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ABSTRACT: CaCu3Mn,Te,0,, was synthesized using high- H(T)

temperature and high-pressure conditions. The compound 1o 00 4 2 0 2 4 6
possesses an A- and B site ordered quadruple perovskite structure ~ 6

in Pn3 symmetry with the charge combination of Ca- '820 3
Cu;**Mn,**Te,** 0 ,. A ferrimagnetic phase transition originating T Z
from the antiferromagnetic interaction between A’ site Cu** and B g 03
site Mn?" ions is found to occur at T &~ 100 K. CaCu;Mn,Te,O, g10 A=
also shows insulating electric conductivity. Optical measurement N

demonstrates the energy bandgap to be about 1.9 eV, in agreement 0 -6
with the high B site degree of chemical order between Mn** and 0 100 200 300

Te®. The first-principles theoretical calculations confirm the r®

Cu**(})—Mn?*(1) ferrimagnetic coupling as well as the insulating
nature with an up-spin direct bandgap. The current CaCu;Mn,Te,O}, provides an intriguing example of an intrinsic ferrimagnetic
insulator with promising applications in advanced spintronic devices.

1. INTRODUCTION charge carriers from thermal excitation, in addition to a
relatively high T, a considerable E; is also desirable for
possible applications of ferromagnetic insulators.

Both A- and B site ordered quadruple perovskite oxide with
chemical formula AA’;B,B’,0,, provides a unique opportunity

Ferromagnetic or ferrimagnetic insulators, which in principle
transport only spin momentum but no charge carries, have
received much attention owing to potential applications in

.. . . . . . 1—4 .
dissipationless electronic and spintronic devices, solid-state A / " F
to design intrinsic ferromagnetic or ferrimagnetic insulators.

.S . L 67
quantum computing,” and magnetic tunneling junctions.”” As . , ) ) . . .
is well-known, ferromagnetism usually originates from the First, AA;B,B',0,,-type quadruple perovskite crystallizes into

double exchange mechanism or Ruderman—Kittel—Kasuya— a Pn3 space .group WIFh A'O, square—‘planar .and B/B'O¢
Yosida interaction,” which typically leads to metallic octahedral units (see Figure 1a). In this peculiar structure,

o . : : he A site i 11 i 1 Ikali 1, alkali
conductivity. Therefore, ferromagnetism and insulation are the A site Is usua Y occup 1‘ed bya ,eer a kali metal, a.k ame
. a1 . . earth, or rare earth ion, while the A’ site is usually occupied by
often incompatible in a single-phase material. As a result, the

SO L . . a smaller-size transition metal ion with strong Jahn—Teller
amount of intrinsic ferromagnetic insulators without chemical . 2 34 . . .g J .
substitution is limited.'®™'* Thus far, the reported intrinsic effect like Cu™ and Mn™. In addition, transition metal jons
. )

ferromagnetic insulators mainly include europium chalcoge- a}llso chgf%)y the B anc.l B Sites IX, anBordegy lrsl}anger. Since
nides (EuO, EuS),"”'* 2D van der Waals materials of three diflerent atomic sites (A", B, an 51te§) can
chromium trihalides (CrLs, CrBr3)15’16 and ternary chromium accorr}moéate tr‘ansmon metals, Amultllple/ mz,ignetlci and
trihalides (Cr,Si,Tes, Cr,Ge,Teg),"”'® perovskite-type materi- electr,lcal 1nteract10ns. are formed via A=A, A._B/B’ and
als (BiMnO3, La,NiMnOyg, Ba,NiOsOg, BazNaOsOé),H’lg_21 B_B P athways, “fhmh are beneficial to a high Tc. An
and garnets (YsFes 0,,)> Although a few  ferromagnetic interesting example is the half metal of LaCu;Fe,Re,0,,, which

insulators like Y;Fe;O;, and La,NiMnOg have higher Curie

temperatures (T), most of them have relatively low values of Recfi"ed‘ September 19, 2023
T¢. For example, the T is only about 6.8 K for Ba,NaOsOy, Revised:  November 20, 2023
16 K for EuS, and 33 K for Cr,Si,Tes.' "> Moreover, the 2D Accepted: November 22, 2023

van der Waals ferromagnetic insulators are usually unstable Published: December 13, 2023

under ambient conditions. Since a wide energy bandgap E,
(e.g, > 1.0 eV at room temperature) can effectively prevent

