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We investigated the magnetic properties of the ilmenite-type manganates MgMnO; and ZnMnOj;, both of
which are composed of a honeycomb lattice of magnetic Mn** ions. Both compounds show antiferromagnetic
order with weak ferromagnetic moments. In particular, MgMnOs3 exhibits a magnetization “reversal” behavior
which can be described by the N-type ferrimagnetism in the Néel’s classification. The relationship between
the magnetic properties and the crystal and magnetic structures probed by the neutron diffraction experiments
indicates that the two honeycomb lattice magnets have different J,-J, parameter sets, placing them in the
distinct regions in the phase diagram; both nearest neighbor (NN) and next nearest neighbor (NNN) exchange
interactions are antiferromagnetic in MgMnOj;, while NN and NNN interactions become ferromagnetic and

antiferromagnet, respectively, in ZnMnOj.

DOI: 10.1103/PhysRevMaterials.3.124406

I. INTRODUCTION

Frustrated magnets have attracted much attention for their
ground states and excitations [1-4]. A spin frustration is real-
ized in a characteristic geometrical spin arrangement based on
a regular triangle, such as triangular and kagome lattices. On
the other hand, in square and honeycomb lattice antiferromag-
nets, the nearest neighbor interactions J; do not compete, and
thus they often exhibit a Néel order. Even in these antiferro-
magnets, competition of magnetic interactions can be induced
by next nearest neighbor interactions J,, leading to an exotic
ground state. From this viewpoint, the most interesting system
would be the J;-J, honeycomb lattice magnets. For J,/J; > é
with antiferromagnetic J; and J», it is theoretically predicted
that the ground state is highly degenerate [5], which results in
exotic spin liquids characterized by “ring” or “pancake”-like
structure factors [6]. In addition, exotic multiple-g magnetic
order can occur in the parameter range of % < b/ < %
[7,8]. However, few candidates are regarded as the J,-J, hon-
eycomb lattice model compounds. One candidate is nitrated
bismuth manganate Bi;Mn4O;,(NO3), where competition of
antiferromagnetic J; and J,(~0.1J;) is present [9,10]. This
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compound does not show a long-range magnetic order down
to 0.4 K despite a relatively large Weiss constant of —257 K
[9]. Neutron scattering and muon spin resonance experiments,
respectively, detect the development of short-range order [11]
and spin glass—like anomaly at 6 K [12]. For the honeycomb
lattice magnet with ferromagnetic J; and antiferromagnetic J,
no candidate compound has been found so far.

Antiferromagnets formed by d° ions should be a rich
playground to investigate the frustrated magnetism. This is
because nearest neighbor magnetic couplings J; between d>
ions on edge-sharing M Qg octahedra (M transition metal)
consist of two components: superexchange interactions Jg
and direct exchange interactions Jq. The opposite signs of
Js and Jy result in relatively small J;. On the other hand,
usually next nearest neighbor couplings J, are dominated by
super-superexchanges, which are not so strong. As a result,
a large degeneracy can be induced by comparable J; and J;.
Therefore, searching a magnetic material with a honeycomb
lattice formed by d? ions (for example, Mn** or Cr3*) should
be meaningful to explore exotic magnetic states.

The J,-J, honeycomb magnets have been found in some
ilmenite-type compounds [13—16], whose chemical formula is
given by ABOs. Their crystal structure is shown in Fig. 1. AOg
(BOg) octahedra share their edges forming a two-dimensional
honeycomb layer, and the two layers are alternately stacked to
share faces of octahedra along the c axis with mutual shifting.
The ilmenite-type compounds MgMn**O3; and ZnMn** 03

©2019 American Physical Society
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(b)

FIG. 1. Crystal structure of ilmenite-type structure A%+ B** 05 (a)
viewed along the ¢ axis and (b) perpendicular to the ab plane with
magnetic pathways J; and J, in a honeycomb layer drawn by solid
and broken lines. The VESTA program is used for visualization [17].

have a potential to be good model compounds of J;-J, hon-
eycomb lattice antiferromagnets. Their basic magnetic prop-
erties were reported by Chamberland et al. [15]. However,
detailed magnetic properties, especially those below Ty, and
crystal structures have not been investigated.

