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Superexchange interaction in the A-site ordered perovskite YMn3;Al;O;,
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Crystal structure and magnetic ordering in YMn;Al,O,, are determined by neutron powder diffraction
measurement, indicating that S = 2 spins of the A’-site Mn>" ions are ordered in G-type antiferromagnetic
(AFM) arrangement in the /m3 cubic crystal structure. Using the first-principles electronic structure calculations,
it is found that the AFM spin structure is stabilized by the nearest-neighbour (NN) exchange interaction. The
underlying mechanism of the NN exchange is revealed to be the antiferromagnetic Mn-O-Mn superexchange
interaction from the calculations of electronic transfer integrals.
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I. INTRODUCTION

A-site ordered perovskite oxides A A% B4O; have recently
attracted increasing attention because they exhibit a wide
variety of interesting chemical and physical properties [1].
Magnetism in these materials is of particular interest because
they can contain transition-metal ions both at the A’ and B
sites. The sublattice formed by the A’ sites is a 1/4 depleted
cubic lattice and the oxygen local geometry around each site is
in square-planer Dy, symmetry [2], both showing significant
difference from the conventional geometry of the B site
sublattice.

Let us take YMnO3 and YMn3Al4O;, as examples to illus-
trate the difference between the A’- and the B-site sublattices.
In YMnOs, Mn** ions occupy the B sites. The d* electronic
configuration is Jahn-Teller (JT) active in the Oy, crystal field.
Due to the orbital order caused by the JT distortion, YMnOj3
crystallizes in an orthorhombic Pnma structure (ﬁap X

2a, x +/2a, superstructure where @, is the edge dimension
of ideal cubic perovskite structure) [3]. YMn3Al4O;,, which
has been recently synthesized by Tohyama and coworkers
[4], contains Mn>" ions at the A’ sites and crystallizes in a
cubic Im3 (2a, x 2a, x 2a,) structure as shown in Fig. 1,
where Mn®" in the Dy, local symmetry is no longer JT
active. Because of such geometrical differences, they exhibit
different ordering patterns of the Mn-3d states. In YMnOs,
the distortion and rotation of MnQOg octahedra determines the
ordering of the singly occupied e, orbital states. According
to the Goodenough-Kanamori-Anderson (GKA) rule [5-7],
the orbital ordering suppresses the nearest-neighbor (NN)
exchange interaction but enhances the second-NN exchange
interaction, resulting in the E-type antiferromagnetic (AFM)
spin ordering below 42 K [8,9]. In YMn3Al;O,, on the
other hand, the MnO, plaquettes determine the ordering of
the Mn-3d orbital states. Since the plaquettes have different
orientations as shown in Fig. 1, the ordering pattern is expected
to be much more complex than the YMnO; case. It has
been experimentally confirmed that YMn3Al;O;, undergoes
an AFM transition at 35 K [4], while the ground-state
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spin structure has not been clarified yet. As the origin of
the magnetic exchange interaction, Mn-Mn direct exchange
[4] and Mn-O-O-Mn supersuperexchange [10] have been
suggested by several authors, though it remains controversial.

The present work was conducted aiming to elucidate the
detailed spin structure and the underlying magnetic exchange
interaction in YMn3;Al4O;,. In contrast to the magnetism
with the perovskite B sites that has been extensively and
comprehensively studied for decades, magnetic interactions
between the cations on the perovskite A (or A’) sites still
requires investigation. An understanding of them would also be
necessary for the study of more complex materials containing
magnetic transition metals both at the A" and B sites, such
as CaMn;0;, that shows magnetoelectric coupling [11] and
BiCu3;Mny O, that is magnetoresistive [12]. YMn3Al4Oq; is
particularly suitable for the purpose as it contains nonmagnetic
aluminum at the B site. In the following sections, the detailed
spin structure of YMn3Al,Oy, is determined by a neutron
powder diffraction measurement and the magnetic exchange
interaction is theoretically studied by using first-principles
electronic structure calculations.

