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Antiferromagnetic Interaction between A'-Site Mn Spins in A-Site-Ordered
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The A-site-ordered perovskite YMn3Al,O4, was prepared by high-pressure synthesis. Structural analysis with
synchrotron powder X-ray diffraction data and the Mn L-edges X-ray absorption spectrum revealed that the compound
has a chemical composition Y3*Mn®*3AR",02 ™, with magnetic Mn®" at the A’ site and non-magnetic A”** at the B
site. An antiferromagnetic interaction between the A’-site Mn" spins is induced by the nearest neighboring Mn—Mn
direct exchange interaction and causes an antiferromagnetic transition at 34.3 K.

Introduction

Much attention has been paid to A4-site-ordered perov-
skites with a chemical composition of 44’3840, because
they show intriguing physical properties,’ some of which will
be useful for future applications. For example, ACusMn 04,
(A = Ca, La, and Bi) show colossal magnetoresistance at low
magnetic fields,””* and CaCusTi,O,, shows giant permitti-
vity at temperatures around room temperature.’ The 4 and
A’ ions in this structure are located at the A4 site of a simple
ABOj; perovskite, and they are ordered as shown in Figure 1.
The A’ site is usually occupied by Jahn—Teller active ions
such as Cu®" and Mn*". These ions at the originally 12-fold-
coordinated position are stabilized there because the BOg
octahedra are significantly tilted, resulting in 4’0, square-
planar coordination.

When an A-site ordered perovskite contains Cu at the A’
site, those Cu ions play an important role in giving rise to a
wide variety of physical properties. In magnetoresistive
ACusMn4Oy, (A = Ca, La, and Bi), the A’-site Cu spins
couple with the B-site Mn spins antiferromagnetically, lead-
ing to ferrimagnetism with transition temperatures above
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room temperature.z_4 Electronic behavior of ACu3;Ru4051s
metallic with heavy effective mass without f-electrons.®™®
A temperature-induced intersite charge transfer between the
A'-site Cu and the B-site Fe was recently found in LaCus.
Fe 01, (Cu>™ + Fe™37° — Cu®" + Fe*").” When the B site
contains non-magnetic ions, on the other hand, we can
observe A’-A' magnetic interaction. The A’-site Cu—Cu
interaction in CaCu3B401, (B = Ge and Sn) is ferromagnetic
because of the direct exchange interaction between the nearest
neighboring Cu spin, while that in CaCu;Ti4015 is antiferro-
magnetic primarily because of the Cu—O—Ti—O—Cu super-
exchange interaction.'” 12

Since there has been no reports of a compound with 4’-site
Mn ions and B-site non-magnetic ions in contrast to the A’-
site Cu containing compounds, we synthesized Y Mn3;Al1,01,,
which has Mn ions at the 4’ site and non-magnetic AI** ions
at the Bsite. Here we report the magnetic properties of the A’-
site Mn spins and discuss the 4’-A" magnetic interaction.

Experimental Section

YMn3Al,O1, was synthesized under high-pressure and
high temperature. Powdered Y,03, Mn,O3, and Al,O5; were
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Figure 1. Crystal structure of 44’3840, perovskite. 4 and A’-site ions
are ordered at the ratio of 1:3, and B-site ions form a heavily tilted
octahedral network.
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Figure 2. Synchrotron X-ray powder diffraction pattern and the result
of Rietveld refinement for YMn3;Al,0,,. Vertical marks represent the
positions of the Bragg peaks for YMn3;Al,Oy, (upper), Al,O; (middle,
1.64 wt %), and YAIO; (bottom, 0.53 wt %). Also shown at the bottom is
the difference between the observed and calculated intensities.

ground in a mortar and packed into a gold capsule. After the
mixture was heated to 1173 K and held for 1 h at that
temperature and 9 GPa in a multianvil-type high-pressure
apparatus, it was slowly cooled to room temperature during
the next 5 h.

Synchrotron X-ray powder diffraction pattern of the ma-
terial thus prepared was collected with a large Debye—Sche-
rrer camera installed at BLO2B2 in SPring-8. The sample was
packed into a glass capillary 0.1 mm in diameter and was
rotated during the measurement. The obtained diffraction
data was refined by the Rietveld method using the program
RIETAN-2000."* At BL27SU in SPring-8 the X-ray absorp-
tion spectrum (XAS) of the Mn L, ;—edge were also mea-
sured.

