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Magnetic susceptibility measurements were carried out for
two hexagonal perovskite-type oxides Sr,, . (Mn,_ Ni )O; with
slightly different compositions (i.e., x = } and 0.324). A significant
difference in the susceptibilities of the two phases demonstrates
the need to control phase compositions accurately.
Sr,;(Mn,;Ni, ;)O; consists of two spin sublattices, i.e., the Mn**
and the Ni** ion sublattices. Spin dimer analysis was carried out
to examine the relative strengths in the spin exchange interac-
tions of the Mn** ion sublattice. The temperature dependence of
the magnetic susceptibility of Sr,,;(Mn,;Ni,;)O; was found con-
sistent with a picture in which the Mn** ion sublattice has weakly
interacting antiferromagnetically coupled (Mn**), dimers, the
Ni** ion sublattice acts as a paramagnetic system, and the two
sublattices are nearly independent. © 2002 Eisevier Science (USA)

1. INTRODUCTION

In recent years the structures and magnetic properties of
hexagonal perovskite-type oxides A.MO; (x =%, 7 1%
A =Sr, Ba; M = Co, Ni) have received much attention
(1-6). The structures of these oxides can be viewed in terms
of infinite (MO3),, and A, chains (Fig. 1), where the
(MO3),, chains are made up of face-sharing MOg4 octahedra
and trigonal prisms. In the (MO3),, chains, single MOg
trigonal prisms may alternate with single MOy octahedra
(1) or with M, 03,3 octahedral oligomers made up of
n face-sharing MOg¢ octahedra (2-6) (Fig. 2). In the infinite
(MO3),, chains of the incommensurate phase Sry ,57,NiO3
(7), which is approximated by the commensurate structure
Sre;7NiOj3, the MOg trigonal prisms alternate randomly
with two types of octahedral oligomers M,04 and M;0,,.
Analysis of the M-O bond lengths in Sr;4,;;CoOj; (5) and
Sre7NiO; (7) indicates that the oxidation states of the
transition metal atoms in the octahedral (Oh) and trigonal
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prism (TP) MOg units are close to + 4 and + 2, respective-
ly. Thus, in hexagonal perovskite-type oxides containing
two different transition metals, the more electronegative
ones should occupy the TP sites. Indeed, the recent study of
Sry/3(Mn, 3Ni;3)O;5  (6), whose (MOj), chains have
Mn, Oy octahedral dimers alternate with single NiOg trig-
onal prisms (Fig. 2b), shows that the Oh and TP sites are
occupied exclusively by Mn** (d®) and Ni** (d®) ions,
respectively. As found for Sro,NiO3 (7), the Ni** ions of
Sry/3(Mn,;3Ni; 3)O5 occupy several different coordination
sites of the NiOg trigonal prisms. According to the X-ray
powder diffraction and XANES studies (6), approximately
80% of the Ni** ions are located at the three square-planar
(SP) coordination sites, and approximately 20% of the Ni**
ions at the TP centers. (A unit cell of Sry;3(Mn,;3Ni;;3)O3
has one (MO3),, chain consisting of Mn(1) and Ni(1) atoms
and two (MOj3),, chains consisting of Mn(2), Mn(3), Ni(2),
and Ni(3) atoms. The occupancies of the SP and TP centers
are 0.751(4) and 0.249 (4), respectively, in the (M O3;),, chain
containing Ni(1) atoms, and 0.829(4) and 0.171(4), respec-
tively, in the (MO3), chain containing Ni(2) and Ni(3)
atoms.)

The Ni?* ions at the SP centers prefer the S =0 spin
state, but those at the TP centers the S = 1 spin state (8).
The Mn K-edge XANES study (6) of Sry;3(Mn,;3Ni;;3)O3
showed that the Mn** ions are in a high-spin (S = 3) state.
Each Mn*" ion can have spin-exchange interactions with
adjacent Mn*"* ions and also with adjacent Ni?* ions if the
latter are located at the TP centers. Thus, a number of
different local spin arrangements are possible in
Sry;3(Mn,;3Niy,3)O;5, and one would expect the description
of its magnetic properties to be rather complicated. Never-
theless, as will be shown below, the essential features of the
magnetic susceptibility of this compound are well described
using the simple approximation that the spin exchange
interactions between the Mn** and Ni** ions are negli-
gible. In the present work, we report the magnetic suscep-
tibilities of two hexagonal perovskite-type oxides Srq. .
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FIG. 1.
perovskite-type compound 4,MOj; along the (MO3),, chain direction.

