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Abstract

The crystal structure and magnetic properties of 6H-perovskites Ba;MSb,0q
(M = Mn, Co, and Ni) were investigated. The M = Co and Ni compounds have
a hexagonal structure with space group P6;/mmc, while the Mn compound
has a monoclinically distorted structure with space group C2/c. From the
results of magnetic susceptibility and specific heat measurements, it was found
that they show an antiferromagnetic transition at 10.0 K (for M =Mn), 3.8 K
(Co) and 13.5K (Ni), and the onset of the magnetic transition was observed
much above Ty. The powder neutron diffraction measurements for Mn and Co
compounds were carried out, and their magnetic structures were determined.
Both compounds adopt the non-collinear 120° structure in the ab-plane. These
magnetic properties show the existence of a geometric magnetic frustration
derived from the triangular array of magnetic M ions in the ab-plane.

1. Introduction

Geometrically frustrated magnetic materials have attracted a great deal of interest [1, 2]. Most
of these systems have a lattice based on a triangular or tetrahedral array of magnetic ions.
When there exists an antiferromagnetic interaction between the nearest neighbour ions in such
a magnetic lattice, the collinear spin arrangements are no longer in a ground state because it
is impossible to satisfy all pairs of nearest neighbours at the same time. Thus, the system is
magnetically frustrated. Furthermore, the difference in linkage of such triangles or tetrahedra
(edge, corner, and face-sharing) makes the ground state properties very complicated. The
two-dimensional triangular lattice consisting of edge-sharing triangles is the simplest example
of geometrically frustrated systems; however, they have attracted a great deal of interest since
they show anomalous magnetic properties [3] and have the possibility of a resonant valence
bond state as proposed by Anderson [4].

We focused our attention on the magnetic properties of 6H-perovskite-type oxides
Ba;MM’,04. Their crystal structures can be represented as a framework consisting of the
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corner-sharing MO octahedron and the face-sharing M’,0, bi-octahedra. The M ions typically
occupy the 2a Wyckoff site of space group P6;/mmc, and this site forms the triangular lattice in
the ab-plane. Hence, if the M ion is magnetic and the M’ ion is non-magnetic, they can be seen
as a pseudo-two-dimensional triangular magnet, i.e., the layers of magnetic triangular lattice
are magnetically separated by the non-magnetic layer containing M’,04. The 6H-perovskites
Ba;M?TSb3*+,0, fulfil such a condition. These compounds were first synthesized by Blasse
[5]. After that, their structural studies were performed [6—11]. It is found that there exist two
structural models with different cation ordering in the octahedral sites: (I) MOg + Sb,0O, for
M =Mg, Mn, Co, Ni, and Zn [8-11] and (IT) SbO4+ ordered MSbO, for M = Ni (prepared
at high pressures) [10] and Cu [6, 7, 9]. On the other hand, their magnetic properties were
unknown except for the magnetic susceptibility of Ba;CoSb,0q4 [11, 12], and evidence for
long-range magnetic ordering has not been found to date.

In this paper, we will report the magnetic properties of Ba;MSb,0y (M =Mn, Co, and
Ni) which adopts the cation arrangement of model (I). In order to elucidate their magnetic
properties and check the possibility of the existence of the geometrical frustration, we have
performed magnetic susceptibility, specific heat, and neutron diffraction measurements. The
specific heat for non-magnetic Ba;ZnSb,04 has also been measured to estimate the magnetic
entropy change derived from the magnetic ordering of M ions.

2. Experimental setup

2.1. Sample preparation

Polycrystalline samples of BasMSb,0y (M =Mn, Co, Ni, and Zn) were synthesized by the
conventional solid-state reaction. As starting materials, BaCO3;, MnO,, CoO, NiO, and ZnO
were used. Stoichiometric amounts of them were mixed in an agate mortar. The mixtures were
pressed into pellets and then fired in air at 900 °C for 12 h, 1000 °C for 24 h, and 1100 °C for
60 h with several intermediate grindings and pelleting. After that, they were fired at 1100 °C
for 24 h (for M = Co) or 1200 °C for 24 h (for M = Mn, Ni and Zn).

