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ABSTRACT

An A- and B-site ordered quadruple perovskite oxide LaCu;Co,Re,O;, was synthesized at 9 GPa and 1323 K. The compound possesses a
Pn-3 space group, where both A and B sites are orderly occupied by different cations with a nearly 100% degree of order. Bond valence sum
calculations and x-ray absorption spectroscopy confirm the charge distribution to be LaCu*"3Co*",Re>>",01,. A ferrimagnetic phase transi-
tion is found to occur around 150 K due to the Cu*™(1)-Co*"(1)-Re>>(|) spin coupling found by x-ray magnetic circular dichroism at Cu-,
Co-, and Re-L,; edges. The magnetoresistance effects as well as the first-principle calculations indicate the half-metallic nature for

LaCu;Co,Re; 01, with a wider energy gap at the up-spin channel and a conducting band at the down-spin channel.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025704

Half metals have been attracting great interest due to their poten-
tial technological applications in high-efficiency magnetic sensors,
computer memories, and magnetic recording.' ® The electrical trans-
port of an ideal half metal is featured by 100% spin polarization, i.e.,
one spin channel accounts for metallic conductivity, while the other
displays insulating behavior." * To date, different kinds of half metals
such as Heusler alloy NiMnS . rutile CrO,,”* spinel Fe304,9‘10 hole-
doped Mott insulator La,_,Sr,MnO3,"" " pyrochlore TLL,Mn,0,,"
double perovskite Sr,FeMoQs,'” and zinc blende CrTe/Se'® have
already been discovered. Among them, the B-site ordered double
perovskite Sr,FeMoQg is one of the most interesting examples due to
the high ferrimagnetic (FiM) ordering temperature T ~ 410 K, which
arises from the antiferromagnetically coupled Fe’™-Mo”" interac-
tion."” For a B-site ordered double perovskite A,BB'Og, when three

quarters of the A site are replaced by a transition metal A’, both A-
and B-site ordered quadruple perovskite with a chemical formula
AA’ 3B,B’ ,0y, is possible to form. In such a peculiar two-site ordered
perovskite system, the Cu®>" and Mn>" ions with strong Jahn-Teller
distortion often occupy the A’ site due to the square-planar coordina-
tion, as exemplified by CaCuzFe,Re;Oy,,'" Ca/NaCusFe,0s,0y,, "
and LaMn3Ni,Mn,0;,.”" In particular, CaCusFe,Re,0;, and
NaCu;Fe,0s,0;, exhibit half-metallic properties with FiM spin order-
ing well above room temperature.”'® However, in these systems, the
low-field magnetoresistance (MR) is very small, which is detrimental
for potential applications. Since the MR effects of ordered perovskites
are intimately related to the antisite disorder between the B- and
B'-site ions, it is, therefore, desirable to improve the degree of order
toward a nearly 100% value.'”'® In addition, a wider half-metallic
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energy gap is favorable to suppress the spin-flip transition caused by
thermal excitation of carriers so that the half-metallic performance can
be preserved in the working temperature range. In this article, we
report the synthesis of both A- and B-site ordered quadruple perov-
skite oxide LaCuz;Co,Re,O;, (LCCRO), in which Co and Re are
orderly distributed at the B/B’ sites with an almost 100% degree of
order. As a result, the compound displays an enhanced low-field
MR effect. Moreover, a wide up-spin energy gap is found to occur by
theoretical calculations.