© 2023 American Chemical Society https://doi.org/10.1021/acs.inorgchem.3c03288
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Figure 1. (a) Crystal structure of both A and B site ordered quadruple
perovskite oxide AA’;B,B’,0y,. The square-planar A’O, units and
corner-sharing BO4 and B'Og octahedra are shown. (b) XRD pattern
and refinement results for CaCu;Mn,Te,0;, at RT. The observed
(black circle), calculated (red line), and difference (olive line) values
are shown. The ticks indicate the allowed Bragg reflections with space
group Pn3.

has the highest Tc ~ 710 K among all of the perovskite
oxides.” Therefore, it is possible to find a high T¢ in
AA';B,B’,0,,-type quadruple perovskite. Second, the electrical
transport properties of these perovskites can be manipulated
through the design of element and charge combinations of B
and B’ ions due to the corner-sharing BO4 and B'Og octahedra.
For example, the presence of diamagnetic ions with fully filled
d orbitals (d'°) at B or B’ sites can improve insulating electric
conductivity with a considerable E, In this study, an
AA’;B,B’,0,,-type quadruple perovskite oxide of Ca-
Cu3Mn,Te,0), was designed and synthesized using high-
pressure techniques. The crystal structure, charge state, specific
heat, and magnetic and electric properties were investigated in
detail. The compound exhibits intriguing ferrimagnetic (T =~
100 K) and insulating properties with a wide E, ~ 1.9 eV at
room temperature (RT).

2. EXPERIMENTAL SECTION

CaCu3Mn,Te,0,, polycrystalline samples were synthesized under
high-temperature and high-pressure conditions. High-purity (>99.9%)
CaO, CuO, MnO,, and TeO, powders with a stoichiometric ratio
were used as starting materials. All of these starting materials were
thoroughly mixed and ground in a glovebox filled with argon. Then,
the mixed powders were pressed into a platinum capsule 2.8 mm in
diameter and 4.0 mm in height. The capsule was treated at 9 GPa and
1373 K for 30 min on a cubic anvil-type high-pressure apparatus.
Once the heating was finished, the sample was quenched to RT, and
the pressure was gradually released to ambient pressure within 9 h.
Phase identification was made via powder X-ray diffraction (XRD)
collected using a Huber X-ray diffractometer (Cu K,,, 40 kV, and 30
mA) with the 20 range from 10° to 100° with steps of 0.005° at RT.
The GSAS software was used for the Rietveld refinement.”® X-ray
absorption spectroscopy (XAS) at the Cu-L, ; and Mn-L, ; edges was
performed at the BL11A beamline of the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. Magnetic properties
were measured on a magnetic property measurement system
(Quantum Design, MPMS-VSM). The magnetic susceptibility of
both zero-field-cooling (ZFC) and field-cooling (FC) modes was
measured under a magnetic field of 0.1 T. The isothermal

magnetization was measured at 2 and 200 K between —7 and 7 T.
Specific heat was measured on a physical property measurement
system (Quantum Design, PPMS). A UV—vis absorption spectrum
was obtained on a Shimadzu UV-2550.