We report their magnetic properties, and crystal and mag-
netic structures, and discuss their relationship in terms of the
Ji-J> honeycomb lattice model. Interestingly, a spin model of
ZnMnOs is well described by a J;-J, honeycomb system with
ferromagnetic J; and antiferromagnetic J;.

II. EXPERIMENTAL METHODS

We found that MgMnOs3/ZnMnO; can be synthesized
alternatively via a metathetical reaction between Li;MnOj;
and ZnCl, /MgCl, salts. A precursor material Li,MnO; was
prepared by the conventional solid-state reaction method ac-
cording to the previous report [18]. The obtained precursors
were ground well with an excess of ACl, (A = Mg, Zn) in
an Ar-filled glove box, sealed in an evacuated silica tube, and
then heated at 400 °C for 100 h. The metathesis reaction is
expressed as

Li;MnOj; + xACl, — AMnOs + (x — 1)ACl, 4 2LiCl. (1)

The unreacted starting material ACl, and the byproduct LiCl
were removed by washing the sample with distilled water. The
obtained polycrystalline samples were characterized by pow-
der neutron diffraction using high-resolution powder diffrac-
tometer Echidna. Neutrons with wavelength A = 1.6220 A
were selected by a monochromator using the Ge 335 reflec-
tions for room-temperature scans. In addition, to investigate
magnetic structures, low-temperature scans were performed
by using a wavelength of 2.4395 A monochromated by the
Ge 331 reflections. The temperature was controlled by a top-
loading cryostat between 4 and 60 K. Vanadium cans were
used as a sample container. Rietveld analyses were conducted
by the FULLPROF suite [19].

The temperature dependence of the magnetization of pow-
der samples was measured under several magnetic fields up
to 7 T by using a magnetic property measurement system
(MPMS, Quantum Design) equipped at the LTM Research
Center, Kyoto University. In order to prevent particle re-
orientation by the magnetic field, the powder samples were
tightly compacted in the sample holder. The temperature
dependence of the specific heat of pressed powder samples
was measured by using a conventional relaxation method with
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FIG. 2. Powder neutron diffraction patterns of MgMnO; and
ZnMnOj; at room temperature (plotted by red dots). Total neutron
counts are 4.0(3.9) x 10° for MgMnO; (ZnMnO3). Black vertical
bars indicate positions of Bragg reflections. For ZnMnOj3, the Bragg
reflections from the main and secondary phases are indicated by top
and bottom vertical bars, respectively. Solid black and blue curves
indicate the results of Rietveld analysis and the difference between
observed and calculated data, respectively.

a physical property measurement system (PPMS, Quantum
Design). Magnetization measurements up to about 75 T were
performed using an induction method with a multilayer pulse
magnet at the Ultrahigh Magnetic Field Laboratory of the
Institute for Solid State Physics at the University of Tokyo.

III. RESULTS

A. Crystal structure

Powder neutron diffraction patterns of MgMnO; and
ZnMnOj; are shown in Fig. 2. For both compounds, all the
peaks except for those from impurity peaks can be indexed
by the ilmenite-type structure with the space group of R3.
As shown in Figs. 1(a) and 1(b), Mn ions form a regular
honeycomb lattice in the ilmenite structure. The structures
of MgMnO3; and ZnMnO; were refined by using the Ri-
etveld method as described in the experimental section. For
ZnMnOs3, 11 wt % of LirZn;_sMns . sOg (Fd3m) is detected as
a secondary phase. The details of the refinement parameters
are given in Table I. The bond valence sum calculation for
Mn ions yields +3.91 and +4.09, respectively, for MgMnOj3
and ZnMnO3, which are consistent with the expected valence
of +4.

The bond distances and bond angles strongly affect the
magnitude of the nearest neighbor exchange interactions, as
we discuss later. The nearest neighbor Mn-Mn bond distances
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TABLE I. Crystallographic parameters for MgMnQO; and ZnMnOs (both R3) determined from powder neutron diffraction experiments.
The obtained lattice parameters are a = 4.9430(2), ¢ = 13.7249(5) A and a = 4.9650(3), ¢ = 13.7850(7) A, respectively, for MgMnO; and

ZnMnO;s. B is the atomic displacement parameter.

