JOURNAL OF SOLID STATE CHEMISTRY 120, 238243 (1993)

Structure and Magnetic Properties of 6-Layered Hexagonai
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Structural analysis and measurement of magnetic suscepti-
bility were carried out for the 6H-type hexagonal compounds
Ba,Cr,MO, (M = Mo and W). The space groups of Ba,Cr,;MoQ,
and Ba;Cr;WO, were determined by Rietveld analysis of pow-
der X-ray diffraction data to be P6,/mmc and P62c, respec-
tively. Chromium ions were found to occupy the centers of
face-shared octahedra, with tungsten or molybdenum ions at
the centers of corner-shared octahedra. The magnetic suscepti-
bilities of Ba,Cr;Mo0O, and Ba,Cr;WO, were explained using
the two-sublattice and dimer models, respectively; the differ-
ence may be due to the difference in the valence states of Cr
and Mo in Ba,Cr;McO, and Cr and W in Ba;Cr,WQ,. c 1995

Academic Press, Inc,

INTRODUCTION

A complex compound ABX, adopts a perovskite-type
structure when the ratio of tonic radii involving A, B and
X ions satisfies an appropriate geometric relation. Usually
this is explained by a tolerance factor, ¢, defined by the
geometric relation (1)

. fatry
= V2rs + rx) [t

Here, r4, r5, and ry are the ionic radii of the A cation,
the B cation, and the X anion, respectively. In the case
1 =1, the crystal system of a compound tends to be cubic,
When ¢ is smaller, the crystal structure becomes distorted
like the orthorhombic GdFeOs-type (2). Some ABX; com-
pounds exhibit hexagonal symmetry when ¢ > 1. Hexagonal
ABX, is classified by the stacking sequence of BX octahe-
dra (1), e.g., 2-layered CsNiCl; (2H) (1), 4-layered
BaMnO; (4H) (3), 6-layered BaTiO; (6H) (4), and 9-
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layered BaRuQ, (9H) (5). Other hexagonal compounds
are known: 3-layered Ba(Zn,;sNby;3)Os (6), 5-layered Bas
Ta4015 (7), 8‘layered BaLimTag,.;Og, (8), 10—layered
Ba;g\WelisOx, (9), 12-1ayered BasRe,Co,0,, (10), and 24-
layered BayRe;Ba,O,, (10).

In 6H compounds, there are two kinds of B sites, in the
centers of corner-shared octahedra (B, site) and in face-
shared octahedra (B, site). In MNiF; (M = Rb,TI) (11),
with the 6H structure, all the B sites are occupied by NiZ*
ions. These compounds are totally ferrimagnetic due to
both the ferromagnetic 90° superexchange interaction be-
tween Ni** ions in the face-shared B, site and the antiferro-
magnetic 180° superexchange interaction of ions in the
corner-shared B, site. In contrast, the magnetism of 6H-
type Ba;Ru,MO, (M = Mg, Ca, Sr, and Cd) is explained
by the isolated Ru—Ru dimer (12, 13) in the RuzOy cluster
since pentavalent ruthenium ions and M ions occupy the
face-shared B, site and corner-shared B, site (14, 15), re-
spectively. It is to be noted that all the Ba;Ru,MO, com-
pounds have the 6H structure, although the tolerance fac-
tor is in the range from 1.06 for Ba;Ru,MgO, to 0.98
for Ba;Ru,8r0y.

The two compounds Ba;Cr,MoO, and Ba;Cry WO, are
also classified as 6H types, although Sr,CrMoQ¢ and
St,CrW0s have the perovskite-type structure (16).
S1,CrMoQO; and SroCrWOg are ferrimagnetic as a result
of B-site ordering (16). In the case of Ba;Cr,MoQy and
Ba,Cr,WQy, however, the details of magnetism and crystal
structure are not clear. Since chromium, molybdenum, and
tungsten are transition metals and belong to the same 6A
group in the periodic table, the magnetic interaction among
B-site cations is considered to be different from that in
Ba;Ru, MOy (M = Mg, Ca, Sr, and Cd). In this paper, the
structure and the relation between the magnetism and the
valency state of the B-site cations of BayCroMQy (M =
Mo and W) are discussed,