All theoretical calculations were based on spin-polarized density
functional theory, which was implemented in the Vienna ab initio
simulations package.*® The generalized gradient approximation with a
Perdew—Burke—Ernzerhof functional was employed for structural
relaxation.”” The effective Hubbard U = 4 €V was adopted for the
Mn-d and Cu-d orbitals.”® The planewave cutoff energy and
convergence criteria for energy and force were set to be 500 eV,
1075 eV, and 0.01 eV-A™!, respectively. The Monkhorst—Pack k-point
mesh of 3 X 3 X 3 was used for Brillouin zone sampling.”’ To obtain
reasonable electronic and magnetic properties, the Heyd—Scuseria—
Ernzerhof (HSE06) hybrid functional was adopted with the mixin%
exchange parameter of 0.25 and screening parameter of 0.2 A=1.3%°
Moreover, the more reliable tetrahedron method has been adopted to
calculate the density of states (DOS).*?

3. RESULTS AND DISCUSSION

Figure 1b presents the XRD pattern measured at RT and the
refinement results for CaCu;Mn,Te,O,,. All diffraction peaks
can be well indexed based on a cubic symmetry. No discernible
impurities were found to occur in the sample. The Rietveld
refinements show that CaCu;Mn,Te,0,, possesses an A site
and B site ordered quadruple perovskite structure with the
space group Pn3 (no. 201). In this symmetry, Ca and Cu
atoms occupy the 2a (0.25, 0.25, 0.25) and 6d (0.2S, 0.75,
0.75) sites, respectively. Different from the 12-coordinated Ca
atoms at the A site, the Cu atoms at the A’ site are located in a
square-planar coordination due to the strong Jahn—Teller
effect (Figure 1a).*> The 6-coordinated Mn and Te atoms at
the B and B’ sites in an orderly rock-salt-type fashion occupy
the 4b (0, 0, 0) and 4c (0.5, 0.5, 0.5) sites, as revealed by the
diffraction peaks with & + k + [ = odd, such as the (111), (311),
and (331) peaks (see Figure 1b).

Table 1 lists the refined structural parameters for
CaCu3Mn,Te,0,,. The lattice constant we refined is a =
7.59338(1) A. The nearly unity occupancy factors for cations
suggest a 1:3 ordering between the A site Ca and A’ site Cu
atoms and a 1:1 ordering between the B site Mn and the B’ site
Te atoms. According to the refined bond lengths, the bond
valence sum (BVS) calculations give the valence state to be
1.81 for Cu and 2.09 for Mn atoms, suggesting the formation
of Cu®" and Mn** charge states, in agreement with the XAS
measurements shown below.

To further determine the valence states of Cu and Mn, the
XAS at the Cu-L, ; and Mn-L, ; edges, which are widely known
to be sensitive to the valence state and local environment,****
were collected. Figure 2a shows the Cu-L,; edges of
CaCu;Mn,Te,0,,. CaCuy**Ti,0,, was also presented as the
reference of Cu** with similar CuO, square-planar coordina-
tion.* The energy position of CaCu;Mn,Te,0y, (931.0 eV for
L, and 950.8 eV for L,) is very close to that of CaCu;**Ti,0,,
(930.8 €V for L, and 950.6 €V for L,), demonstrating that the
Cu’" valence state emerges in CaCu;Mn,Te,O;,. The small
shift may arise from the slight difference in the local
environment of Cu**. The XAS at the Mn-L,; edges of
CaCu3;Mn,Te,0, are shown in Figure 2b together with
Mn**O as a Mn?*" reference and LaMn**O, as a Mn®" reference
with similar MnOg octahedral coordination.”” Compared with
LaMn>*0,, the main absorption peaks of CaCu;Mn,Te,O;,
move toward lower energy by more than 1 eV. Moreover, the
multiplet spectral feature and peak positions of Ca-
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Table 1. Refined Structure Parameters of CaCu;Mn,Te,0,,
at RT”