Site x y z B (A?)

MgMnO;

Mg 6¢ 0 0 0.35998(13) 0.472(29)
Mn 6¢ 0 0 0.15831(17) 0.105(31)
o 18f 0.34879(25) 0.04051(16) 0.08903(6) 0.302(20)
ZnMnO;

Zn 6¢ 0 0 0.36584(19) 0.434(34)
Mn 6¢ 0 0 0.15914(23) 0.126(43)
o 18f 0.32011(35) 0.02838(24) 0.24352(9) 0.266(26)

are 2.8630(4) and 2.8741(5) A, respectively, for MgMnOs3
and ZnMnO;3;. The bond distances are comparable to the
other Mn oxides, such as 2.870(3) A for honeycomb lat-
tice BisMnsO12(NO3) [9], 2.8963(8) A for ordered spinel
Li,ZnMn;0Og [20], and 2.826-2.851 A for maple-leaf lattice
MgMn;057 - 3H,0 [21], all of which consist of edge-sharing
Mn**Og octahedra. On the other hand, the Mn-O-Mn bond
angles, which correspond to exchange path between nearest
neighbor Mn ions (J;), are found as 97.47(5)° for MgMnOs3
and 98.14(6)° for ZnMnOs.

B. Magnetic properties

The temperature dependences of magnetic susceptibility
x for powder samples of MgMnO3; and ZnMnO; are shown
in Fig. 3. As shown in the inset, 1/x has a linear relation-
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FIG. 3. Temperature dependences of magnetic susceptibility x
of powder samples of MgMnO; and ZnMnO; measured under 1 T.
The inverse magnetic susceptibility 1/x is shown in the inset. The
dashed lines indicate the Curie-Weiss fit in the high-temperature
region. The p.r and Oy in the inset indicate the effective mag-
netic moment and the Weiss temperature determined from the fit,
respectively.

ship with T at high temperatures. The Curie-Weiss fitting
with the range between 200 and 300 K yields the effective
paramagnetic moment e = 3.703(16)up with the Weiss
temperature Gy = —43.8(11)K for MgMnOs, and peg =
3.683(5) ug with 6y = 3.96(17)K for ZnMnQOj3. The esti-
mated pegr for both compounds is in good agreement with the
spin-only value of 3.87 ug expected for S = 3/2. In addition,
the estimated Oy is close to those in the previous report [15].
Remarkably, the magnitudes of 6y for both compounds are
considerably different from each other. At low temperatures,
a single peak is observed in y, indicating antiferromagnetic
magnetic order. The magnetic transition temperature Ty is
estimated as 37.9 and 17.4 K, respectively, for MgMnOs and
ZnMnOj; from the peak position.

In Fig. 4, the M/H of ZnMnO3; measured under various
magnetic fields are plotted as a function of 7. At 1 T, M/H
simply decreases below Ty. In contrast, below 0.1 T, M/H
starts to increase above Ty, and saturates below Ty as the
temperature is decreased. In addition, a thermal hysteresis
appears between the zero-field-cooled (ZFC) and field-cooled
(FC) data. With increasing the magnetic field, the increase
of M/H is suppressed. Furthermore, as shown in the inset,

1

M/H (emu mol )
e
()

e
o

=
[

0.0 ] |
0 20 40
I'(K)

FIG. 4. The temperature dependence of the magnetization di-
vided by the magnetic field M/H for a powder sample of ZnMnOj;
measured at several magnetic fields. The inset shows the isothermal
magnetization curve at 2 K.
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FIG. 5. The temperature dependence of the magnetization di-
vided by the magnetic field M/H for a powder sample of MgMnO;
measured at several magnetic fields. The top and bottom panels show
the M/H measured below 1 T, and above 1 T, respectively. The insets
show the enlarged view of the magnetization curve near zero field
measured at 2 and 36 K.

a magnetic hysteresis loop in the M-H curve is observed
at 2 K. These magnetic properties demonstrate the presence
of a weak ferromagnetic moment likely due to a canted
antiferromagnetic order. Due to the presence of magnetic
impurity LipZn; sMn3,50g [22,23], it is difficult to estimate
the magnitude of the weak ferromagnetic moment. However,
the presence of the weak ferromagnetic moment should be
intrinsic since the magnitude of a weak ferromagnetic moment
does not differ so much for three differently prepared samples
(see Supplemental Material [24]).