EXPERIMENTAL

The samples were synthesized by a conventional solid
state reaction technique. Barium nitrate, dichromium tri-
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oxide, tungsten trioxide, and molybdenum trioxide of
99.9% purity(Rare Metallic Co., Ltd.) were used as starting
materials. The powders were thoroughly mixed in an agate
mortar with ethanol and calcined for 10 br at 1273 K on
an alumina boat covered with platinum foil in a flow of
nitrogen gas. The calcined powder was pulverized, pressed
into pellets 10 mm in diameter and 2 mm in thickness at
a pressure of 80 MPa, and sintered at 1243 K for 10 hr on
an alumina boat in a flow of 97% argon and 3% hydrogen.
Then the pellets were vacuum sealed in a quartz glass tube.
This was heated at 1243 K for 10 hr and quenched to room
temperature. Finally, the pellets were pulverized, washed
with 0.1 mole - dm~ hydrochloric acid using an ultrasonic
cleaner to remove impurities such as BaMoO, and BaWQ,,
and dried overnight in vacuo (16). After this treatment,
Ba;CrMoQ, was found to contain no impurity phase, but
a small amount of BaWQ, was recognized in Ba,Cr;WQ,.
The identification of the prepared samples was carried out
by powder X-ray diffraction with CuK« radiation at room
temperature using a MAC Science MXP'® diffractometer.
The crystal structure of the samples was analyzed using
the Rietveld analysis program, RIETAN (17). The data
were collected with CuKa radiation by accumulating
counts for 1 sec at 0.02° intervals in the range 26 = 20°-100°,
The magnetic susceptibility of the samples was measured
by a Quantum Design SQUID magnetometer (type MPMS
2) in the range 5-300 K and a Shimadzu Faraday-type
magnetic balance (type MB-2) in the range 300-700 K.
The core magnetism of the relevant ions were subtracted
from the measured susceptibility. Measurement of the X-
ray photoelectron spectrum was carried out using a Shi-
madzu ESCA-850. The Au 4f;,; spectrum was used as a
standard to calibrate the binding energy of the obtained
spectra.

RESULTS AND DISCUSSION

Observed and refined X-ray powder diffraction profiles
of Ba;Crs-MoQOg and Ba;Cr,WOg are shown in Fig. 1. Re-
sults of the Rietveld analysis are summarized in Tables 1
and 2. During the refinement for Ba;CraWO, a two phase
mixture of Ba;Cr, W0y and BaWQO, was assumed and the
peaks for BaWQO, were excluded from Fig. 1. The space
group of Ba;Cr;Mo0, is assigned to P6s/mmec (No. 194),
and its lattice parameters are a = (.56938(2) nmn and ¢ =
1.3945(2) nm; the space group of Ba;CraWQy is assigned
to P62¢ (No. 190}, and its lattice paramelers are a =
0.56963(5) nm and ¢ = 1.3985(1) nm, Although the space
group of Ba;Cr.MoQ, also could be assigned to P62¢ or
P63/m (No. 176), the refinement using P6;/mmc showed
the minimum value of the R factor. The results indicate
that B-site cations are completely ordered; i.e., molybde-
num (or tungsten) and chromium ions occupy the B, and
the B, sites, respectively. Schematic representations of the
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ionic configuration are shown in Fig. 2, indicating that the
environments of the B-site cations are almost similar even
though the space groups are different from each other.
Tonic radii of Cr'*, Cr*, and O are 0.0615, 0.055,
and 0.140 nm (18), respectively, so that calculated inter-
atomic distances are d(Cr*'-0?") = 0.202 nm and
d(Cr*"'—0?") = 0.195 nm. In Table 3, observed interatomic
distances between chromium and O(1) for Ba;Cr,MoQO,
and Ba;Cr, WO, are d(Cr-0(1)) = 0.200(3) and 0.201(3)
nm, respectively. On the other hand, the interatomic dis-
tances between chromium and O(2) for other oxygens are
d(Cr-O(2)) = 0.208(3) and 0.208(3) nm, respectively.
These inconsistencies mean that the evaluation of the ionic
distances using the ionic radii may not be effective in dis-
torted structures such as hexagonal compounds containing
face-shared octahedra. The interatomic distances between
two chromium ions, d{(Cr-Cr), in Ba;Cr;MoQ, and
Ba;CraWO, are 0.251 and 0.247 nm, respectively, and these
values are comparable to those for Ba,CrTaQq (19). The
interatomic distances between W or W** and O? and
Mo or Mo®* and O?*" calculated using the ionic radii (18)
are d(W*'-0%") = 0.200 nm, d(W**-0%") = 0.202 nm,
d(Mo®*-0*) = 0.199 nm, and d(Mo>*—0*") = 0.201 nm
and they are fairly large compared to the observed value
in Table 3. The stabilization of the hexagonal structure and
the interionic distances for Ba,CrTaQ¢have been discussed
from the viewpoint of the chemical bonding character (19).