parameter value parameter value
a (&) 7.59338(1) U, for ngl) (100 x 0.94(2)
0, 0.0763(4) U, for Mn2 (100 x 1
A?)
o, 0.2326(2) U, for O (100 x A?)  0.46(7)
0, 0.5575(4) dea—o (X 12) (A) 2.685(3)
G (2a for Ca) 0.991(8) dcuo (X 4) (A) 1.973(2)
G (6d for Cu) 0.985(3) dyin_o (X 6) (A) 2.156(2)
G (4b for Mnl) 0.992(1) dreo (X 6) (A) 1.909(2)
G (4b for Te2) 0.008(1) £Mn—0O-Te (deg) 138.0(2)
G (4c for Tel) 0.992(1) £Cu—O—Mn (deg)  105.45(9)
G (4c for Mn2) 0.008(1) £Cu—0—Te (deg) 115.7(1)
Uy, for Ca (100 x A%) 1.2(2) BVS (Cu) 1.81
Uii,z)for Cu (100 X 1.53(7) BVS (Mn) 2.09
Uigoz)for Mnl (100 X 1.04(4) Ry, (%) 4.00
0
U,;_{,Z)for Te2 (100 X 1 R, (%) 2.53

“Space group: Pn3 (no. 201). Atomic sites: Ca 2a (0.25, 0.25, 0.25),
Cu 6d (0.25, 0.75, 0.75), Mn 4b (0, 0, 0), Te 4¢ (0.5, 0.5,0.5), and O
24h (x, y, z). The BVS values (V;) were calculated using the formula
V= Y.S;and S; = exp[(ry — r;)/0.37]. The value of r, = 1.679 for Cu
and 7y = 1.765 for Mn. For the A’ site Cu, 4-coordinated oxygen
atoms were used. For B site Mn, 6-coordinated oxygen atoms were

used. G: site occupancy factor.
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Figure 2. XAS at the (a) Cu-L,; for CaCusMn,Te,0,, together with
CaCuy®*Ti Oy, as the reference of Cu®". (b) Mn-L,; edges for
CaCu;Mn,Te, 0, together with Mn>*O as the reference of Mn>* and
LaMn>*Oj; as the reference of Mn**.

Cu;Mn,Te,0;, are similar to those of the Mn?*O reference
(640.0 eV for Ly in CaCu;Mn,Te,0,, and Mn**O both),
indicating the formation of a Mn®* valence state at the B site.
For B’ site Te, the Te—O bond length (1.909(2) A) is close to
the Te®*—O bond length observed in Pb,MnTeOy (1.915 A)
with TeOg octahedral coordination,® suggesting the formation
of a Te®* charge state. Therefore, the charge combination is
determined to be CaCu;**Mn,*"Te,**0,,.

Figure 3a displays the temperature dependence of magnetic
susceptibility of CaCu;Mn,Te,0;, measured at 0.1 T. As the

@ 3o ! 40
= CaCu;Mn,Te, 0, =
0 T~ 100 K 30 2
220 G 8
[ ) " O
g ~— i\ 20 go
210 ! £
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Figure 3. (a) Temperature dependence of magnetic susceptibility y
measured at 0.1 T with ZFC and FC modes (almost overlapped) and
the ZFC inverse magnetic susceptibility for CaCu;Mn,Te,O,,. The
magenta line shows the Neel’s fitting. (b) Field dependent
magnetization measured at 2 and 200 K.