The experimental details are described in the supplementary
material. Figure 1(a) shows the x-ray diffraction (XRD) pattern of
LCCRO measured at room temperature together with the Rietveld
refinement results. All the diffraction peaks can be indexed based on a
cubic structure framework. The Rietveld analysis reveals that LCCRO
crystallizes to an AA’;B,B',0,,-type quadruple perovskite structure
with space group Pn-3, where La and Cu are 1:3 ordered at A and A’
sites, while Co and Re are also orderly distributed at B and B’ sites
with a 1:1 ratio, respectively (see Table SI for detailed atomic posi-
tions). As shown in Fig. 1(a), one can find a series of sharp diffraction
peaks with the Miller indices h+ k+ 1 = odd, such as (111), (311),
and (331) peaks, indicating the formation of order for the B-site Co
and B'-site Re at a rock salt-type fashion. Since the x-ray scattering fac-
tors of Co and Re are different considerably, one can examine the anti-
site effect between these two atoms by refining the occupancy
parameter. During the refinement, we find that the occupancy factor
for both Co and Re is almost 100%, revealing the negligible Co-Re
antisite disorder. Actually, if a small amount of antisite occupancy like
5% is constrained for Co or Re, the Co-O or Re-O bond length
becomes unreasonable. Therefore, the occupancy factors of Co and Re
are fixed to be unity to refine other structural parameters, and a
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FIG. 1. (a) XRD pattern of LCCRO together with the Rietveld refinement results
based on space group Pn-3. The observed (black circles), calculated (red line), and
difference (bottom blue line) profiles are shown. The ticks indicate the allowed
Bragg reflections. (b) Schematic crystal structure of LCCRO. (c) Temperature
dependence of magnetic susceptibility and the inverse susceptibility. The blue line
shows the Curie-Weiss fitting above 175K. (d) Field dependence of magnetization
measured at some selected temperatures. The inset shows the values of coercive
field He below Te.
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satisfied goodness-of-fit is obtained (e.g., Ryp = 3.34%, R, = 2.1%).
The high B/B'-site ordering in the current LCCRO differs from that
observed in the isostructural compounds CaCusFe,Re,O;, (93.8%)
and CaCu;Fe,0s,01, (88.2%). Figure 1(b) shows the schematic
crystal structure of LCCRO. As observed in a simple ABO; perovskite,
the B/B'-site Co/Re forms six-oxygen-coordination octahedra, whereas
the A’-site Cu forms four-oxygen-coordination squares. According to
the refined bond lengths listed in Table SI, the bond valence sum
(BVS) calculations illustrate that the valence states of Cu and Co are
very close to 42. The Re-O bond length observed in LCCRO
(1917 A) is shorter than that in CaCusFe,Re’,0;, (1.934 A)" but
longer than that in Sr,MgRe® O (1.912 A in average),”' suggesting an
intermediate Re valence state between Re’" and Re®", in agreement
with x-ray absorption spectroscopy (XAS) shown below.

The soft x-ray XAS spectra at the 3d element L, 5 edges are highly
sensitive to the valence state and local environment. Figure 2(a) shows
the Cu-L, ;5 XAS of LCCRO together with that of the quadruple perov-
skite CaCusTizO;, as a Cu®" reference. One can see that the Cu-L,;
edges of LCCRO have a similar single symmetry peak and energy posi-
tion with those of CaCu3Ti40;, and also CuO as Ref. 22 shows, indi-
cating the presence of Cu®'. As shown in Fig. 2(b), CoO and
EuCoO;™ are used as high-spin Co®* and low-spin Co®" references
with CoOg octahedral coordination, respectively. The Co-L, 5 spectrum
of LCCRO shifts to lower energy relative to Co> " reference EuCoOj; by
more than 1eV but locates at a similar energy to that of CoO,
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FIG. 2. XAS of (a) Cu-L,5 edges, (b) Co-L,3 edges, and (c) Re-L; edges for
LCCRO. Some references are also shown for comparison. XMCD for (d) Cu- and
(e) Co-Ly3 edges measured at 10K and 6T and (f) Re-L, 5 edges measured at
10K and 1.3 T. The photon spin is aligned parallel (" blue line) and antiparallel
(u red line) to the applied magnetic field, respectively. The difference spectra
(" -) are shown in purple lines.
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suggesting the formation of the Co" state in LCCRO. The comparable
multiplet spectral features between LCCRO and CoQ indicate Co** to
be a high-spin state with § = 3/2.”* Figure 2(c) shows the XAS at the
Re-L; edge of LCCRO together with Sr,FeRe”™ 04 and SrzMgRe6+05
as the Re’" and Re®" references, respectively. Obviously, the energy
position of LCCRO locates at the middle between these two references,
indicating an average Re>*" state in LCCRO fulfilling the charge bal-
ance requirement. Therefore, the XAS data confirm that the charge
combination of LCCRO is LaCu®"3Co*",Re>* 1,0y, consistent with
the BVS analysis. The average Re>>" charge state would correspond to
a mixture of Re’" and Re®" with a 1:1 mole ratio. The considerable
charge and ionic radius differences between Co*" and Re>" favor the
formation of high B-site degree of order.”®

Figure 1(c) shows the temperature dependence of magnetic sus-
ceptibility for LCCRO measured at 0.1 T using both zero-field-cooling
(ZFC) and field-cooling (FC) modes. With decreasing temperature to
Tc ~ 150K, the susceptibility experiences a sharp increase, suggesting
the occurrence of a ferromagnetic (FM) or FiM phase transition.
Above 175K, the inverse magnetic susceptibility (y-y0) can be
reproduced by the modified Curie-Weiss (CW) law with the expres-
sion (y-y0) ' = (T—0)/C, where y, is a temperature independent
term containing the Van Vleck paramagnetism and core diamagne-
tism. A small value of yo = —2.45 x 10 > emu-mol *-Oe ' is obtained
from the fitting. The fitted Weiss temperature is 0 = 151K, in coher-
ence with the FM/FiM ordering occurring at T =~ 150 K. According
to the Curie constant (C=6.86 emu-K-mol '-Oe™ "), the effective
magnetic moment is calculated to be p.g ~ 7.41 up/fu. If one consid-
ers the spin moments of the three transition-metal ions (Cu2+, Co*,
and Re>>™) as well as the orbital moment of the Re®>" ion, the effec-
tive moment of LCCRO in theory should be 6.62 pp/fu., which is
somewhat less than the fitting result due to the presence of orbital
moment of Co>" as will be shown later.