Magnetic properties of Y Mn3;Al,O;, were measured using
a commercial SQUID magnetometer (MPMS, Quantum
Design). The temperature dependence of the magnetic sus-
ceptibility was measured in a temperature range of SK < 7' <
300 K at a magnetic field of 1 T, and the field dependence of
the magnetic moments at 5 K was measured under fields
ranging from —10000 to 10000 Oe. The heat capacity in a
temperature range from 2 to 100 K was measured using a
Physical Property Measurement System (PPMS, Quantum
Design).

Results and Discussion

Figure 2 shows the synchrotron X-ray diffraction pattern
of YMn3Al40;, and the results of the Rietveld fitting.
Although peaks due to small amounts of impurities (1.64%
AlL,O; and 0.53% YAIO;) are evident in the diffraction
pattern, the main peaks are well reproduced with a cubic
Im3 AA'3B,0;, perovskite model. In the initial refinement,
some anomaly in the diffraction intensities suggested a cation
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Table 1. Refined Structural Parameters Obtained for YMn3;Al,O1, by Rietveld
Analysis

atom site X y z Ueo(A?)
Y 2a 0.0 0.0 0.0 0.0019(1)
Mn 6b 0.0 0.5 0.5 0.0041(5)
Al 8¢ 0.25 0.25 0.25 0.0025(5)
0 24¢g 0.1809(5) 0.3034(7) 0.0 0.0067(5)
lattice constant (A) 7.1796(2)
Rwp(%) 4.89

Rp(%) 3.43

Table 2. Sclected Bond Lengths, Bond Angles, and Bond Valence Sum Values for
Constituent Cations”

Bond Lengths

Mn—0 (A) 1.918(0) x 4
2.690(4) x 4

. 3.161(4) x 4

Mn—Mn (A) 3.589(8)

Bond Angles
Mn—O—Mn (deg) 101.00(4)
Al-0—Al (deg) 141.48(8)
Bond Valence Sums

Y) 2.92

(Mn) 3.02

(Al) 2.80

“Note that four of the twelve Mn—O bond distances are extremely
short relative to the others, suggesting that the Mn ion at the A’ site is
coordinated by four O*~ ions.

substitution. Incorporation of Mn ions into the B site was
thus included in the final refinement (4.76% of the B sites).
No anomaly was seen in the oxygen occupation. The struc-
tural parameters obtained from the analysis are listed in
Table 1. Selected bond-lengths and angles are also listed in
Table 2 along with the bond valence sum (BVS)'* values
calculated from the obtained bond lengths. Four of the
twelve Mn—O bond lengths were quite short compared to
the other eight bonds, which confirms that the Mn ions are
coordinated by four O ions making the MnQO, square units at
the A’ site. The BVS values for the 4-site Y, A’-site Mn, and
B-site Al were respectively +2.92, +3.02, and +2.80, strongly
suggesting that each cation has oxidation state of 43. Con-
sequently, the compound should be represented as
Y3+Mn3+3A13+402712.

The X-ray absorption spectrum (XAS) of the Mn L, -
edges for YMn3Al1401, is shown in Figure 3, together with the
previously reported XAS spectra for the Mn L, 3-edges of
LaMn;Ti4,O;, and LaMn;Cr,0,,."° The spectral shape of
YMn;ALO,, is quite similar to that of La**Mn?>*5Cr**,0,,
with Mn*" at the A’ site but is very different from that of
La**Mn"%*3Ti**,0,,, where the ionic state of Mn at the A’
site is less than +2. Especially the Mn-L absorption edge
energies of YMn3;Al4O,, are higher than those of LaMnj.
Ti4O;,. This chemical shift also confirms that the ionic state
of Mn in YMn3Al,Oy, is very close to +3.

Since the results of the structure analysis and the chemical
shift in the XAS spectrum clearly indicate that our YMn;A-
140> contains magnetic Mn®" at the A4’ site and non-
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Figure 3. X-ray absorption spectra of Mn L, ;-edges of LaMn;Ti4O,,
(upper), LaMn;Cr4O1, (middle), and YMn3;Al4O;, (bottom).
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Figure 4. Temperature dependence of the magnetic susceptibility of
YMn3Al40;> measured in a 1 T external field. The inset shows the field
dependence of the magnetic moment measured at 5 K.