Figure 3 shows the temperature dependencies of the
magnetic susceptibility for Ba;Cr,MOy {M = Mo and W),
where the magnetic susceptibilities are reduced to molar
chromium ion. Their magnetic susceptibilities are quite
different from each other, although their crystal structures
are almost the same. According to the results of structural
analysis, magnetic susceptibilities of these 6 compounds
are considered to obey the dimer-like model (21, 22) or
the two-sublattice model (11, 23, 24). In these specimens,
if the mean valence of chromium ions is trivalent (i.e., the
mean valence of molybdenum or tungsten ien is hexava-
lent), there is no effective and localized spin moment on
molybdenum or tungsten ion; therefore the dimer model
for the Cr**-Cr** dimer in the face-shared Cr.O, cluster
may be applied. The Hamiltonian of the magnetic interac-
tion of the dimer ions i, j bearing electron spins §;, §;
is written

N
H=-2] > §;-§,, 2]

dimer

where J is the exchange integral in the dimer and is the N
number of dimers. Thus, the temperature dependence of
the molar magnetic susceptibility for the Cr3*—Cr** dimer
may be represented (21, 22) as
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FIG. 1.

Observed (solid line) and calculated (crosses) X-ray powder diffraction profiles of Ba;Cr,MoQy and Ba;Cr;WOs. Ar indicates the

difference between the observed and calculated data. Reflection positions are marked.

_ NauBg?| 42 + 15e% + 3¢
3T | 7+ 5% + 3el™ + 12 |

[3]

where x = —J/kgT. Here, Na, ug, and kg are Avogadro’s
number, the Bohr magneton, and the Boltzmann constant,
respectively. When the specimen includes a small amount
of defect or magnetic impurity, the Curie~Weiss term is
added to the equation as the second term; then

C
T__®+X05

14]

_ NapBg®| 42 + 1565 + 3¢l

+
3kgT | 7 + 5¢5 + 310 + gl

where C, @, and x, are the Curie constant, the Weiss
temperature, and the temperature independent suscepti-
bility, respectively. The magnetic susceptibility for
Ba;CraWOy is consistent with this model, The solid line
for the raw data in Fig. 3a represents the results fitted to

TABLE 1
Atomic Coordinates and R Factors of Ba;Cr,Mo0O,”
Atom  Site g x y z B,y (nm?%)
Ba (1) 2b 1.0 0 0 1/4 0.004(1)
Ba(2) 4 10 173 23 0.0090(2)  0.006(1)
Cr 4 L0 1/3 23 0.8402(5)  0.004(1)
Mo 22 10 0 0 0 0.004(1)
O (1) 6h 10 050%4) 2x 1/4 0.000(3)
0() 12 10 01537(35) 2x  09190(9)  0.000(3)

TABLE 2
Atomic Coordinates and R Factors of Ba;Cr,WO,”
Atom  Site g x ¥ z B, (nm?)
Ba(l) 26 10 0 0 1/4 0.003(1)
Ba(2) 4 LO 1/3 2/3 0.10020(3)  0.007(1)
Cr 4 10 1/3 2/3 0.8383(7)  0.004(3)
w 22 1.0 0 0 0 0.003(1)
O(l) 6k 10 0492) 0013(9) 144 0.000(5)
0@ 12 10 017(1) 0316(6) 0921(1)  0.000(5)

" Rwp = 1333%, R, = 10.25%, R, = 11.86%, R. = 6.31%, R; = 212%,
R =153%.d = 6.4 g-cm?; a = 0.56938(2) nm, ¢ = 1.3945(2) nm, space
group; P6;/mmc (No. 194).