The field-dependent magnetization provides further evidence for
the FM/FiM ordering of LCCRO. As shown in Fig. 1(d), the linear
magnetization is observed above T (e.g, at 200 and 300K), as
expected from the paramagnetism. Below T, however, magnetic hys-
teresis behavior is found to occur, confirming the FM/FiM ordering.
For example, at 2 K, the magnetization increases sharply with the field
up to about 0.2 T, and the saturated magnetic moment observed at 7 T
is 6.0 pp/f.u. In addition, the coercive force of LCCRO is quite small
and slightly increases on cooling. Specifically, it increases from 20 Oe
at 130K to 350 Oe at 2 K. Since Cu®*", Co®*, and Re>" are all possible
to contribute to the magnetic ordering in LCCRO, there exist four dif-
ferent collinear spin coupling between them, i.e., the FM Cu”(T)-
Co’*(1)-Re**(1), and the FiM Cu**(])-Co™"(])-Re***(1),
Cu* ™ (1)-Co*"(])-Re>> (1), and Cu®"(1)-Co*"(])-Re>>"(]). If we
only consider the contribution of spin moment in a localized elec-
tronic assumption, the saturated magnetic moment generated by these
spin modes is 12, 6, 0, and 6 pp/f.u., respectively. By comparison with
experiment, the FiM Cu*(])-Co*™(1)-Re* (1) and Cu®(7)-
Co*(1)-Re®>"(|) interactions are most probably to occur.

To confirm the detailed FiM spin coupling, we utilized the x-ray
magnetic circular dichroism spectroscopy (XMCD) at the L, 5 edges of
Cu, Co, and Re. As shown in Figs. 2(d)-2(f), the same negative (posi-
tive) XMCD signs are observed at the L; (L,) edges for Cu and Co. In
contrast, the XMCD signs of Re at L and L, edges are opposite to
those of Cu and Co, providing convincing evidence for the occurrence

scitation.org/journal/apl

of Cu*™(1)-Co*"(1)-Re>*"(]) FiM coupling in LCCRO. Actually,
such a kind of FiM coupling is also observed in other isostructural
compounds such as CaCuzFe,Re,O;, and Ca/NaCuzFe,0s,0,,." "7
Another advantage of XMCD is that it is a unique spectroscopic tool
to determine the spin magnetic moment (Mgy;,) and orbital moment
(Moy,) separately for each element by using the sum rules as
follows:”"**

4{ (it — ) deo
Moy = Lz = — Latls

(10 — Na), (1)
3[ (it + ) deo
Ly+L,

Mgpin = 28z + 7(Tz)

ZJ (1" = u")do — 4J (1" = )do
=k L (10 — Na). (2)
J (1t +p7)do
Ly+Ly

Here, Ny is the electron occupation number and (T%) is the intra-
atomic magnetic-dipole moment, which is negligible compared to
Mg, in an octahedral (Oy,) symmetry coordination.” The calculated
results are shown in Table SII. The total magnetic moment was
estimated to be 5.8 up which is comparable to the value of 6.0 g
measured at 2K and 7 T in magnetization. Note that the M, of Co**
contributes about 0.73 pp, which cannot be neglected as other 3d
transition-metal ions caused by the crystal field. Similar results are also
observed in some high-spin Co®" compounds like CazCoRhO4,*
C0V206,29 and LazMnCOO6.30