2.2. X-ray and neutron diffraction measurements

The x-ray diffraction measurements (XRD) were performed at room temperature in the range
10° <20 < 120° using a 26 step size of 0.02° with Cu-K, radiation on a Rigaku MultiFlex
diffractometer. A small amount (<1%) of impurity phase BaSb,0¢ [13] was detected in
the x-ray diffraction pattern for all the compounds. For Ba;MnSb,0,, the temperature
dependence of the XRD patterns was measured between 50 and 250K using a Rigaku
RINT2200 diffractometer. The sample was cooled by a variable temperature cryostat system,
CryoMini (Iwatani Industrial Gases Co.).

Powder neutron diffraction profiles were measured for Ba;CoSb,0q (at 2.3 and 10 K) and
Ba;MnSb,0y (at 2.3 and 20 K) in the range 3° < 26 < 153° atintervals of 0.1° with a wavelength
of 1.82035 A. Measurements were performed by the Kinken powder diffractometer for high-
efficiency and high-resolution measurements, HERMES, of the Institute for Materials Research
(IMR), Tohoku University [14], installed at the JRR-3M Reactor in the Japan Atomic Research
Institute (JAERI), Tokai. The x-ray and neutron diffraction data were analysed by the Rietveld
technique, using the programs RIETAN2000 [15] (for crystal structure) and FULLPROF [16]
(for magnetic structure).
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Figure 1. Schematic crystal structure for 6H-perovskite-type oxides Ba;MSb,0O9 (M = Mn, Co,
Ni, and Zn).

2.3. Magnetic and thermal measurements

The temperature dependence of the magnetic susceptibilities was measured under both zero-
field-cooled (ZFC) and field-cooled (FC) conditions in an applied field of 0.1 T over the
temperature range 1.8—400 K using a SQUID magnetometer (Quantum Design, MPMS-5S).

Specific heat measurements were performed using a relaxation technique with a
commercial physical property measurement system (Quantum Design, PPMS model) in the
temperature range 1.8-300 K. The sintered sample in the form of a pellet was mounted on a
thin alumina plate with grease for better thermal contact.

3. Results and discussion

3.1. Crystal structures

The Ba;MSb,0q¢ (M = Mn, Co, Ni, and Zn) compounds were prepared in the perovskite phase.
The x-ray diffraction profiles for M = Co, Ni and Zn were indexed with a hexagonal unit cell,
space group P6;/mmc (no. 194); they adopt the 6H-perovskite structure illustrated in figure 1.
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Table 1. Lattice parameters of Ba;MSb,0q determined by XRD at room temperature.

M a(A) c(A)

Mn? 5.9002(1) 14.5815(3)
Co 5.8562(1) 14.4561(3)
Ni 5.8357(2) 14.3956(4)
Zn 5.8571(1) 14.4590(2)

2 Analysed by the hexagonal model.
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Figure 2. Powder neutron diffraction profiles for Ba;CoSb,0Oqg at 10K (a) and at 2.3 K (b). The
upper and lower vertical marks in (a) represent the peak positions for the nuclear reflections of
Ba;CoSb,0g and impurity BaSb,Og, respectively; in (b), those for magnetic reflections are added
as bottom vertical marks.

The Rietveld analysis of XRD data show that M and Sb ions occupy the sites in the corner-
shared MO octahedron and face-shared M’,0, bi-octahedra, respectively. No evidence of
cation disorder was found. The refined lattice parameters are listed in table 1. The lattice
parameters are in excellent agreement with those reported by other workers [5, 9-11].

The powder neutron diffraction measurement for Ba;CoSb,04 was performed at 10 K. The
result of the Rietveld analysis indicates that Ba;CoSb,0, adopts the 6H-perovskite structure,
which is consistent with the results from the XRD data at room temperature. The observed and
calculated profiles are shown in figure 2(a). From the previous neutron diffraction experiment,
Ba;NiSb,0y is known to keep its hexagonal structure down to 4.2 K [8].