“Ryp = 13.51%, R, = 9.48%, R, = 10.88%, R, = 6.97%, R; = 2.18%,
Ri=147%.d = 7.1 g-cm™; a = (.56963(5) nm, ¢ = 1.3985(1) nm, space
group; P&2c (No. 190).
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Ba,Cr,Mo0,

FIG, 2. The B-site cation environment of Ba;Cr,MoOg and Ba;Cr, WO,

Eq. [4] with the least-squares method and is calculated
from the parameters g = 1.80, Jlkg = ~161 K, C = 0.047
emu-K-mole™, ® = ~49K, and o = 1.9 X 105 emu-
K - mole™. The very small x, value, which may contain the
Van Vlieck susceptibility (13}, does not affect the total
susceptibility. The broken line in Fig. 3 represents the C.W,
(Curie—Weiss) term in Eq. [4]. When the values of the
second and third terms are subtracted from the raw data
the residue is well fitted by the dimer term of Eq. [3].
When the C.W. term is attributed to the phase containing
solely Cr’* ions, in which Cr3* ions are isolated from each
other, we obtain the amount 2.5 mole% of Cr’* as a mag-
netic second phase using the spin-only value. This ineligible
value cannot be attributed to the residual impurity BaWQO,
because the W5 ion in this compound is considered to be
nonmagnetic. Therefore, the C.W. term is attributed to the
Cr** ion in Ba;Cr,WQs. Since the @ value is small, it is
plausible to attribute the C.W. term to the Cr** ions in
magnetically isolated octahedra, Such a case can be real-
ized by taking into account the partial disorder in B, and
B, sites. The possibility of partial disorder has also been
suggested for Ba;Ru,MgOy (13). The value of J shows an
antiferromagnetic interaction and the same order as that
of Ba;Ru, MOy (M = Mg, Ca, Sr, and Cd}, which contain
Ru’* ions with a similar electronic configuration 4d°(z,,");
e.g., the values of J/kg for Ba;Ru,MOQy are —170 X for
M==Ca(13), -173Kfor M = Mg (13), —173 K for M =
Cd (13), and —138 K for M = Sr (13), respectively. It is
well known that the g value is given by the spin—orbital
coupling constant A, ligand field gap A, and characteristic
factor of the covalency of the Cr**—0? bond k (13). The
smaller g value for Ba;Cr,WQ, may imply that the Cr*-
0% bond is fairly ionic due to the strong covalent bond

TABLE 3
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Interatomic Distances (nm) and Bond Angles in Ba;Cr,MoQO,
and Ba,Cr,WOQO, at Room Temperature

Ba;Cr,MoQ,

Ba;CraWQ,

Cr-0 (1)
Cr-0 (2)
M-0(2)

Ba (1}-0 (1)

Ba (1)~O (2)
Ba (2)-O (1)

Ba (2)-0 (2)

Cr-Cr

Cr-0 (2)-M

Cr-O (1)-Cr
O (1)-Cr-0 (1)

0 (1)-Cr-0 (2)

0 (2)~Cr-0 (2)

O (2)-M-0 (2}

Interatomic distances (nm)

0.200(3)
0.208(3)
0.189(3)

0.2847(1)

0.280(2)
0.272(2)
0.286(2)
0.307(2)

0.251(1)

Bond angle (degrees)

175(1)
78(1)
84(1)

173(1)

90(1)
95(1)
180

88(1)

X6
%3
X6
X3

X1

0201(3)
0.208(3)
0.191(3)

0.28(1)
0.29(1)

0.286(2)
0270(3)

0277(7)
0.296(7)
0.304(2)

0.247(2)

175(4)
76(2)
86(1)

176(1)
91(3)
79(3)

92(1)

174(4)
90(2)
86(3)

6
X6
X6

%3
x3

bdi
X3

X3
X3
X3

x1
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FIG. 3. Temperature dependeuncies of the magnetic susceptibility for Ba;CroMoQg and Ba;Cr,WO,. The open circles in (a) and (b) and open
squares in (a) show the raw data and contributions of the dimer interaction terms, respectively. The solid lines indicate calculated values from the
dimer model and the two-sublattice model. The broken line in (a) shows the contribution of the Curie-Weiss and temperature-independent terms

determined by the least squares fitting.