The M/H of MgMnOs; exhibits different temperature de-
pendence compared with ZnMnOs3, as shown in Fig. 5. The
M/H under FC starts to increase above Ty, and shows a sharp
increase at 7Ty. Then it decreases with decreasing temperature,
and finally reaches negative if the magnetic field is very
small. On the other hand, M/H under ZFC increases again
and remains positive at low temperatures. Note that M/H
under ZFC is larger than that of FC below 30 K, while this
relation is reversed above 30 K. This magnetization “reversal”
is observed only below 0.1 T. Above 1 T, the peak at Ty and
the increase below 30 K are still present, whereas the increase
of M/H becomes smaller. The temperature dependence cannot
be explained by that of a canted antiferromagnet, where M/H

40
HoH (T)

FIG. 6. Magnetization M (top panel) and field derivative of mag-
netization dM/dH (bottom panel) at T = 4.2 K. Hgr and H; indicate
the spin-flop and magnetic saturation fields, respectively.

would just increase and saturate as the temperature is lowered.
The temperature dependence is consistent with that expected
for a very weak N-type ferrimagnet in the Néel’s classifica-
tion [25]. In an N-type ferrimagnet, there are a few mag-
netic sublattices which have sufficiently different temperature
dependence from each other. As a result, the spontaneous
magnetization changes sign with changing temperature. The
presence of a compensation point Tomp, Where ZFC and FC
curves cross, supports the occurrence of an N-type ferrimag-
netic order. Such an unconventional behavior in magnetization
after FC is attributed to freezing of the magnetic domain wall
movement at 7y where the weak-ferromagnetic component is
positive along the external field, while it is negative at low
temperatures. In addition, the magnetization curves both at
2 K (below Tiomp) and 36 K (above Teomp and below Ty)
show very small spontaneous magnetization with hysteresis,
indicating the presence of a ferromagnetic moment as shown
in the upper inset. Note that only one equivalent site of
Mn atoms is present in MgMnQOs. This is in contradiction
with the ferrimagnetic order, which requires more than two
inequivalent sites. The crystal symmetry may be lowered as
we discuss later.

C. High-field magnetization

Figure 6 shows magnetization curves up to 75 T at 4.2 K.
Both curves show anomalies at 7.0 and 2.9 T for powder sam-
ples of MgMnOs and ZnMnOs, respectively. In the dM/dH
curves, the anomalies are observed as small peaks. These
anomalies should correspond to spin-flop transitions, since
both compounds exhibit collinear antiferromagnetic order, as
revealed by neutron diffraction experiments. As the magnetic
field is increased, magnetization curves saturate at 63.0 and
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FIG. 7. (a) Temperature dependence of the heat capacity divided
by temperature C/T for MgMnO; and ZnMnOs. The dashed lines
represent the lattice contribution estimated by fitting the data above
100 K, as described in the text. Temperature dependence of magnetic
heat capacity divided by temperature C,, /T of (b) MgMnO; and
(c) ZnMnOs; under several fields. (d) The magnetic entropy S, of
MgMnO; and ZnMnOs; obtained by integrating C, /T as a function
of temperature.