The x-ray diffraction profile for Ba;MnSb,0Oy (figure 3(a)) can be analysed by the same
hexagonal model; however, the diffraction peaks are somewhat broader than those for the
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Figure 3. (a) Powder x-ray diffraction profiles for Ba;MnSb,0q at 300 K. (b) Enlarged profiles
(76.0° < 26 < 80.5°) measured at 50-250 K. The upper and lower vertical marks in (a) represent
the peak positions for the nuclear reflections of Ba;CoSb,0q and impurity BaSb,0Og, respectively.

other compounds. Figure 3(b) shows the temperature dependence of the XRD profiles
of Ba;MnSb,0, for 260 ~78°. The peak shape of the {00 12}, reflection (multiplicity
m = 2) is almost independent of the temperature, while those for the other reflections such as
{219}, and {4 04}, (m =24 and 12, respectively) are obviously broadened with decreasing
temperature. This fact indicates that Ba;MnSb,0q has a lower symmetry than the hexagonal
one and that this structural distortion becomes larger with decreasing temperature.

In order to determine the crystal structure of Ba;MnSb,0y, powder neutron diffraction
measurements were performed at 20 K. The observed profile is shown in figure 4(a). Initially,
we attempted to fit the data using an orthorhombic model (apex X \/gahex X Chex ) With space group
Cmcm (no 63), which is found in some 6H-perovskite-type compounds [17, 18]; however, the
matching between the calculated and observed profiles was unfavourable especially in the
high 26 region (inset graph in figure 4(a)). Finally, it became clear that Ba;MnSb,0, has a
monoclinic structure with space group C2/c (no 15). This structure can be represented as a
distorted orthorhombic cell with amoco ™~ Ghexs Pmoco ™~ ﬁahex, Cmoco ™ Chex aNd Boco ~ 90.4°
(figure 1). The structural parameters are summarized in table 2. It has also been confirmed
that the type of cation ordering in the M and M’ sites is the model (I) (MnOg + Sb,0y). This
distorted structure is similar to those for some Ba;MM’,04 compounds with a relatively large
M ion, for example, Ba;SrRu,0q [19] and Ba;NdRu,0q4 [20]. In the BazMSb,0, series, the
distortion found only in the Mn compound may be explained by the larger size of the Mn* ion
(0.830 A for high-spin state) compared with other M2+ ions (M = Co: 0.745 A; Ni: 0.690 A;
Zn: 0.740 A) [21]. From the analysis of neutron diffraction data, neither cation disorder
between these two sites nor oxygen defect were found within the experimental error.
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Figure 4. Powder neutron diffraction profiles for Ba;MnSb,0q at 20 K (a) and at 2.3 K (b). The
upper and lower vertical marks in (a) represent the peak positions for the nuclear reflections of
Ba;MnSb,0g and impurity BaSb,Og, respectively; in (b), those for magnetic reflections are added
as bottom vertical marks. The inset graph in (a) shows calculated profiles using different structural
models (see text).

Some bond lengths determined by the x-ray and neutron diffraction measurements are
listed in table 3. The XRD data for Ba;MnSb,04 were refined by the hexagonal model because
its monoclinic distortion is small at room temperature. The M—O lengths at room temperature
for M =Mn, Co, Ni, and Zn are 2.135(5), 2.106(5), 2.091(7), and 2.115(5) A, respectively.
For all the compounds, the shape of the Sb,Oy unit is almost the same: the Sb—O(1), Sb—O(2),
and Sb—Sb lengths are 2.06-2.09, 1.91-1.94 and 2.83-2.85 A, respectively. The values of the
bond valence sum (BVS) [22] were calculated to be 1.84-2.36 for M ions and 5.02-5.32 for
Sb ions, which indicates that their oxidation states are divalent and pentavalent, respectively.