temperature decreases to a critical value at T &~ 100 K, both
the ZFC and FC susceptibility curves experience a sharp
increase, indicating the occurrence of a long-range ferromag-
netic or ferrimagnetic phase transition. To identify the specific
spin coupling of CaCu;Mn,Te,0,, the inverse susceptibility
x ' as a function of temperature was also plotted in Figure 3a.
One can find that the ¥~ above T is obviously deviated from
the linear Curie—Weiss law but consistent with Neéel’s
ferrimagnetism theory with the function »'(T) = [(T —
®)/C] — [E/(T — ©')], where the first term represents the
simple Curie—Weiss behavior at high temperatures, and the
second term determines the hyperbolic behavior near the
ferrimagnetic phase transition owing to the existence of
multiple spin sublattices.’”” The data of y~' between 165 and
350 K was selected for Neéel's fitting, yielding the Weiss
temperature ® = —133.7(8) K, the Curie constant C =
12.10(2) emu-K-mol™'-Oe™, the fitted parameters & = 228(4)
K'mol-Oe-emu™", and ©' = 125.1(4) K. The negative value of
© indicates the strong antiferromagnetic interaction in
CaCu3Mn,Te,0y,. The effective magnetic moment is calcu-
lated to be p.g = 9.84 py-fu™, which is slightly larger than the
spin-only theoretical value (8.89 ug-fu™') with the charge
combination of CaCu;**Mn,*"Te,0,. Therefore, a long-range
ferrimagnetic phase transition is assigned for Ca-
Cu3Mn,Te,0, at T¢ & 100 K. Figure 3b shows the isothermal
magnetization curves of CaCu;Mn,Te,O;, measured above
and below the T¢. At 200 K, the linear magnetization behavior
agrees well with the paramagnetic state. At 2 K, however,
canonical magnetic hysteresis behavior is found to occur,
further confirming the long-range ferrimagnetic ordering. With
increasing field, the magnetization increases sharply and is
almost saturated at 0.5 T, leading to a very small coercive field
(Hc) of about 27 Oe. The specific value of saturated moment
(M) we measured at 7 T and 2 K is 5.50 pp-fu™.

https://doi.org/10.1021/acs.inorgchem.3c03288
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Figure 4a shows the temperature dependence of specific heat
Cp measured at zero field for CaCu;Mn,Te,0;,. In accord with
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Figure 4. (a) Temperature dependence of specific heat C, for
CaCu;Mn,Te,0,, measured at zero field. The inset shows the low-
temperature fitting result between 2 and 12 K using the formula Cp, =
aT? + T2 (b) Magnetic specific heat Caag 2nd magnetic entropy
change ASy; around T¢.

the ferrimagnetic transition, a sharp A-type anomaly is also
found to occur near T¢ in specific heat. To evaluate the
magnetic entropy change around T, the Debye—Einstein
model was used to fit the lattice specific heat Cra™® The G
data at temperatures > 104 K were selected for Cy,, fitting and
then the fitted curve was extended down to 2 K as the phonon
background (see the black line in Figure 4a). The magnetic
contribution Cyj,; Was obtained by subtracting Cp, from the
total Cp. As shown in Figure 4b, the magnetic entropy ASy, =
/ (CMag/ T) dT over the temperature range of 2—150 K was
calculated to be 44.95 J-mol "K', which is very close to the
expected value in theory with the function 3R In[2S(Cu®*) +
1] + 2R In[2S(Mn**) + 1] = 47.08 J-mol 'K, indicating that
Cu®* and Mn*' simultaneously participate in the magnetic
order. Here R is the universal gas constant, and S is the spin
angular momentum. At lower temperatures (<12 K), the
specific heat date can be fitted using the formula Cp = aT® +
PT>* (see the inset of Figure 4a), where the T° term originates
from the contribution of phonons and antiferromagnetic
interactions, and T°/? represents the contribution of
ferromagnetic excitation. The parameters obtained by the
fitting are @ = 1.23 (7) X 107> J'mol™"K™* and f = 6.3 (4) X
1072 J-mol"-K~%/2 Note that there is no yT term contribution
because of the prohibited electron conduction in Ca-
Cu;Mn,Te,0,, as shown later.

In addition to the ferrimagnetism, CaCu;Mn,Te,0,, also
exhibits insulating electric conductivity with a resistivity higher
than the measurement range of PPMS (>10° Q-cm at RT).
The optical measurement was thus performed to characterize
the electrical feature of CaCu;Mn,Te,Oy,). Figure S shows the
Tauc’s plot of the UV—vis absorption spectra measured at RT.
According to the equation (ahv)” = A (hv — E,), where a is the

pubs.acs.org/IC
6F CaCu;Mn,Te, 0, a,a“'a
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Figure $. Tauc’s plot of (ahv)? vs hv for CaCu;Mn,Te,0;, measured
at RT.