II. EXPERIMENT

A polycrystalline sample of YMn3Al; O}, was synthesized
under a high-pressure and high-temperature condition [13].
Powdered Y,03, Mn;03, and Al,O3 were ground in a mortar
and packed into a gold capsule. The mixture was heated
up to 1173 K, held for 1 h at that temperature, and slowly
cooled down to room temperature during the next 5 h, under a
pressure of 9 GPa in a cubic anvil press. The AFM transition
at Ty = 35 K was confirmed by a magnetic susceptibility
measurement, as reported previously [4]. Neutron powder
diffraction experiments on the polycrystalline sample were
performed at the diffractometer D20 (Institut Laue Langevin,
France) in its high-intensity mode, at temperatures between 5
and 300 K, with a neutron wavelength of 2.41 A. The sample
was placed in a vanadium can of 4 mm diameter and mounted
in a standard cryostat. Rietveld refinements of the diffraction
patterns were carried out using the FULLPROF program [14],
which allows simultaneous refinement of the structural and
magnetic parameters.

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.92.014420

TOYODA, SAITO, YAMAUCHI, SHIMAKAWA, AND OGUCHI

FIG. 1. (Color online) Crystal structure of YMn3Al,Oy,.

III. THEORY
A. Electronic structure calculations

The electronic structure of YMn3;Al;O, was calculated
based on the first-principles density functional theory (DFT).
The Vienna ab initio simulation package (VASP) was used
[15-20]. The cut-off energy for the plane wave expansion
was 500 eV. The electronic exchange and correlation was
described within the generalized gradient approximation by
using the functional parameterized by Perdew, Burke, and
Ernzerhof (GGA-PBE) [21]. The GGA+U approach was also
used to take into account the localized nature of the Mn-3d
electrons. The effective on-site Coulomb repulsion is chosen
to be U = 4.5eV from the linear-response estimation for
LaMnOs; [22]. An 8 x 8 x 8 Monkhorst-Pack k-point grid [23]
was used to sample the Brillouin zone. The crystal structure
was fully optimized with respect to the lattice parameters and
internal atomic coordinates until the remaining forces were
less than 1 rneV/A.

A tight-binding model was used to analyze the calculated
electronic structure. To extract the tight-binding parameters,
the maximally localized Wannier functions (MLWFs) for Mn-
d and O-p states were calculated by using the WANNIER90
package [24,25]. A set of N Wannier functions |w, g) specified
by band index n and lattice vector R are defined as the Fourier
transform of N bands of Bloch functions |v,,x) specified by
band index m and wave vector k,

N

\% .
2m)3 /BZ |:Z (k)W ):|€_lk'de’ .
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lw,R) =

where U'*) is a unitary transformation matrix that mixes bands
at the wave vector k. The MLWFs are obtained by minimizing
the spatial spread of the Wannier functions with respect to
U™ The intersite Hamiltonian matrix elements in a basis of
the Wannier functions correspond to the transfer integrals that
are used in the tight-binding model,
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where €, is the eigenvalue of the Bloch state |,z ).
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B. Heisenberg model

The magnetic exchange interactions between the A’-site
spin moments were studied using a Heisenberg-type model
Hamiltonian E = — 3, _. J;e; - e;, where J;; is the exchange
coupling parameters and e; a unit vector pointing to the
direction of the spin moment at site i. The magnitude of
the spins is effectively included in J;;. As we assume that the
magnetic ordering is collinear and the exchange interaction
is isotropic, we can classify spin pairs into each shell of NN
spins, so that the Hamiltonian is rewritten by taking summation
within each shell: £ = — Zl(nl+ —n; )J;, where n;r(_) is the
number of parallel (antiparallel) spin pairs and J; the average
exchange coupling for the /th NN shell. Since YMn3Al;4 O, is
an insulator, the exchange interaction is expected to be of short
range. If the exchange interaction is mediated by B-site Al, the
exchange interaction between the second- and the third-NN
shells may also be strong because they are connected by a
single BOg octahedron (see Fig. 1). Any interaction longer
than the third-NN interaction should be less significant because
it has to be mediated by multiple BOg octahedra. Therefore,
the / summation was taken up to/ = 3,

3
= (nf = n))a, 3)

and longer-range interactions were ignored in this paper.
Since nli is geometrically determined for given lattice and
spin structures, the exchange couplings J; can be estimated
from the DFT total energies that are obtained with constraints
on the spin configurations. In the actual calculations to estimate
the exchange couplings, four different collinear spin structures
were considered. The detailed procedure of the estimation
is described in a previous article [26]. The AFM transition
temperature was calculated as
TDFT-MEA

