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Direct observation of the ferrimagnetic coupling of A-site Cu and B-site Fe spins in
charge-disproportionated CaCu;Fe; O,
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The magnetic coupling between Fe and Cu moments in the charge-disproportionated CaCusFe, O, is studied
by neutron powder diffraction, x-ray absorption, and magnetic circular dichroism measurements. The magnetic
moments of the B-site Fe are coupled antiferromagnetically with those of the A’-site Cu, and the Fe3* and Fe>*
spins at the B site align ferromagnetically. The orbital contribution of the magnetic moment for Fe is significant
and appears to stabilize the ferrimagnetic structure of charge-disproportionated CaCuz;Fe O,,.

DOI: 10.1103/PhysRevB.84.094418

I. INTRODUCTION

A-site ordered perovskite oxides, A’A3;B4O;,, contain
transition-metal ions at both A" and B sites, in square planar
and octahedral coordination by oxygen ions, respectively.
When the A’- and B-site ions are magnetic species, A’-A’
and A’-B magnetic interactions are observed in addition to
the B-B interaction seen in many ABOs perovskite oxides.!
For example, A’ (Cu?*)-A’ (Cu?*) ferromagnetic interactions
are observed in CaCu3SnsO1, and CaCuzGesOj,, whereas A’
(Cu?h)-A’ (Cu?h) antiferromagnetic interactions are observed
in CaCu3TisO1,.2* In CaCusMnysOy, on the other hand,
A’-site Cu’* spins couple with B-site Mn** spins antifer-
romagnetically, leading to a ferrimagnetic state below the
transition temperature at approximately room temperature.’
Even for LaCu3Mn4O; and BiCusMn,4 O, A’-site Cu?* spins
antiferromagnetically couple with magnetic spins of the mixed
valence Mn*7°* % Thus, A-site ordered perovskite oxides with
magnetic species at both A’ and B sites provide opportu-
nities to study a wide variety of magnetic ground states in
oxides.

CaCuzFe O, (CCFO) is a newly synthesized compound
with the magnetic Cu and Fe ions at A" and B sites, respec-
tively. Although CaCu®*;Fe**,0,, is paramagnetic at room
temperature, it shows charge disproportionation (CD) of B-site
Fe ions, that is, 2Fe*t — Fe?t + Fet, at Tep = 210 K, and
a large magnetization was observed below the CD transition
temperature.” The observed magnetic properties of CCFO are
quite different from those of the simple perovskite CaFeOs3,
in which the charge-disproportionated Fe spins produced a
complicated helicoidal antiferromagnetic spin structure.” The
magnetic structure of CCFO was tentatively assumed to be
ferrimagnetic by analogy with that of CaCu3;Mn4O),; however,
the magnetic coupling between the Cu and Fe ions in CCFO
has not yet been clarified in detail.

In this paper, we report the magnetic structure and the mag-
netic coupling of Cu and Fe spins in CCFO from the analysis
of neutron powder diffraction (NPD), the x-ray-absorption
spectroscopy (XAS), and magnetic circular dichroism (MCD)
measurements. We also discuss the contribution of the orbital
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magnetic moment in stabilizing the ferrimagnetic structure of
charge-disproportionated CCFO.

II. EXPERIMENTAL PROCEDURES

A ~300 mg powder sample of CCFO was synthesized under
ahigh-pressure and high-temperature condition, and the details
of the sample synthesis were described in Ref. 7. The obtained
sample was confirmed to be single phase by x-ray diffraction.

Time-of-flight NPD data from a polycrystalline sample
were collected on the PEARL instrument at the ISIS facility
in the United Kingdom. The diffraction data at 300 and
120 K, which are respectively above and below T¢p, were
collected by a detector bank covering the scattering angle
range 83 < 20 < 97° giving a d-spacing range of ~0.5-4.1 A.
The crystal and magnetic structures were analyzed from the
diffraction data with the Rietveld method using the General
Structure Analysis System software package.®’

The XAS and MCD for Cu L3 », Fe L3 5, and O K edges for
the disproportionated CCFO were measured at 9 K by a total
electron yield method at BL25SU of SPring-8 in Japan. The
energy resolution E/AE at the Cu L3, and Fe L3, edges was
greater than 5000. The incident photon energy was calibrated
by measuring the energies of the Ti L3, edges of TiO, and the
Ni L3, edges of NiO. A powder sample was pasted uniformly
on a sample holder by using carbon tape. The spectra were
obtained using parallel (/) and antiparallel (1 _) photon spins
along the magnetization direction of the sample, to which a
static magnetic field of 1.9 T was applied. The MCD intensity
was defined by the difference between the two absorption
spectra (Iyjep = 1- — 14).