3.2. Magnetic susceptibilities and specific heat

The temperature dependence of the molar magnetic susceptibility (),;) for Ba;MnSb,0y is
plotted in figure 5. It is found that this compound shows an antiferromagnetic transition at
10.0 K. The ZFC and FC susceptibilities are almost the same over the whole temperature
range, and no hysteresis loop was observed from the field dependence of the magnetization
below Ty. The magnetic susceptibility in the higher temperature range (100—400 K) was fitted
well by the Curie—Weiss law. The magnetic susceptibility shows a deviation from the Curie—
Weiss curve below ~50 K. The effective magnetic moment (i) and Weiss constant (®) were
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Table 2. Structural parameters for BazMnSb,04 and Ba;CoSb,0g determined by powder neutron

diffraction.

BazMnSb,0g at 20 K

Space group C2/c (no. 15), Z=4,
a=5.8842(2) A, b =10.1863(2) A, c = 14.5522(2) A, B =90.428(1)°

Atom Site X y z B (Az)
Ba(l) 4e 0 —0.0011(20) 1/4 0.12(9)
Ba(2) 8f 0.0053(9) 0.3333(12) 0.0901(2) 0.08(7)
Mn 4a 0 0 0 0.20(10)
Sb 8f —0.0079(7) 0.3338(11) 0.8474(2) 0.10(5)
Oo(1) 4e 0 0.5160(12) 1/4 0.31(12)
0(2) 8f 0.2796(17) 0.2394(11) 0.2470(4) 0.37(6)
0(3) 8f 0.0092(22) 0.8302(8) 0.0862(7) 0.17(16)
04) 8f 0.2684(16) 0.0839(11) 0.0801(4) 0.22(14)
O(5) 8f 0.7543(18) 0.0851(13) 0.0909(5) 0.68(14)
Ba3zCoSbyOg at 10K
Space group P63/mmc (no. 194), Z=2,
a=58413(1) A, c=14.4283(2) A

Atom Site X y z B (A%
Ba(l) 2b 0 0 1/4 0.07(2)
Ba(2) 4f 1/3 2/3 0.9112(2) 0.10(2)
Co 2a 0 0 0 0.43(9)
Sb 4f 1/3 2/3 0.1518(1) 0.05(4)
O(1) 6h 0.4828(3) 0.9656 1/4 0.37(3)
0(2) 12k 0.1697(3) 0.3394 0.4157(1) 0.30(2)
Table 3. Some selected bond lengths and BVS for Ba;MSb,0.

(a) Hexagonal phase

M T(K) M-0(2)(A) BVS Sb-O(1)(A) Sb-O(2)(A) BVS Sb-Sb(A)
Mn? (XRD) 300 2.135(5) 236 2.093(5) 1.939(5) 5.02  2.844(2)
Co (XRD) 300 2.106(5) 1.96  2.073(5) 1.928(5) 522 2.845(2)
Co (ND) 10 2.103(1) 1.98  2.070(2) 1.923(2) 528 2.835(3)
Ni (XRD) 300 2.091(7) 1.84  2.071(6) 1.925(7) 526 2.849(2)
Zn (XRD) 300 2.115(5) 1.98  2.068(5) 1.920(5) 532 2.843(2)
(b) Monoclinic phase
M T(K) M-0(A) BVS  Sb-0O(A) BVS  Sb-Sb(A)

Mn-0(3) 2.141(9)
Mn (ND) 20 Mn-O(4) 2.138(6)
Mn-O(5) 2.147(6)

Sb-0(1) 2.085(5)
Sb-0(2) 2.057(8)
Sb-0(2) 2.071(7)

232 Sb-O(3) 1.926(9)
Sb-0O(4) 1.943(8)
Sb-0(5) 1.908(8)

526  2.825(5)

2Analysed by the hexagonal model.
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Figure 5. Temperature dependence of the magnetic susceptibility for Ba;MnSb,Oq.
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Figure 6. Temperature dependence of (a) the specific heat, (b) magnetic specific heat and magnetic
entropy for Ba;MnSb,0.

found to be 5.83(1)ug and —59.2(5) K, respectively. This magnetic moment is in good
agreement with the spin-only value of Mn?* (5.92up) calculated from the high-spin state
(§=5/2) of a 3d’ electron configuration. The negative sign of ® suggests that the dominant
magnetic interaction between the Mn?* moments is antiferromagnetic.