—(=J1 +2J, — 2J3), 4
3kB( 1+20,—2J3) 4)

within the mean-field approximation (MFA).
IV. RESULTS

Figure 2 shows the temperature evolution of the diffraction
patterns. All the observed reflections from the sample above
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FIG. 2. (Color online) Temperature evolution of the neutron
diffraction patterns of YMn3Al,O; from 5-300 K.
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TABLE 1. Results of the Rietveld refinement of the neutron
powder diffraction (NPD) data for YMn;Al;O,, at 300 and 5 K.
The atom positions are: Y 2a (0, 0, 0), Mn 6b (0, 1/2, 1/2), Al
8c (1/4, 1/4, 1/4), and O 24g (0, y, z). A small amount of Mn
inclusion [7.2(6)%] at the Al 8¢ site was detected by the refinement.
The magnetic moment M at the Mn site was refined using the G-AFM
spin structure for the 5 K data. Corresponding values calculated by
DFT calculations are also shown.
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FIG. 3. (Color online) Rietveld plots of neutron powder diffrac-
tion patterns at (a) 300 K and (b) 5 K. The observed (+), calculated
(solid line) and differences (bottom) patterns are shown. The ticks
indicate the allowed Bragg reflections for nuclear lattice (above),
magnetic (middle, 5 K), and Al,O; impurity (below).

37 K could be indexed with a cubic 7m3 unit cell compatible
with the room temperature crystal structure analyzed with
the synchrotron diffraction data in our previous study [4].
The result of the Rietveld analysis is shown in Fig. 3(a)
and the refined structural parameters, selected bond distances,
and bond angles at 300 K are summarized in Tables I and
I. The rather large values of the refined Bi,, can be due

to the limitation of the observed Q range (Q < 0.32 Ail),
as a result maximizing the neutron flux for the magnetic
structure analysis. About 7% of Mn was detected at the B
site, consistent with the presence of a small amount of Al,O3
impurity. No trace of Al inclusion was detected at the A’
site. The bond valence sums of the A-site Y, A’-site Mn, and
B-site Al are, respectively, 2.97, 2.98, and 2.82, confirming
the Y3+Mn§+Ali+012 charge state and also being in good
agreement with the previous study [4].

On the other hand, new reflections breaking the /-centered
symmetry of the high-temperature structure, such as 1 0 0, 1
11, and 2 1 0, appear below Ty = 35 K. These additional
intensities below 7Ty are well reproduced with a G-type
AFM spin arrangement of the A’-site Mn spins. The result
of fitting the data at 5 K is shown in Fig. 3(b), and the
obtained spin structure is illustrated in the inset of Fig. 3(b).
The refined structural parameters and selected bond distances
and bond angles at 5 K are summarized in Tables I and II.
The rather small Q range described above should not affect

NPD DFT
T=300K T =5K GGA  GGA+U
alA 7.17967(6)  7.17224(6)  7.232 7.249
¥(0) 0.1811(3) 0.1808(3)  0.1800  0.1814
2(0) 0.3025(3) 0.3022(3)  0.3030  0.3020
B (Y)/AS 370 3.9 (1) - -
Bio(Mn)/A°  4.1(1) 4.1 (1) - -
Bio(AD/A° 282 27(1) - -
Bio(0)/A°  8.0(1) 73 (1) - -
M(Mn)/ug - 2.92(2) 3.64 3.88
Rup/% 5.70 6.69 - -
Rou/% 4.53 572 - -
Rinag/% - 14.6 - -

the magnetic structure analysis, since the magnetic Bragg
reflections are observed only in the low- Q region. The refined
magnetic moment of the Mn site at 5 K is 2.92(2)up, and
the temperature dependence is shown in Fig. 4. The value
is rather small compared to 4 up expected for a high spin
Mn** with § = 2. This discrepancy can be partly due to the
covalency of the Mn-O bonds. No anomaly was found in the
temperature dependence of the refined structural parameters,
bond distances, and bond angles over the whole temperature
range, suggesting the absence of any structural phase transition
down to 5 K. The coordination of Mn by O at 5 K is almost
identical to that at 300 K; four long bonds of 1.924(2) A, two
rather long bonds of 2.693(2) A, and two very long bonds of
3.156(2) A, forming a square planar coordination.