14.9 T, respectively, for MgMnO3; and ZnMnQOj3. The full
moment is close to 3 ug, as expected for Mn** ions.

D. Thermodynamic properties

The result of heat capacity measurements supports the
presence of the magnetic transition. Figure 7(a) shows the
temperature dependence of the heat capacity divided by tem-
perature C/T for the pressed powder samples of MgMnOj3
and ZnMnOj;. To extract the magnetic contribution to the

heat capacity, the lattice contribution was estimated by fitting
the high-temperature part where the magnetic heat capacity
may be negligible. Provided that they are the sum of Debye-
and Einstein-type heat capacities, Cp and Cg, respectively,
the C/T data above 100 K are fitted to the equation C/T =
3R{aCp/T + (5 — a)Cg/T}, where R is the gas constant and
a is the weight parameter. The best fits are shown by the
dashed line with @ = 1.18(3) and 1.09(4), Debye temperature
Op = 542(8) and 449(6) K, and Einstein temperature 0g =
1274(39) and 1161(54) K, respectively, for MgMnO3; and
ZnMnOs;. The magnetic contribution was obtained by sub-
tracting this lattice contribution from the experimental data.
The temperature dependences of the magnetic heat capacity
divided by the temperature C,,/T are shown in Figs. 7(b)
and 7(c). The Cy/T of both compounds exhibits similar
temperature dependence. The C,,/T exhibits a lambda-type
anomaly at 7Ty, indicating the occurrence of magnetic order.

In addition, at zero field, a shoulder is present at T, = 17
and 7 K for MgMnO3 and ZnMnO3, respectively. Such broad
shoulder suggests that magnetic order is not complete at 7y,
and remaining magnetic entropy is released around 7,. Similar
anomalies have been observed in other frustrated magnets
such as NaCrO, [26], KCu3As,07(OH)3 [27], and RbCr,Fg
[28]. The shoulder at T, can also be due to the same origin,
though details still remain unclear. For ZnMnOs, it is difficult
to determine whether the anomaly at 7, is intrinsic or not,
owing to the presence of magnetic impurities. However, since
sample dependence was again found to be small, we think that
the entropy release at 7, is likely to be intrinsic.

E. Neutron diffraction experiments

In order to clarify the difference of magnetism between
MgMnOj3 and ZnMnOs3, we performed the neutron diffraction
studies. The neutron diffraction pattern of MgMnO3 at 3 and
60 K is shown in Fig. 8(a). While observed peaks at 60 K
are well indexed by nuclear reflections, intensities of some
reflections increase below 7Ty, indicating the occurrence of a
¢q = 0 magnetic order.

On the other hand, in the case of ZnMnOj3, new Bragg
peaks appear below Ty as shown in Fig. 9(a). The neu-
tron diffraction pattern at 40 K shows nuclear reflections
from ZnMnOs;, LiyZn; sMn3,50g [22], and several unin-
dexed peaks at 260 ranges of 76.1°-79.6°, 89.6°-91.0°, and
150°-152°. The unindexed peaks are certainly not from the
ZnMnOj3 nor LiZn; sMn350g, and they are most likely
from unknown impurities. We, hence, exclude these 26 ranges
for the following refinement, and deduced the most prob-
able magnetic structure. Below 17 K, several superlattice
reflections are detected which can be indexed by a magnetic
wave vector of ¢ = (%, %, 0). Parameters determined from the
refinement are summarized in Tables I and II in Supplemental
Material III [24]. Details are discussed later.

IV. DISCUSSION
A. Magnetic interactions

First, we discuss the magnitude of the magnetic interac-
tions in MgMnO3 and ZnMnO;. The Weiss temperature val-
ues of both compounds are very different: —43.8 and 3.96 K
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FIG. 8. (a) Neutron diffraction patterns of MgMnO; measured at
3 K. Red dotted, black solid, and blue solid curves indicate observed,
calculated intensities, and their difference, respectively. Total neutron
counts are 3.6 x 10°. Positions of nuclear and magnetic reflections
for the I'; irreducible representation are indicated by black and
red bars, respectively. The observed intensities at 3 and 60 K are
compared in the inset, together with their difference. Note that the
observed intensities in the inset are shifted for 1000 counts for clarity.
(b) Magnetic structure determined from the Rietveld refinement.
Purple circles and black arrows indicate Mn atoms and magnetic
moments, respectively. The figure is illustrated using the VESTA
program [17]. (c) The magnitude of the magnetic moment estimated
from the refinement and the square root of the integrated intensity
from 1 O 1 reflections AIII({]2 = /o1 (T) — Iip1 (60 K)] plotted as a
function of the temperature.