Figure 3(a) shows the temperature dependence of resistivity for
LCCRO. At 300K, the resistivity value is only about 0.14 Q cm™ .
With decreasing temperature, the resistivity slightly increases to about
0.50 Q cm ™" at 2 K without visible anomaly occurring near T¢. On the
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FIG. 3. (a) Temperature dependence of resistivity and specific heat at zero field.
The inset shows the fitting of specific heat below 18 K using the function C,/T = y
+ ST2 which yields y = 95.4(4) mJ/mol K2 and f = 1.2(2) mJimol K*. (b)
Field-dependent MR effects measured at selected temperatures. (c) Comparison of
low-field MR and magnetization behavior at 2 K.
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other hand, if one fits the low-temperature specific heat [see the inset
of Fig. 3(a)], a considerable electron contribution is found, as reflected
by the fitted Sommerfeld coefficient y = 95.4(4) mJ/mol K, suggesting
an itinerant electronic behavior of LCCRO. Therefore, the small
upturn of resistivity on cooling most probably arises from the grain
boundary effects due to the polycrystalline nature. Note that there is
no clear anomaly in the specific heat around T, probably due to the
formation of some short-range spin correlations, which release most
of the magnetic entropy change above Tc. The field-dependent
MR depicted in Fig. 3(b) shows a butterfly like MR feature, indicating
spin-dependent tunneling behavior originating from spin-polarized
conduction electrons through grain boundaries.”’ When the magnetic
hysteresis curves for the low-field MR and magnetization are com-
pared at 2 K as shown in Fig. 3(c), it is observed that the hysteresis field
of MR (6700 Oe) is much larger than that of magnetization (350 Oe).
This behavior is similar to that observed in other half-metallic perov-
skite oxides such as Sr,FeMoOg'° CaCusFe,Re,0p,'" and
NaCu;Fe,0s,0;5,"* indicating a spin-valve-type MR contributed by
the intergrain tunnelling of spin-polarized conduction carriers.””
However, the current LCCRO with a nearly 100% B-site degree of
order exhibits an enhanced low-field MR value (~3.5% at 2K and 1 T)
compared with the isostructural compounds with some antisite occu-
pations like CaCusFe,Re;0p,"" (~1.5% at 10K and 1T) and
NaCu;Fe,0s5,0;,'® (~0.1% at 2K and 1T). This result suggests that
the increase in the B-site degree of order favors the MR behavior and,
therefore, the half-metallic performance.

To further confirm the magnetic ground state as well as the elec-
tronic properties of LCCRO, spin-polarized density functional theory
(DFT) calculations, based on the generalized-gradient approximation
(GGA), taking into account both the electronic correlation effect (U)
and spin-orbit coupling (SOC), have been carried out for four differ-
ent magnetic configurations, ie, Cu*"(1)-Co*"(])-Re>>(]),
Cu"(N-Co™ (|)-Re™ (1), Cu*™(1)-Co” (1)-Re** (1),  and
Cu*™(1)-Co* (1)-Re>> " (]). Detailed parameters can be found in the
supplementary material. The final results of GGA, GGA+U, and
GGA+U+SOC calculations all converge to the observed Cu®'(7)-
Co*"(1)-Re>>"(]) FiM ground state with a total magnetic moment
about 6.0 pp/f.u. Figure 4 presents the spin-resolved density of states
(DOS) and band structures from GGA+U, with a typical choice of the
Coulomb interaction of 5eV for Cu, 4 eV for Co, and 2 eV for Re. The
calculated magnetic moments inside the muffin-tin spheres for Cu,

Up spin Down spin

N

)4

E(eV)
A

402 220 0 X RM T R X RM T R 0 2 40 60
DOS (states/eV) DOS (states/eV)

FIG. 4. Density of states and band structures for up-spin and down-spin electrons
calculated by GGA+U. Total DOS (black curves) and partial DOS of Cu (pink
curves), Co (green curves), Re (navy curves), and O (red curves) are shown.
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Co, and Re are 0.51, 2.64, and —0.69 up, respectively, which are
smaller than the ideal 2S values due to hybridization with O 2p orbitals
and are found to be only slightly changed by SOC. The calculations
also suggest that LCCRO is a half metal with fully spin-polarized con-
duction electrons. We see a large bandgap (about 1.9eV) in the
up(majority)-spin band and only down(minority)-spin bands of
mainly Co 3d and Re 5d (hybridized with O 2p states) cross the Fermi
level. The magnitude of the gap is reduced to about 0.5eV in GGA,
but the qualitative features, namely, the magnetic configuration of the
ground state and its half-metallic property, are unchanged in all of our
calculations.

In summary, an A- and B- site ordered quadruple perovskite
oxide LaCu;Co,Re, 0, was prepared at 9 GPa and 1323 K with space
group Pn-3. The charge distribution was determined to be
LaCu’*3Co*",Re’*,0y, by BVS and XAS methods. The compound
experiences a FiM phase transition around 150 K. Magnetization and
XMCD results indicate a Cu*"(1)-Co*"(1)-Re***(|) FiM coupling,
in agreement with DFT calculations. Electrical transport measure-
ments suggest a spin-valve-type half metallic behavior with an
enhanced low-field MR effect. Theoretical calculations further sup-
port the conclusion that the FIM ground state is half-metallic with
minority-spin bands crossing the Fermi level and a large majority-
spin bandgap being opened. The present work provides a rare B-site
nearly 100% ordered perovskite system with enhanced half-metallic
performance.

See the supplementary material for experimental details, the
relevant structure parameters and valence states (Table SI), and
the orbital and spin moments of Cu?*, Co®", and Re>*" ions
(Table SII).
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