TABLE 1I. Selected bond distances and bond angles of
YMn;Al,O4,. The neutron powder diffraction (NPD) data at 300
and 5 K as well as those obtained by DFT calculations in GGA and
GGA + U are shown.

NPD DFT

T =300K T=5K GGA GGA+U
Bond distances/ A
Y-O 2.531(1) 2.526(1) 2.549 2.553
Mn-O 1.924(2) 1.922(2) 1.930 1.947
Mn-O 2.693(2) 2.693(1) 2.718 2.719
Mn-O 3.166(2) 3.153(2) 3.188 3.182
Mn-Mn 3.58984(3) 3.58612(3) 3.616 3.624
Al-O 1.900(2) 1.898(2) 1.916 1.917
Bond angles/degree
Al-O-Al 141.8(1) 141.8(1) 141.29 142.01
Al-O-Mn  108.8(1) 108.8(1) 109.02 108.67
Mn-O-Mn  100.8(1) 100.6(1) 100.80 100.62
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FIG. 4. (Color online) Experimental temperature dependence of
the refined magnetic moment at the Mn site.

The observed stable lattice and spin structures of
YMn3Al,O, were confirmed by the DFT calculations. The
total energy is lower in G-type AFM than in a ferromagnetic
spin structure both within GGA and GGA+U . The optimized
crystal structure has the 7m3 symmetry. The structural param-
eters are summarized in Tables I and II, showing reasonable
agreements with experiments. The calculated magnetic mo-
ment is close to the ideal 4 ug. In the following, only the
GGA+U results are discussed since no qualitative difference
is found between the GGA and GGA+U results. Figure 5(a)
shows the calculated electronic structure. The valence state
consists mainly of Mn-3d and O-2p states. The Mn-3d state
is almost completely spin polarized. The majority-spin Mn-3d
states are occupied and forming a wide band, except for the
3d,>_,> orbital state that is unoccupied and appears as a sharp
peak at 2.8 eV above the valence band maximum (VBM). (The
orbital labels for Mn-d and O-p states are defined according
to the local symmetry of the MnO4 plaquettes [27].) The
empty minority-spin Mn-3d manifold is found around 4-5 eV
above VBM. The density of states (DOS) is consistent with
the observed charge state, i.e., the A’-site Mn ions are in the
trivalent state with high-spin d* electronic configuration.

The estimated magnetic exchange coupling parameters
Ji, Jo, and J3 are shown in Table III. All the interactions
are negative (which favors antiparallel-spin orientations by
definition). Since the magnitude of J; is much larger than
the others, the experimentally observed G-type AFM spin
structure is explained by the almost sole contribution of the
NN interaction. The Néel temperature T°FT "M = 535 K
calculated by Eq. (4) is slightly higher than the experimental
value (35 K), which may be due to MFA and related to the fact
that the magnetic moment is also larger in the calculation.

V. DISCUSSION

Let us now consider the microscopic mechanism behind
the AFM exchange interaction J;. Based on the calculated
Kohn-Sham band structure, the MLWFs were constructed for
the valence (both occupied and unoccupied) Mn-3d and O-2p
states to extract the intersite d-d, p-d, and p- p electron transfer
integrals. Using the tight-binding Hubbard model, AFM direct
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FIG. 5. (Color online) Density of states (DOS) of YMn;Al,01,
calculated in GGA+U (Ug = 4.5 eV). In (a), the total DOS and
Mn partial DOS are shown by the gray and red area, respectively. In
(b) and (c), the orbital-decomposed DOS is shown for Mn-d;>_,2,
Mn-d,,, and O-p, orbitals that are related to Mn-O-Mn AFM
superexchange interaction (see text). The vertical dashed line shows
the center of gravity of the upper Hubbard band, lower Hubbard band,
and the O-p main peak.

exchange coupling energy is given by
; c )
DX = — 75—,
Uaa
where 7 is the transfer integral and U,y the on-site Coulomb
repulsion for d states. The Kramers-Anderson-type superex-
change coupling energy [29] is

J t* < 1 N 1 > ©
sx=—"">5\|—+t|
Aid Aps Uua

where A,; is the p-d charge-transfer integral. In general,
magnetism in transition-metal oxides is explained by superex-
change rather than direct exchange because the 3d electrons are
well localized compared to interatomic distances. However, in
the A-site ordered perovskite structure, there is no oxygen
atom between the NN A’-site cations and thus paths for su-
perexchange are not obviously found. In fact, Li and coworkers

TABLE III. Estimated magnetic exchange coupling parameters
of YMn3Al,04, from DFT calculations with GGA+U..