for MgMnO; and ZnMnOs, respectively. For MgMnOs, the
transition temperature and the saturation field have a similar
energy scale. Thus, competition between J; and J, should
not be so strong. On the other hand, for ZnMnO3, the Weiss
temperature is close to zero, indicating the coexistence of
comparable ferromagnetic and antiferromagnetic interactions.
To confirm these expectations, we roughly estimate the value
of o =J,/|J;| from a ratio between a Weiss temperature
fw and a saturation field uoH;. The Weiss temperature and
the saturation field are derived as a function of J; and J,
from a mean field approximation. Then we take the ratio
—0w/(uoHs) since it only depends on the single param-
eter, o« = J/|J1|. o is estimated as 0.13 (MgMnOs) and
0.44 (ZnMnO3) from —6Ow/(uoHs) of 0.52 and —0.20, re-
spectively. Magnetic interactions to third and further nearest
neighbors are not taken into account since its exchange path
(Mn-O-Mg/Zn-O-Mn) has a long distance. The details are
described in the Supplemental Material [24].

Next, we discuss the consistency of o from the view-
point of the crystal structure. J; should be composed
of two contributions: the ferromagnetic superexchange in-
teractions J, via a Mn*t — 0%~ — Mn** path, and the
antiferromagnetic direct exchange interactions Jq. According

FIG. 9. (a) Neutron diffraction patterns of ZnMnQO; measured
at 3 K. Red dotted, black solid, and blue solid curves indicate
observed, calculated intensities, and their difference, respectively.
Total neutron counts are 3.6 x 103. Positions of nuclear reflections
expected for the main and secondary phases are indicated by top
and middle black bars, respectively. Red solid bars indicate magnetic
reflections expected for the I'; irreducible representation. Asterisks
indicate peaks from unknown impurities. The observed intensities at
3 and 40 K are compared in the inset, together with their difference.
(b) Magnetic structure determined from the Rietveld refinement.
Purple circles and black arrows indicate Mn atoms and magnetic
moments, respectively. (¢) The magnitude of the magnetic moment
estimated from the refinement and the square root of the inte-
grated intensity from —% %2 reflections plotted as a function of
temperature.

to the Kanamori-Goodenough rule, J; is ferromagnetic at the
bond angle close to 90° and becomes antiferromagnetic as the
bond angle increases [29]. On the other hand, J4 should be
antiferromagnetic because of finite overlap between d orbitals
of neighboring magnetic ions [30]. Its magnitude decreases
with increasing bond distance dyymn [31-33]. Since Jy is
dominant for J;, magnetic interactions between two edge-
sharing Mn**Og octahedra can change from antiferromag-
netic to ferromagnetic as the bond distance increases. In
fact, previous electron spin resonance studies of manganese
spinel oxides confirmed that the Mn** — Mn** coupling in
two edge-sharing MnOg octahedra changes from antiferro-
magnetic to ferromagnetic at dyjyvn ~ 2.85—2.87 A [34]. Let
us recall that the nearest neighbor Mn-Mn bond distances
are 2.8630(4) and 2.8741(5) A, respectively, for MgMnOj3
and ZnMnOj;. Based on this distance, J; should be antifer-
romagnetic (ferromagnetic) in MgMnO3s (ZnMnOs). Then,
J> of ZnMnOs; should be antiferromagnetic since the Weiss
temperature is zero. In addition, it is reasonable to assume
that J, of MgMnOj is also antiferromagnetic owing to the
super-superexchange path being similar to that of ZnMnOs.
In summary, bond distances and magnetic properties of
both compounds indicate antiferromagnetic J; and J, for
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MgMnOj; and ferromagnetic J; and antiferromagnetic J, for
ZnMnO3.