The temperature dependence of the specific heat (C,) for Ba;MnSb,0q is shown in
figure 6(a). A A-type anomaly is found at 10.0 K, which corresponds with the result of the
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Figure 7. Temperature dependence of the magnetic susceptibility for BazNiSb,0y.

magnetic susceptibility. In order to estimate the magnetic entropy change (AS,,,,) associated
with this magnetic transition, the magnetic specific heat (Cy,,,) Was estimated by subtracting the
lattice and electronic specific heat from the experimental specific heat of Ba;MnSb,0q. For the
lattice and electronic contributions, we used the specific heat of the non-magnetic compound
Ba;ZnSb,04 whose structure is almost the same as that of Ba;MnSb,0,. The temperature
dependence of the magnetic specific heat and magnetic entropy is shown in figure 6(b).
The magnetic entropy change was 6.9 Jmol~!' K~! at Ty =10.0K, and still increases with
temperature. Around 50K, this value reaches RIn(2S + 1)=RIn6= 14.9T mol ' K~!
expected from the magnetic ordering of Mn?* (S =5/2) ions.

The temperature dependences of the magnetic susceptibility and specific heat for
Ba;NiSb,0, are shown in figures 7 and 8(a), respectively. An antiferromagnetic transition
at 13.5K is observed from both data. The effective magnetic moment and Weiss constant
obtained from the Curie—Weiss fitting to the susceptibility data above 100 K are 3.45(1)ug
and —110(2) K, respectively. The value of the magnetic moment is typical for the Ni** ion
[23]. The negative Weiss constant indicates the existence of an antiferromagnetic interaction
between Ni2T ions. A deviation from the Curie—Weiss curve (T < ~70K) is also observed.
The magnetic entropy is calculated in the same way as that for the Mn compound and plotted
as a function of the temperature in figure 8(b). The magnetic entropy change derived from this
transition is 3.6 J mol~! K~! at 13.5 K and it increases with temperature; it is ~7.0 J mol ' K~!
at 70 K. This value is smaller than RIn3 = 9.13Jmol~! K~! (S = 1); this may be due to the
influence of the zero field splitting [24].

Figure 9 shows the temperature dependence of the magnetic susceptibility for
Ba;CoSb,0q. The Curie—Weiss fitting to the magnetic susceptibility data in the whole
temperature range ended in failure because of the bad linearity of x,; versus 7! at lower
temperatures. The Curie—Weiss fitting using a higher temperature data (300-400 K) gives an
effective magnetic moment of 5.23(3) 1 and Weiss temperature of —51(4) K. The value of the
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Figure 9. Temperature dependence of the magnetic susceptibility for Ba;CoSb,Og. The inset
shows the detailed susceptibility at low temperatures.

magnetic moment is reasonable for the Co?* ion in the high-spin state with a contribution from
the orbital angular momentum [23]. At lower temperatures, a broad maximum (6.0 K) and a
sharp cusp (3.8 K) are found. The temperature dependence of the specific heat is plotted in
figure 10(a), which shows a A-type anomaly at 3.8 K. Thus, long-range antiferromagnetic
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Figure 10. Temperature dependence of (a) the specific heat, (b) magnetic specific heat and magnetic
entropy for Ba;CoSb,0,.

ordering of Co’>* moments occurs at this temperature. The calculated magnetic entropy
is plotted as a function of temperature in figure 10(b). The magnetic entropy change is
1.5Tmol ' K~! at Ty; however, it increases with temperature and reaches 5.57 mol 1 K~!
at 40 K. This indicates that the Co?** ion has a doublet ground state (ASp,=RIn2=
5.76 Jmol ' K~').