Shell =1 =2 =3
J; (meV) —2.52 —0.12 —0.59
Ji/(J) -1 —0.046 —0.23
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FIG. 6. (Color online) Absolute values of calculated exchange interaction energies for direct exchange, superexchange, and super-
superexchange based on the tight-binding Hubbard model. Note that the horizontal axis is in logarithmic scale. The transfer integrals were
numerically calculated using the MLWFs. The Hubbard parameters (A ,; = 4.5 eV and J;; = 7.5 V) were taken from the experimental values

for LaMnO; [28].

[10] suggested a possible contribution from the Mn-O-O-Mn
supersuperexchange interaction in YMn3Al4O;, based on their
analysis on the charge densities. Such an extended interaction
involving two mediating anions has been also discussed on
perovskite-type transition-metal oxides in literature, such as
the Co-O-0O-Co interaction in BiCoO5 [30] and Mn-O-O-Mn
interaction in E-type AFM rare-earth manganites [31-33].
Using the same derivation for the conventional superexchange
energy (6), the antiferromagnetic supersuperexchange cou-
pling energy is obtained as the sixth-order perturbation energy

J a ( L ) ™)
ssx =—— | —+—).
X Aid Aps Uga

We used empirical parameters A,; =4.5eV and Uy =
7.5 eV, which are the best fit values to the x-ray photoemission
spectrum for LaMnOj [28]. (We also estimated these values
from our DFT results as schematically shown in Figs. 5(b) and
5(c). The values A,y = 5.12 eV and Uyy = 8.97 €V are close
to the empirical values.) Figure 6 summarizes the several direct
exchange, superexchange, and supersuperexchange interac-
tions. The strongest is (Mn-dy,)-(O-p,)-(Mn-d3,2_,2) superex-
change with Jsx = —2.23 meV. The potentially strongest
(Mn-d,y)-(Mn-ds,>_,2) direct exchange is much weaker than
the superexchange by more than an order of magnitude (Jpx =
—0.07 meV) because the intersite d-d transfer is weaker
than the p-d transfer. The possible (Mn-d,;)-(O-p.)-(O-p,)-
(Mn-d,,) supersuperexchange (|Jssx| < 0.001 meV) is even
weaker because of the high cost of the p-d charge-transfer A 4.
Such an extensive interaction may be important if the value
of A,, is almost negligible. In YMn3Al4O», however, A 4
is not small due to the Dy, crystal field splitting and strong
Mn-O hybridization. All these exchange energies add up to
J™ ~ —4.11 meV. The sum of the strongest superexchange
energies mediated by O-p, orbital, namely, (Mn-d,,)-(O-

Py)-(Mn-ds2_2), (Mdyy)-(O-py)-(Mn-dy.), (Mn-dy,)-(O-
py)-(Mn-d,;), and (Mn-d,,)-(O-p,)-(Mn-dy,), is —3.56 meV,
which accounts for 86.6% of JTB.

We thus conclude that the microscopic origin of the G-type
AFM spin structure in YMn3Al;Oy, is the NN superex-
change interaction. The path of the strongest superexchange
is schematically shown in Fig. 6. It involves two kinds
of transfer integrals: (pdm)-type transfer between Mn-d,,
and O-p, (denoted as f;) and (pdo)-type transfer between
Mn-ds,>_,> and O-p, (t;) with Mn-O distance 1.924 A and
2.693A, respectively. In our numerical results, |¢;| = 0.789 eV
and || = 0.452 eV. (pdo)-type t, becomes weaker than
(pdm)-type t; because of its longer Mn-O distance. This
reflects a characteristic feature of the A’-site sublattice; unlike
the interconnected BOg octahedra, the A’Oy4 plaquettes are
rather isolated from each other. In previous articles [4,10],
the superexchange interaction has been precluded as a possible
mechanism for the magnetism in YMn3Al4O,. The main
reason of the preclusion was because one of the Mn-O bonds
seems to be too long, which is, however, not long enough to
make the hopping (#,) negligible as we found out above.