B. Magnetic structure

The difference in exchange constants for both compounds
is also supported by the magnetic structures at low tempera-
tures. First, let us discuss the magnetic structure of MgMnOj.
To determine the magnetic structure through the Rietveld
refinement, first, candidates for initial magnetic structures of
MgMnOs; are obtained using magnetic representation theory
[35]. The calculations were carried out using the software
BASIREPS [36]. For MgMnOs;, magnetic representations for
the Mn moments are decomposed using the irreducible rep-
resentations (IRs) of the k group with k = (0, 0, 0), which is
the same as the original space group R-3. The result of the
decomposition is

I'=T1+4+2 4+ T34+ 20y, 2)

and corresponding magnetic basis vectors (BVs) for all the
IRs were obtained. Note that only two Mn ions (z = 0.1608
and 0.8392 at low temperatures) are present in a primitive
rhombohedral lattice, and thus the BVs are categorized by
a relation between the magnetic moments on the two ions.
The BVs for I'y and I'; IRs describe a ferromagnetic order
with ¢ (I'}) and ab-spin components (I';), whereas BVs for
I'; and T'4 describe a staggered Néel order with c- (I'3) and
ab-spin components (I'y). The best fit is achieved using a
single I'; representation as shown in Fig. 8(a). The refined
structure is illustrated in Fig. 8(b). Magnetic moments align
in an antiparallel manner between the nearest neighbors in
a single Mn layer. The layer is stacked along the ¢ axis due
to the translational symmetry of a rhombohedral lattice. The
diffraction patterns measured at other temperatures are also
fitted well by the same model (see Supplemental Material
[24]). The magnitudes of the magnetic moments and the
integrated intensity of 101 reflection are plotted as a function
of a temperature in Fig. 8(c). The magnitude of magnetic
moments at 3 K is estimated as 2.527(18) ug. With increasing
temperatures, the magnitude of magnetic moments decreases
and becomes undetectable at 40 K. The diffraction patterns
at 3, 20, and 32 K exhibit very few differences except for
the magnitude of the magnetic moment, indicating that the
variation of the magnetic structure across 7, should be very
small. In summary, the Rietveld analysis on the neutron
powder diffraction pattern revealed that MgMnOs3 exhibits a
Néel-type antiferromagnetic order.

Note that a ferrimagnetic order supported by the magne-
tization measurements requires additional I'; or I'; compo-
nents. Since the magnetic order should be characterized by a
single irreducible representation below a second-order phase
transition in the framework of the Landau-Lifshitz theory,
this requirement would indicate that the crystal symmetry is
lowered from R3. However, the fit converges very well only
by a single staggered antiferromagnetic component, and the
ferromagnetic component is about three orders of magnitude
smaller than the moment size, as shown in Fig. 9. Thus, the
structural distortion to lower the symmetry, even if it exists,
should be so small that they cannot be detected in our powder
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FIG. 10. Neutron diffraction patterns of MgMnO; and ZnMnO;
after magnetic and nuclear reflections are subtracted. A red solid
curve represents a diffuse scattering expected for a disordered lay-
ered system. A blue dashed curve corresponds to the expected
background. Diffraction patterns measured at 13 and 40 K, and that
of MgMnOs; (3 K) are shifted for clarity.

diffraction experiments. This way, two inequivalent Mn sites
may be induced by the lowered crystal symmetry.

On the other hand, a zigzag antiferromagnetic order is
revealed for ZnMnOj3 from the diffraction pattern shown in
Fig. 9(a). By decomposing reducible magnetic representations
using IRs of the k group with ¢ = (%, %, 0), we found

[ =30 430, 3)

and corresponding BVs representing a striped and zigzag
antiferromagnetic structure for I'y and I'; IRs, respectively.
The small ferromagnetic component indicated by the mag-
netization curve is too small to be detected in the powder
diffraction pattern and good convergence is obtained only by
a fit based on the ', representation. The refined structure is
illustrated in Fig. 9(b). Magnetic moments indicate the same
direction along a zigzag chain along the (110) direction, while
nearest neighbor zigzag spin chains indicate the opposite
direction. The fit yields the moment size of 1.979(25) ug. Its
magnitude is smaller than 3 up expected for § = 3/2, likely
due to disorder of a magnetic structure as described in the
next paragraph. The magnetic moment is tilted from the ¢
axis to the ab plane for 28.3(28)°, and its projected axis on
the ab plane forms an angle of 54.3(27)° from the a axis. With
an increasing temperature, the tilting angle of the magnetic
moments does not change so much, even near T, of 7 K. The
moment size diminishes to zero at 17 K, supporting the 7Ty of
17 K as shown in Fig. 8(c).

