO, and CaCu;Mn,Ir,0,,.°* Below Tsg (e.g,
at 2 K), however, one can find remarkable magnetic hysteresis
as well as unsaturated magnetization behavior as the field
increases to 7 T, suggesting the presence of competing FM and
AFM interactions. The magnetization measurement thus

provides additional evidence for spin glass behavior of
LMCMO.

To clarify the dynamic response for the spin glass transition
of LMCMO, the ac magnetization was measured at 10 Oe and
at different frequencies varying from 133 to 6333 Hz. As
shown in Figure Sa, with increasing frequency, the cusp of ac
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Figure S. (a) Temperature dependence of ac magnetization measured
at different frequencies. (b) The plot of lg(7;) vs Ig(Ty/Tsg — 1) and
the fitting result (red line).

magnetization near Tgg shifts toward higher temperatures,
accompanied with a reduction in magnitude. These features
confirm the formation of the spin glass transition. To analyze
the spin glass nature of LMCMO, the frequency dependence of
freezing temperature T is depicted by a conventional dynamic
scaling power law 7; = 7o(Ty/Tsq — 1)™*.% Here, zv is the
dynamical critical exponent, 7; = 1/f is the microscopic spin
relaxation time related to the measurement frequency f, and 7,
is the characteristic relaxation time depending on the spin
flipping time. This power law can be converted into the
function In(z;) = In(zy) — zv In(T/Tsg — 1). It means that a
linear plot of In(z;) versus In(T¢/Tgg — 1) is expected to be
observed. Figure Sb shows the linear fitting, yielding 7, =
7.82(3) x 107" s and zv = 4.84(5). The value of zv is in
accordance with the values of 4—12 reported in many
canonical spin glass systems such as R,NiSi; (R = Gd, Er)
and EuyBay ;MnO;.°”*° The value of 7, observed in LMCMO
is also comparable with those reported in other spin glass
systems with the magnitude ranging from 107" to 1071 5%

LMCMO exhibits high resistivity at RT (>10° Q-cm),
indicating the electrical insulating behavior due to the strong
electron correlation effects at the Co** and Mn*" sites. Figure 6
shows the temperature dependence of specific heat for
LMCMO in the temperature range of 3—100 K. One cannot
see a A-type anomaly near Ty, ruling out any long-range spin
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Figure 6. Temperature dependence of specific heat for LMCMO
below 100 K at zero field. The inset shows the low-temperature fitting
result between 4 and 8 K using the formula Cp = T° + aT*

ordering transition and agrees well with the nature of spin
glass. As presented in the inset of Figure 6, at lower
temperatures, the specific heat data can be fitted using the
formula Cp = AT° + aT¥%°" where the T° term is attributed to
phonon and short-range AFM contributions, while the T3/
term originates from the competing FM contribution. Because
of the strong insulating behavior, no electronic contribution
(proportional to T) is found to occur in specific heat. The
coefficients were fitted to be # = 3.34(4) X 1073 J/mol-K* and
a = 1.55(1) x 107" J/mol-K*2%. Obviously, the value of « is
much larger than that of f, illustrating that the competing FM
contribution should dominate the specific heat.

We now discuss the origins of spin glass transition occurring
in LMCMO. As is well-known, the magnetic properties of
perovskites strongly depend on the B-site degree of order. In
the current LMCMO, there exist magnetic A’-site Mn®* and B-
site Co?*/Mn*" ions. The Mn*'(3d*)—0O—Mn*"(3d%) and
Co**(3d7)—0—Co0*"(3d”) superexchange pathways will gen-
erate AFM interactions, while FM coupling is expected to
occur via the Co**—O—Mn*" superexchange pathway. Because
of the disordered distribution of Co?* and Mn*', competing
AFM and FM interactions emerge. This is responsible for the
presence of spin glass behavior. Note that, in some A-site
ordered AMn;B,0,, perovskites like YMn,AlL,O,,,°* La/
BiMn;Mn,0,,°*%* and La/BiMn,;Cr,0,,,%'" the A’-site
Mn®" ions can cause a long-range AFM transition. Even in
the A-site ordered but B-site disordered CaMn;(Fe;Mn)Oj,,
the long-range AFM phase originating from the A’-site Mn?*
still exists at 39 K.°° In the present LMCMO, however, one
does not find any trace for A’-site Mn’* spin ordering with
temperature down to 2 K. We infer that the A’-site spin—spin
interactions in LMCMO are correlated with B-site magnetic
ions. This is reminiscent with the magnetic interactions as
observed in LaMn;Ni**,Mn**,0,,, where first-principles
calculations indicate that the A’-site Mn>* spins play a crucial
role in determining the spin structure of the B-site Ni** and B’-
site Mn**.*