III. RESULTS AND DISCUSSION

The neutron-diffraction peaks of CCFO observed at 300 K
were indexed with the /m-3 (No. 204) space group with the
lattice parameter a = 7.29667(6) A, and the atom positions
were refined to be Ca 2a (0, 0,0),Cu6b (0, 1/2,1/2), Fe 8¢ (1/4,
1/4,1/4),and O 24g [0.3070(1), 0.1760(2), 0]. A satisfactory fit
with the residuals R,,, = 4.10% and x2 = 2.76 was achieved,
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and the refined structural parameters were essentially the same
as those reported previously.” Thus, the result confirmed that
the material was crystallized with the A-site ordered perovskite
with the charge composition of CaCu®*3Fe**,0,.

The diffraction data at 120 K (<7¢p) contain additional
peaks that evidence the charge-disproportionated state of
CCFO with the Pn-3 (No. 201) space group with the cubic
lattice parameter a = 7.26627(9) A. The atom positions Ca
2a (1/2, 1/2, 1/2), Cu 6d (1/2, 0, 0), Fel 4b (1/4, 1/4, 1/4),
Fe2 4c (3/4, 3/4, 3/4), and O 24k [0.5036(9), 0.1939(2),
0.3223(2)] obtained from the refinement produced two distinct
Fe-O distances, 1.959(7) and 1.910(7) A. The bond valence
sum calculations gave Fe ionic states of +3.42 and +4.13 for
Fel(Fe’*t) and Fe2(Fe>*), respectively, although the apparent
charge difference is less than expected for the ideal charge
states, as is observed in most charge-ordered oxides. !0

Magnetic contributions to some of the neutron-diffraction
peaks are clearly seen at 120 K, as shown in Fig. 1. The
magnetic diffraction peaks coincide with the nuclear ones,
showing that no magnetic superstructure is present. Rietveld
analysis of the magnetic structure achieved the fitting residuals
Ryp = 5.01% and x2 = 1.82. The refined (z-axis) magnetic
moments at the Fel(Fe3t), Fe2(Fe3t), and Cu sites were
3.3(2), 1.9(2), and —0.6(1) up, respectively, showing that
the refined moment at the square-planar-coordinated 64 Cu

(@)

Intensity (arb. unit)

1.0 2.0
d-spacing (A)

FIG. 1. (Color) Observed (+), calculated (solid line), and dif-
ference (bottom) NPD Rietveld profiles for CaCus;Fe,O;, at 120 K,
where the bottom and top index markers correspond to the reflections
of crystal and magnetic structures, respectively. The representative
Bragg peaks of pressure calibrant Pb, instrumental tungsten carbide
(WC) and Ni, and the magnetic reflections 200, 220, and 222
of CaCusFe, 04, are also labeled in the figure. The representative
magnetic peaks 200 and 222 are respectively shown in (b) and
(c), where the break line with shaded area indicates the nuclear
reflection and the solid line corresponds to the reflection with
magnetic contribution. NPD data at 120 K were obtained with a
Paris-Edinburgh cell, with which a high-pressure environment can
be applied. A pressure transmission medium of a methanol/ethanol
mixture and a pressure calibrant Pb pellet were sealed into the gasket
with the sample. The data were collected without cell pressurization
for 8 h. The results of the high-pressure study of CCFO will be
reported elsewhere.
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FIG. 2. (Color) XAS and MCD spectra at Fe L3, edges for
CaCu3Fe 04, at T =9 K. Red (/) and green (/ _) circles show the
XAS spectra measured with external field 1.9 T applied parallel and
antiparallel to the light propagation axis. The bottom line represents
the MCD intensity Iycp. The arbitrary unit of intensity in the XAS
spectrum was set to unity at 737 eV.