WS- in the adjacent octahedra. It is to be noted that
almost the same value of J/kg —170 K is obtained in
the compounds Ba;Ru,;MOy and Ba;Cr,WQ, in which
Ru®* and Cr** ions have the ¢lectronic configurations of
4d3(1,s*) and 3d(1.”), respectively. This means that the
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FIG.4. Temperature dependence of the reciprocal magnetic suscep-
tibility for Ba;Cr,MeQOy with various conditions of magnetic field, Open
and closed symbols indicate zero-field cooling (OFC) and field cooling
{FC), respectively.

exchange integral J mainly depends on the crystal structure
and the electronic configuration of the outermost shell.
If the mean valence of chromium ions is significantly
larger than trivalent, an effective and localized spin mo-
ment appears on molybdenum and tungsten ions. At this
time, two competing interactions coexist, e.g., the ferro-
magnetic 90° superexchange interaction between Cr ions
in the B; site and antiferromagnetic 180° superexchange
interaction between chromivm and molybdenum or tung-
sten in the B; site. In such a case, the two-sublattice model
is appiied. Goodenough (23) shows the temperature de-
pendence of the magnetic susceptibility in the two-sublat-
tice model, Néel’s law, as
03 ]
T—8/)

where C is a summation of the Curie constants of two
sublattices and &,, 8,, and 8, are concerned with the Weiss
field inter- and intra-sublattice. In the case of Ba;Cr,MoQy,
the magnetism obeys the two-sublattice model. In Fig. 3,
the thick solid line represents the results fitted by Eq. [5]
with the least-squares method in the temperature range
from 100 to 700 K and is calculated from the parameters
C=335emu-Kmole™, 8= -3.52K, 4, = —2430K, and
8, = 301 K. The temperature dependence of the magnetic
susceptibility for 8H Ba,CrTaOg (19) is similar to that for
Ba;Cr:MoQs. However, since the magnetic susceptibility

xt=c’ [T -8, (5}
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FIG. 5. X-ray photoelectron spectra of Cr 2p for CrOs,
BayCr;MoQs, and Ba;Cro,WO0,,

for Ba,CrTaOy could not be explained both by the two-
sublattice model and the dimer model, it has been discussed
from the viewpoint of covalency between Cr and O or
Cr and Cr. Below 70 K, spontaneous magnetization was
observed in Ba;Cr,MoQyq and the magnetic susceptibility
for Ba;Cr,Mo0Og was found to depend on the measuring
conditions, the magnetic field strength, and the cooling
conditions under a field or zero-field below 50 K as shown
in Fig. 4. This spontaneous magnetization may be attrib-
uted to parasitic ferromagnetism or ferrimagnetism. These
facts also indicate that the two-sublattice model can be
used to explain the magnetism for Ba;CryMoQs,.

Figure 5 shows the X-ray photoelectron spectra of Cr
2p for Ba;Cr,MoQOs, Ba;Cr,WO, and Cr,Os. The spectrum
of Ba;,Cr, WOy is similar to that of Cr,O5. Thus, the valence
of chromium ion for Ba,Cr,WQ, is considered to be +3.
On the other hand, the spectrum of Ba;Cr,MoQy is clearly
shifted to higher binding energy compared to the others,
which means that the valence of chromium ion for
BayCr;MoQy is larger than that for Ba,Cr,WO,. These
results are consistent with the models of the magnetic
structure.

CONCLUSION

By the Rietveld analysis for the powder X-ray diftraction
data, the crystal structures of the complex oxides,
BayCr,MoQy and Ba,Cr, WO, with 6H structure, were
found to have a similar structure. Chromium fons occupy
the center of the face-shared octahedra, while tungsten or
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molybdenum ions occupy the center of the corner-shared
octahedra. The electronic states of molybdenum and tung-
sten ions were different from each other although they
belong to the same 6A group. The magnetic susceptibilities
for Ba;Cr,MaO, and Ba;,Cro WOy were explained using the
two-sublattice model and the dimer model, respectively.
The X-ray photoelectron spectra for Cr support the mag-
netic models for these compounds.

Clearly more work needs to be done before the magnetic
properties of these phases are fully understood.
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