The same arguments have been made for CaCus;Ge O,
and CaCu3SnyOj;, which are ferromagnets with the same
A-site-ordered perovskite structure as YMn3Al;O1,. The
ferromagnetism arises exclusively from the A’-site Cu** and
is suggested in several previous papers [1,34-36] to take place
due to direct exchange interaction. However, our recent results
of first-principles calculations have shown that the Cu-d states
are well hybridized with the valence O-p states, indicating
that the ferromagnetism should also be explained by the Cu-
O-Cu superexchange mechanism [26]. In YMn3;Al,Oy,, the
superexchange takes place between d,, and d3,2_, states that
have different symmetry when we consider their overlap with
neighboring O-p orbital states (- and o -type, respectively).
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On the other hand, in CaCu3zGe;O1, and CaCuzSnsO,, it
takes place between two neighboring d,2_,» states [26] both
of which have o-type overlap with O-p states. The difference
in the symmetry of those p-d bondings changes the sign of su-
perexchange interaction, as illustrated by the GKA rule [5-7].

Ji is predominantly stronger than J, and J; in
YMn3;Al4O1,, being distinct from the situation in YMnOj3
where J; and J, compete with each other to stabilize the
E-type AFM spin ordering [8,9]. Therefore, we successfully
demonstrate the difference of the electronic states in the Mn*"
ions with respect to the orbital ordering and the corresponding
spin ordering between the cases when they are in the A’- and
the B-site sublattices. This also shows striking difference from
other AFM A-site ordered perovskites, such as CaCu;TisO1,
and LaMn3 V401,. CaCu3Tis Oy, also shows G-type AFM spin
structure [37]. However, the NN interaction J; has been found
to be ferromagnetic for the S = 1/2 spin of the A’-site Cu>*
ions. The ground-state G-type AFM order is actually due to the
third-NN interaction J3 through Cu’*t-O?~-Ti*t-0*~-Cu?*
path [34,38,39]. It is enabled by the strong hybridization of
Ti-3d and O-2p states [26,35], which is not the case with
YMn3;Al;Op, because the energy level of the Al states is
far from the O-2p states. In the case of LaMn3V40O,;, the
A’-site Mn is divalent with high spin S = 5/2 state and the
B-site V has mixed valence 3.75+. The ground-state spin
structure is an unusual noncollinear 60°-spin structure because
J> and J3 compete with J; [40]. As expected from the theory
of superexchange, the magnetic interaction indeed exhibits
drastic change in its sign and magnitude depending on the
electronic configuration of the A’-site cations. Since it also
depends on the distance and the angle of the interaction
path, modulations in the A’-O distance or A’-O-A’ angle
(for example, by applying chemical/physical pressure) may be
exploited to enhance the magnetism. The first- and second-NN
A’-O distances in YMn3Al4015 (dyin-o = 1.924 and 2.693 ;\)
are significantly shorter than those in CaCu3TisO1; (deyo =

PHYSICAL REVIEW B 92, 014420 (2015)

1.971 and 2.780 A) [34] and LaMn3 V4015 (duno = 2.124 and
2.753 A) [41], which should also explain the dominant role of
the A’-O-A’ AFM superexchange interaction in YMn3Al1,015;.

VI. CONCLUSIONS

The neutron powder diffraction study has revealed the
detailed crystal structure and G-type AFM spin ordering
in YMn3Al;O;,. The bond valence sums analysis confirms
the Y>*Mn**AI**O?~ charge state. The crystal and spin
structures have also been confirmed by the DFT calculations.
Our results illustrate that the magnetic exchange couplings J;,
Jo, and J3 in YMn3Al4Oy; are all negative (AFM) and that
Jy is much stronger than the others. Therefore, the G-type
AFM spin ordering in YMn3Al4O; is stabilized almost solely
by the NN AFM exchange interaction. From the MLWF
tight-binding model analysis, the microscopic mechanism
responsible for J; has been attributed to (Mn-d,,)-(O-p,)-
(Mn-dj3,2_,2) superexchange.
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