From the results of magnetic susceptibility and specific heat measurements, it has been
found that the Ba;MSb,0y (M =Mn, Co, and Ni) compounds show some characteristic
magnetic properties: an antiferromagnetic transition at low temperatures, large negative Weiss
constants (|®|/Ty=5.9-13.4), and a broad maximum in the magnetic susceptibility versus
temperature curve (for the Co compound only). In addition, the decrease in the magnetic
entropy with a decrease in temperature and the deviation of magnetic susceptibility from the
Curie—Weiss law were observed at temperatures much higher than 7). These features may
reflect their two-dimensional character. The magnetic frustration in the ab-plane containing
the triangular array of the magnetic ions would make long-range magnetic ordering difficult.

At sufficiently low temperatures, it was found that the Ba;MSb,0y (M = Mn, Co and
Ni) compounds show a magnetic transition. The existence of the magnetic frustration may
affect the spin arrangement of M?* ions. Therefore, in order to determine their magnetic
structures, we performed powder neutron diffraction measurements below Ty for Ba;CoSb,04
and Ba;MnSb,0,.

3.3. Magnetic structures

The neutron diffraction profile for Ba;CoSb,0O4 at 2.3 K is shown in figure 2(b). Some
additional reflection peaks were found at lower angles, which were not observed at 10 K. They
are associated with the magnetic ordering of Co’* moments and indexed in the crystallographic
unitcell withh=n, £1/3,k=n, £ 1/3,and ! =2n; + 1 (n;: integer). In order to determine the
magnetic structure, we used a magnetic unit cell of ﬁahex X ﬁahex X cpex (see figure 1(b))
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Figure 11. Magnetic structures of BazCoSb,0g and BazMnSb,0y: (a) magnetic unit cell in ab-
plane (diamagnetic ions are omitted) and (b) direction of the magnetic moments of Co**. In the
case of BazMnSb,0y, all the magnetic moments of Mn>* are lying in the ab-plane and form the
same 120° structure.

(98]

in which the Co sublattice is divided into six sublattices: (0,0,0), (1/3,2/3,0), (2/3,1/3,0),
(0,0,1/2), (1/3,2/3,1/2), and (2/3,1/3,1/2). The value of [ is odd for all the magnetic
reflections, thus we assumed that the magnetic moment of the Co ion at (x, y, 0) is antiparallel
to that at (x, y, 1/2). As aresult of the Rietveld analysis, it was found that Ba;CoSb,04 adopts
a so-called 120° structure. This magnetic structure is illustrated in figure 11. The magnetic
moments from three sublattices lie in a common plane with an inclination of 120° to each
other. The best fit was obtained when the direction of the magnetic moment of one sublattice
was parallel to the c-axis.

For Ba;MnSb, 0y, the neutron diffraction profile measured at 2.3 K is shown in figure 4(b).
Magnetic reflection peaks were observed in the low angle region and indexed in the
crystallographic unit cell with h=n,; £ 1/3, k=n,, and [ =2n;+ 1 (n;: integer). They were
analysed by the Rietveld method using a magnetic unit cell (ﬁamono X bmono X Cmono)- AS
a result of this analysis, it has been found that these magnetic reflections can be explained by
the same 120° structure. All the magnetic moments of Mn?* are lying in the ab-plane.

The magnetic structures determined for these compounds have been often observed in the
Heisenberg antiferromagnets with a magnetic triangular lattice [3, 25, 26]. The difference in
the magnetic structures between Ba;CoSb,04 and Ba;MnSb,0, is whether the spin triangle is
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confined in a plane containing the ¢ axis or the ab plane. This result may be attributed to the
difference in the single-ion anisotropy which affects the direction of the spin triangle [3]. The
Co?* and Mn?* ions in these compounds have the Ising and XY characters to some extent,
respectively. The ordered magnetic moments for the Co?* and Mn?* ions were determined to
be 1.35(4)up and 4.08(2) g, respectively. These values are smaller than those expected from
the high-spin 3d” (3145) and 3d> (5up) electronic configurations, respectively. This result may
be due to the magnetic frustration and thermal fluctuation.
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