We here mention that a broad hump becomes prominent
below Ty, in addition to the sharp Bragg peaks, as shown in
Fig. 10. Although the peak is so broad and asymmetric that the
profile function used for other reflections cannot be applied,
its profile can be reproduced by that of a disordered layered
system [37]. This suggests that the magnetic order includes
stacking faults between some honeycomb layers. The 26 angle
is 16.3°, where —5 10 reflection can appear. For a structure
without the stacking fault, # k O reflections are not allowed
for the I'; IR. This extinction is caused by magnetic moments
between neighboring layers aligned in an antiparallel manner.

124406-7



YUYA HARAGUCHI et al.

PHYSICAL REVIEW MATERIALS 3, 124406 (2019)

On the other hand, if the magnetic moments are randomly
aligned between layers, an asymmetric peak can appear at h k
0 positions. The disorder may not be so strong that such broad
and asymmetric features are not apparent for the other peaks.
The magnetic Bragg peak with the asymmetric profile is also
observed in 3R-delafossite compounds, such as AgzLiMn,Og
[38].

The difference of magnetic structures in MgMnO3 and
ZnMnOQOs3, which is probed by the neutron diffraction study,
is in accordance with the different spin models discussed
in the previous section. The phase diagram of the classical
Ji-J>-J3 honeycomb model is established by mean field
approximation [39,40]. The J;-J>-J3 honeycomb model can
exhibit ferromagnetic order, Néel order, zigzag, and striped
antiferromagnetic order in addition to the incommensurate
spiral order. The Néel order in MgMnOs indicates that anti-
ferromagnetic J; is dominant, which is also consistent with
our rough estimate of « = 0.13 (J; > 0, J> > 0). On the other
hand, the zigzag antiferromagnetic order in ZnMnOj; requires
a ferromagnetic J; and antiferromagnetic J,, together with
weakly antiferromagnetic J3. Our rough estimate of ¢ = 0.44
(J1 < 0, J, > 0) is not in contradiction with this requirement.
Moreover, in the J;-J, honeycomb lattice, it is theoretically
predicted that exotic multiple-g magnetic structures, such as
ripple, melon, and antimelon states, can be realized in the
range of higher J,/J; values [7,8]. Note that in MgMnOs,
both J; and J, are antiferromagnetic, while in ZnMnO3, J;
is ferromagnetic and J, remains antiferromagnetic. Owing
to the sign difference of Jj, and the relation between J; and
the Mn-Mn bond distance, it may be possible to increase
the absolute value of J,/J; in the solid solution system

Mg;_,Zn,MnOs: J; can be tuned from antiferromagnetic to
ferromagnetic with keeping J, antiferromagnetic. We believe
that this approach should result in the occurrence of the
above-mentioned exotic magnetic structures.

V. SUMMARY

‘We have synthesized the frustrated J;-J, honeycomb lattice
magnets MgMnO3; and ZnMnOj3 via a topochemical route and
investigated its crystal/magnetic structure, magnetism, and
thermodynamic properties. Considering the relation between
magnetic properties and crystal structure, it is revealed that
both compounds are well described by a spin model of a frus-
trated Ji-J, honeycomb antiferromagnet, which is strongly
supported by the magnetic structures determined by neutron
diffraction measurement. Particularly, ZnMnOs is the first
realization of a honeycomb lattice magnet with ferromagnetic
Ji and antiferromagnetic J,. This finding suggests that it is
possible to tune J, /J; through the Mn-Mn bond distance in the
ilmenite structure. In this sense, the ilmenite-type honeycomb
lattice antiferromagnets with 4> magnetic ions will provide us
with a unique platform to study frustrated magnetism.
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