magnetic AI’" at the B site, it should be interesting to
investigate the magnetic interaction between the A’-site
Mn*" ions. The temperature dependence of the magnetic
susceptibility measured in a magnetic field of 1 T is shown for
YMn;Al,04, in Figure 4 (a y-T graph). The field dependence
of the magnetic moment measured at 5 K (an M-H graph) is
shown in the inset. Near 35 K in the y-7 graph there is a peak
indicating an antiferromagnetic transition. Neither a hyster-
esis loop nor a large induced magnetic moment was observed
in the M-H measurement. As shown in Figure 5, the heat
capacity of this compound also shows a A-type transition at
34.3 K. Above the transition temperature, the magnetic
susceptibility obeys the Curie—Weiss law. Fitting the ob-
served data to a Curie—Weiss formula, y = C/(T — 0), gave a
Curie constant of 9.62 emu/mol/K and a Weiss temperature
of —129 K. The negative Weiss temperature is consistent with
the antiferromagnetic property. The effective magnetic mo-
ment obtained from the Curie constant was 5.06 ug/Mn,
which is close to the 4.90 ug expected for a high-spin state of
Mn*" (S = 2). We can thus conclude from the above
measurements that YMn3Al4O;, is an antiferromagnet with
high-spin Mn®" ions at the 4’ site. The small amount of Mn
ions at the B site had no significant effect on the measured
magnetic susceptibility.

The electronic structure of YMn3;Al4O4, was calculated by
full-potential linearized augmented plane wave (FLAPW)
first principle calculations with the WIEN-2k code'® within
the generalized gradient approximation exchange-correla-
tion function to investigate the magnetic interaction between
the Mn spins in detail. The structural parameters obtained
from the above structural refinements were used for these
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Figure 5. Heat capacity, Cp,, of YMn3;Al,O».
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Figure 6. Calculated up-spin density of states (DOS) of YMn;ALOy,.
Because the compound is an antiferromagnet, the down-spin DOS is the
same as the up-spin DOS. The partial DOS for each constituent atom is
also shown. The inset shows a schematic drawing of orbitals of 4’-site Mn
ions in the MnQOy square units.

calculations. The FLAPW sphere radii used for Y, Mn, Al,
and O were respectively 2.4, 2.0, 1.8, and 1.6 au. Electronic
structures for ferromagnetic and antiferromagnetic arrange-
ments of Mn*" spins were calculated with the Pm3 structural
model. The calculation confirmed that the antiferromagnetic
state is 207.5 meV more stable than the ferromagnetic one,
which is consistent with the experimental results of the
magnetic measurements. Figure 6 shows the calculated den-
sity of states of the antiferromagnetic YMn3Al,O,. The
obtained energy gap was about 2 eV, which is consistent
with the insulating behavior of the brown-colored sample.
Note that the bands near the Fermi energy are due largely to
the Mn-3d and O-2p orbitals and that contributions to
these bands from Y or Al orbitals are negligible. This implies
that the Al orbitals do not hybridize with Mn-3d or O-2p
orbitals near the Fermi energy and that they do not con-
tribute to the magnetic interactions between the Mn>" spins.
This differs markedly from the antiferromagnetism in
CaCu;TigO;», where the orbital hybridization of the
non-magnetic Ti*" ions at the B site mediates the antiferro-
magnetic interaction between the Cu®" spins through
Cu—O—-Ti—O—Cu paths. Mn—O—Mn superexchange
interaction does not seem to be responsible for the antiferro-
magnetism of YMn3Al,O,, because one of the Mn—O bond
lengths (2.69 A) in the Mn—O—Mn paths is too long to
mediate such interaction and because the Mn—O—Mn bond
angle (101°) is far from the 180° expected to induce anti-
ferromagnetic interaction according to the Kanamori—
Goodenough rule. Instead, Mn—Mn direct exchange inter-
action appears to play a major role in the antiferromagnet-
ism of YMn3;Al,04, not unlike the major role for Cu—Cu
direct exchange interaction in the ferromagnetism of
CaCu3Sn405. In YMn3Al,O half-filled d.. and d,, orbitals
of the nearest neighboring Mn ions are directed toward each
other (inset of Figure 6). Thus the overlap of those orbitals
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can produce antiferromagnetic direct exchange interaction
between the Mn spins.

Conclusions

YMn;Al4,04, was synthesized at 9 GPa and 1173 K using a
multianvil-type high-pressure apparatus. Bond valence sum
calculations using the synchrotron X-ray powder diffraction
data and the results of X-ray absorption spectroscopy mea-
surement revealed that the oxidation state of each constituent
cation was +3. Consequently, the compound has an ionic
composition Y**Mn*"3APT,0" |, with magnetic Mn*>" at
the A’ site and non-magnetic AI*" at the B site. Magnetic
measurements revealed that the A'-site Mn*" ions are in a
high-spin state and that they align antiferromagnetically at
Tn = 34.3 K. Electronic structure calculations further
revealed that the Al orbitals do not contribute to the magnetic
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interaction between the Mn®" spins. The antiferromagnetic
interaction in this material is attributed to the nearest
Mn—Mn direct exchange interaction.
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