site is antiparallel to the B-site Fe’* and Fe>* spins. The three
moments are reduced to 60—66% of their ideal values, showing
that the metal-oxygen bonds are strongly covalent. Spin
canting models with M, and M, components at the Fe sites
were also examined, but no convincing result was obtained.
The total moment can thus be calculated to be ~8.6 g, which
is in a good agreement with the previously reported saturated
magnetization moment of ~8.3 wp at 100 K.

The result is consistent with a ferrimagnetic structure
model, which we assumed tentatively in our previous paper.’
Because the magnetic ordering occurred at the CD transition
temperature as confirmed by Mossbauser and magnetic mea-
surements, the ferrimagnetic structure is stabilized with the
CD electronic state.

Figure 2 shows the I, and I_ XAS spectra at the
Fe L3, edges. Although the two Fe sites, i.e., charge-
disproportionated Fe** and Fe’*, were distinguished in the
neutron structure analysis, the corresponding two components
in the spectra were not evident. Because the 3d levels in Fe
are very close to the 2p levels in oxygen so that the electronic
structures of Fe** and Fe’* may be considered as 3d> and
3d°L? (where Lisali gand hole), respectively, the XAS spectra
for Fe3* and Fe>* should be quite similar. Thus, the observed
spectra represent the average electronic structure for Fe3* and
Fe’*. The spectral shape is very similar to that observed in
SrFe;_Mn, 03 (0 < x < 1) with charge-disproportionated
states.!!'"!* The MCD intensities at the Fe L edge (~710eV)
are negative, whereas those at the Fe L, edge (~723 eV) are
positive. The 7, and 7_ XAS spectra at the L3, edges are
also shown in Fig. 3. This spectral shape is similar to that
of BiCu3Mn40, containing typical divalent Cu ions.'> The
MCD intensities at the Cu L3 edge (~931.5 eV) are positive,
while those at the Cu L, edge (~951.3 eV) are negative.

The result that the signs of the MCD intensities at the
L3 and L, edges between Fe and Cu are opposite indicates
that the magnetic coupling between the Fe and Cu spins is
antiferromagnetic. The MCD results are consistent with the
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FIG. 3. (Color) XAS and MCD spectra at Cu L3, edges for
CaCu;Fe O, at T =9 K. Red (/1) and green (I _) circles show the
XAS spectra measured with external field 1.9 T applied parallel and
antiparallel to the light propagation axis. The bottom line represents
the MCD intensity /ycp. The arbitrary unit of intensity in the XAS
spectrum was set to unity at 965 eV.

magnetic structure obtained from neutron analysis, in which
the magnetic moments of Fe and Cu align antiferromagneti-
cally. We can thus conclude that the charge-disproportionated
CCFO is a ferrimagnet as previously assumed.” All the
results of the NPD and MCD experiments indicate that the
antiferromagnetic coupling between the A’-site Cu and B-site
Fe spins is dominant in charge-disproportionated CCFO and
that the B-site Fe3* and Fe>* spins align ferromagnetically as
do the A’-site Cu spins. This is in sharp contrast to the magnetic
interaction seen in CaFeOs, where B-site antiferromagnetic
interaction is dominant, producing the helicoidal antifer-
romagnetic spin structure in the charge-disproportionated
state.