We now turn to the magnetic phase diagram of
R,Co**Mn*"Oy4 double perovskite family shown in Figure 1.
With decreasing Co—O—Mn bond angle (ie., increasing
octahedral distortion), although the magnetism changes from
FM to AFM, the long-range magnetic transition temperature
T¢ or Ty almost shows a linear dependence from R = La to Lu.
Compared with Lu,CoMnO4 which possesses the smallest
Co—O—Mn bond angle (142.6°) in the R,CoMnOy family,19
the Co/Mn—0O—Co/Mn bond angle observed in the current

LMCMO is further reduced to 137.8°. If the spin glass
transition temperature of LMCMO is plotted in this phase
diagram, it apparently deviates from the linear relationship
mentioned above. In R,CoMnOg family, the presence of Co*"
and Mn*" always favors the formation of B-site order with a
rocksalt-type fashion. Unexpectedly, although the Co** and
Mn** charge states emerge in LMCMO, a B-site disordered
perovskite structure is found to occur. In comparison, the
crystal field between R,CoMnO4 and LMCMO is different.
For example, in a single CoO4 or MnOg4 octahedron in
La,CoMnOQy, there exist three different Co—O or Mn—-O
distances.”® However, in the current LMCMO, the Co/MnOy
octahedron is rigid. It means that one cannot distinguish the
Co/Mn—O distances in macroscopy. In addition, the average
Co—O—Mn bond angle of La,CoMnOg (160.1°) is also
significantly different from that of LMCMO ( 137.8°).%°
Therefore, the detailed crystal field which is closely related
to BO4 octahedral distortion probably can play a role to
determine the B-site degree of order in a perovskite system, in
addition to the well-known factors such as charge difference
and ionic size difference.”” Besides, during the sample
synthesis, different heating processes can also affect the degree
of B-site order. For example, in CaCusFe,Nb,O},, a slow-
cooled method can form a higher Fe’*/Nb*" order structure,
while a fast-cooled process leads to complete Fe’*/Nb**
disorder at the B site.’® For the current LMCMO, however,
the Co** and Mn*" crystallize so far into a disordered
perovskite structure regardless of the annealing or quenching
heat treatment processes we used during synthesis. As
mentioned in the Experimental Section, although the sample
was slowly cooled from 1423 to 1073 K within S h, there is no
trace for the formation of Co/Mn ordering in LMCMO. We
speculate that it is difficult to prepare a Co/Mn ordered sample
even using a longer-term high-pressure annealing process until
to RT. It is also interesting to compare the distinct B-site
construction between LaMn3*;Co?*,Mn*",0,, and
LaMn*;Ni**,Mn*,0,,. Although these two compounds
have the same B-site charge difference and the ionic size
difference of the former (Co®" vs Mn*") is even slightly larger
than that of the latter (Ni** vs Mn*"), LMCMO crystallizes
into a B-site disorder structure while an ordered one is found
to occur in LMNMO when similar high-pressure synthesis
method is used. This would be, on one hand, relative to the
different chemical properties between Co** and Ni?* ions, such
as different electronic configuration and bonding behavior. In
particular, the electron affinity between Co and Ni differs in a
large degree. Specifically, the former is about 0.66 eV, while the
latter is close to 1.16 eV. On the other hand, taking into
account the different electronic configuration between Co*
(t,;°e,”) with one unpaired t,, orbital and Ni** (t,,°,”) with a
fully occupied t,, orbital, distinct magnetic interactions
originating from the A’—B intersite magnetic ions, ie.,
Mn**—~0—Co?" superexchange interactions in LMCMO vs
Mn*—O—-Ni** ones in LMNMO, will occur. This may also
affect the formation of the B-site disorderd structure with spin
glass magnetic behavior in the current LMCMO. Anyway,
LMCMO provides a unique example where Co*" and Mn*"
show a robust disordered distribution in a perovskite-structure
framework.

4. CONCLUSIONS

In summary, we have succeeded in preparing a new oxide
LMCMO at high-pressure and high-temperature conditions.
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XRD and SAED analyses confirm that the compound
crystallizes in an A-site ordered but B-site disordered
perovskite structure with Im3 symmetry. The charge states
based on the BVS calculations and XAS measurements are
determined to be LaMn>';(Co*,Mn*,)0,, which is in
agreement with the Curie—Weiss fitting. As revealed by dc
and ac magnetization measurements, this B-site disordered
perovskite shows a spin glass transition around 27.5 K due to
the competing FM and AFM interactions generated by the
randomly distributed Co** and Mn*" magnetic ions. In sharp
contrast to the B-site ordered double perovskite family of
R,Co®*Mn*" Oy, the current LaMn®**;Co**,Mn*,0,, shows a
disordered distribution for the B-site Co** and Mn*" ions. In
addition to the charge difference and ionic size difference, the
detailed crystal chemistry correlated with the BOg octahedral
distortion as well as the A’—B intersite magnetic interactions
may also play roles on the degree of B-site order in perovskite-
structure systems.
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