absorption coefficient, A is a proportional constant, y is 0.5 or 2
depending on whether the bandgap is indirect or direct, and hv
and E; denote photon energy and the optical energy bandgap,
respectively."' The characteristic two-step-like absorption of
the indirect bandgap does not appear,”” so y is determined to
be 2 and the direct bandgap is as high as 1.9 eV. Note that the
absorption below E, shown in Figure 5 can be attributed to
possible defect and/or impurity absorption. The large bandgap
of CaCu3Mn,Te,0,, is beneficial for preventing charge carriers
from thermal excitation. In comparison, the bandgaps of EuO
and Crl;, which are commonly used as ferromagnetic
insulators in spintronics, are only 1.2 and 0.89 eV,"”*
respectively. In addition, the thermogravimetric measurement
indicates that CaCu;Mn,Te,0,, is thermally stable on heating
up to 1000 K (not shown here). These features suggest that
CaCu3Mn,Te,O, is a promising intrinsic ferrimagnetic
insulator for potential applications.

To get deeper insight into the magnetic ground state and the
electronic properties of CaCu3Mn,Te,O,, the hybrid density
functional of HSEQ6 calculations was carried out for different
collinear spin configurations. As shown in Figure 6, the
calculations illustrate that the Cu**(|)—Mn**(1) ferrimagnetic
ground state as determined in experiment has the lowest
energy. Actually, similar ferrimagnetic coupling was reported in
isostructural compounds like CaCu;Cr,Sb,O,, and Ca-

Energy (eV)

-318.5¢

-318.4926

Figure 6. Schematic spin configurations considered for theoretical
calculations and the related energies for CaCu;Mn,Te,O,. Blue and
red arrows represent Mn and Cu spins, respectively.
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CusFe,Nb,0,,.**® In addition, the calculated magnetic
moments inside the muffin-tin spheres are —0.00, —0.70,
4.54, 0.04, and —0.04 pg for Ca, Cu, Mn, Te, and O ions,
respectively. The magnetic moments of Cu®>" (S = 1/2) and
Mn*" (S = 5/2) ions are smaller than the ideal 2S values owing
to the hybridization with O 2p orbitals. The total magnetic
moment was calculated to be 6.58 up-fu~'. This value is
somehow larger than that obtained in the experiment (5.5 pp’
fu~' at 2 K and 7 T). Such a difference may suggest that there
is slight tilting for Cu** and/or Mn*" spins in the material.
Figure 7 presents the calculated electronic band structures and
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Figure 7. First-principles numerical results for the band structures and
partial density of states (DOS) of CaCuyMn,Te,O;, using HSE06.

DOS of CaCu;Mn,Te,0;,. One finds that the DOS values of
the A’ site Cu’*and B site Mn>" ions considerably overlap,
suggesting the strong spin interactions between these two
magnetic sublattices. Moreover, the calculated E, is 3.54 eV for
the spin-down channel, while an up-spin direct E, of 1.94 eV is
observed at the I" point, which is well consistent with the
experimentally measured value (1.9 eV).

4. CONCLUSION

In summary, the quadruple perovskite oxide CaCu;Mn,Te,0,,
was successfully prepared at 9 GPa and 1373 K. The Rietveld
refinement based on the powder XRD data indicates that
CaCuzMn,Te,0,, crystallize to an A and B site ordered cubic
quadruple perovskite structure with space group Pn3. BVS
calculations and XAS measurements determine the charge
combination to be CaCuy**Mn,**Te,0,,. According to specific
heat and magnetic susceptibility, a long-range ferrimagnetic
phase transition resulting from the antiferromagnetically
coupled A’ site Cu’* and B site Mn** is found to occur at
Tc = 100 K. In addition, CaCu3Mn,Te,0,, exhibits strong
insulation with a wide E, of 1.9 eV. The first-principles
theoretical calculations further confirm the Cu**(|)—Mn>*(1)
ferrimagnetic ground state and the insulating nature with an
up-spin direct E,. The present work provides an intrinsic
ferrimagnetic insulator with promising applications in
advanced spintronic devices.

~
~
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