Figure 4 shows the XAS spectrum [(/_ + 1.)/2] at the
O K edge, which originates from an excitation of electrons
from the O ls state to the unoccupied O 2p states in the
conduction band. Since the empty O 2p states hybridize with
the 3d and 4sp states of cations in oxides, the observed O-XAS
spectrum reflects the features of the electronic structures of
the constituent transition-metal ions.'® The spectrum from
527 to 530 eV mainly represents the nature of the Fe 3d
bands, while that at approximately 532 eV shows the nature
of the Cu 3d bands (the upper Hubbard band). The absorption
spectrum at approximately 540-545 eV reflects the characters
of the Cu 4sp and Fe 4sp bands.>'*!6 In the MCD spectrum,
also shown in Fig. 4, it is notable that negative signals are
clearly observed around the Fe 3d region but are not so
evident for the Cu 3d region. As seen in La;_,Sr,MnO3,s,"”
the negative MCD signal at the O K edge with
intensity of a few percent of the XAS suggests the contribution
of a direct transfer from the 3d orbital magnetic moment
of a transition metal to the O 2p states. Thus, the result of
the O K-edge MCD indicates that Fe 3d orbital magnetic
moments contributed to the magnetic properties of the ferrim-
agnetic CCFO.

We quantitatively analyze the orbital magnetic moment
of Fe and Cu ions in CCFO by using the magneto-optical
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FIG. 4. (Color) XAS and MCD spectra at O K edges for
CaCusFe Oy, at T = 9 K. Red circles show the XAS spectrum
Ixas [= (I- + 14)/2] measured with external field 1.9 T applied
parallel and antiparallel to the light propagation axis. The bottom line
represents the MCD intensity /ycp. The arbitrary unit of intensity in
the XAS spectrum was set to unity at 552 eV.

sum rules.'®!” The total magnetic moment (M) con-
sists of orbital (M) and spin (Mg,in) parts, and they are
expressed as

Mo — Ay (It M
orb 3 WL3 n WLZ ’
Iy, —21I
Mspin = —np (ﬁ)v ()
3 2

where I and W represent the spectral weights of the MCD
and XAS intensities, respectively, and n;, is the number of
holes in the 3d state. The boundaries between the L3 and
L, edges of the Fe and Cu spectra are set to 719.3 and
946.5 eV, respectively. Because the sample is a polycrystal
and the Fe and Cu ions in CCFO are located at the high-
symmetry Oy, and Dy, sites, respectively, the magnetic dipole
matrix operator is zero and thus the M, is simplified as
in Eq. (2). From an ab initio band calculation with the
local spin-density approximation, n; for Fe-3d and Cu-3d
were estimated to be 3.75 and 0.7, respectively.!! With
these values, we can obtain Mgy, = 3.49 £0.01pp, Mo, =
—0.07 £0.01up, and thus My = 3.41 £0.02up per Fe
ion and Mg, = —0.52 +£0.01pp, Mo, = —0.02 £ 0.01 13,
and Mol = —0.54 £0.02up per Cu ion. The orbital
part of the magnetic moment for Fe is significant, con-
sistent with the observation of the O K-edge MCD
spectrum.

In a simple perovskite, StFeQs, with high-valence Fe**
ions, no orbital magnetic contribution of Fe 3d was observed
in the XAS-MCD spectra.'? Considering that SrFeO; shows
a complicated helical magnetic structure, the orbital magnetic
moments of Fe ions in the present CCFO appear to play an
important role in stabilizing the ferrimagnetic structure in the
CD state.
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IV. CONCLUSION

We have investigated the magnetic structure of the re-
cently discovered A-site ordered perovskite CaCusFe O,
and confirmed the magnetic coupling between A’-site Cu
and B-site Fe spins. Analysis of the NPD data taken at
120 K, where the material showed charge disproportionation,
reveals a ferrimagnetic spin structure with refined magnetic
moments of —0.6(1) wp for the A-site Cu and 3.3(2) and
1.9(2) . for the B-site Fe>* and Fe’*, respectively. From the
XAS measurements around the Fe-L3, and Cu-L3, edges,
MCD signals were clearly observed, and the sign of signals
for Fe was opposite to that for Cu, also confirming the
antiferromagnetic coupling between the Fe and Cu spins.
Applying the sum rules to the spectra, the orbital and spin
magnetic moments were obtained to be My, = 3.49 up
and M= —0.07 up for Fe and Mg,,= —0.52 pp and
Mayw= —0.02 pp for Cu. The orbital magnetic contribution
to the magnetic moment of Fe is significant and may
play an important role in stabilizing the A’-B antiferromag-
netic interaction in the charge-disproportionated ferrimagnet
CaCu3Fe4O]2.
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