Schematic projection view of the structure of a hexagonal

(Mn; -, Ni, )O3 with slightly different compositions (i.e.,
x = 1 and 0.324). To help understand the magnetic structure
of Sry3(Mn,;3Niy;3)O3, we estimate the relative strengths of
its spin exchange interactions and analyze the temperature
dependence of its magnetic susceptibility in some detail.

2. EXPERIMENTAL

As reported earlier (6), the best method to prepare
stoichiometric powder samples of Sr; ;. (Mn, _ Ni,)O3 is to
fire a stoichiometric mixture of SrCOj3, NiO and previously
synthesized Sr;Mn,Os. The mixture is heated at 1200°C
for 48 h and reground at frequent intervals. The reaction
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FIG. 2. Schematic representations of the MOg octahedra and MOg
trigonal prisms present in the unit cells of the (MO;), chains in (a)
Ca;,Co03, (b) Sry;3(Mny;3Nip3)03, and (c) BagsNiO;. The shaded
squares represent MOy trigonal prisms, and the unshaded squares the
MOyg octahedra.

EL ABED ET AL.

was controlled by a profile analysis of the X-ray powder
diffraction as reported in Ref. (6). Sr-Mn,O,5 (9) was pre-
pared by heating an appropriate stoichiometric mixture of
SrCO; and Mn,O3 under oxygen atmosphere at 1200°C for
48 h. As is well known, the preparation of these materials is
challenging and requires accurate control of the heat treat-
ment because phases with a small difference in composition
have different unit cell parameters. We prepared two
Sry 4+ (Mny _ .Ni, )O3 phases with slightly different composi-
tions (ie., x =3 and 0.324). The exact values of x were
determined by indexing the X-ray powder patterns using the
superspace formalism (6). The unit cell parameters for x = 3
and 0.324 are very similar. Namely, a = 9.5972 (8) A,
¢; =2.598(1) A, and ¢, =3.898(1) A for x=1 and
a=9.608@8) A, ¢, =2.581(1) A, and ¢, = 3.899(1) A for
x =0.324. Magnetic susceptibility measurements for
Sry +«(Mn; - Ni, )O3 were carried out using a Quantum
Design SQUID magnetometer. It was confirmed at
T = 2 K that the magnetization curves determined by zero-
field-cooled (ZFC) and field-cooled (FC) measurements (at
the operating field 5 kG) show no hysteresis. It was also
verified at T = 2 K that the magnetization is linear with the
field up to 10 kG.

3. CHARACTERISTIC FEATURES OF THE MAGNETIC
SUSCEPTIBILITY

Figure 3 shows the magnetic susceptibilities determined
for Sr;4+(Mn; _Ni,)O; (x =% and 0.324) as a function of
temperature. In the entire temperature range the susceptibil-
ity is higher for x = 0.324 than for x = 3. This is understand-
able because the x = 0.324 phase has more high-spin Mn**
ions (i.e., more unpaired spins) than does the x = 4 phase. As
shown in the inset of Fig. 3, a three-dimensional (3D) anti-
ferromagnetic ordering takes place in the x = § phase at low
temperature (Néel temperature, Ty = 3 K), but not in the
x = 0.324 phase down to 2 K. Thus, a small change in
composition has a drastic effect on the Néel temperature,
and hence it is necessary to control phase compositions
accurately in studying hexagonal perovskite-type oxides
AMO;.

Above 150 K the magnetic susceptibility follows a Curie—-
Weiss law in both x =4 and x = 0.324 phases. A striking
feature of the experimental susceptibility curves ye.p(7)
(Fig. 3) is that they both have a plateau in the temperature
region between ~ 100K and ~30K, but this plateau is
more pronounced for x = 4. The occurrence of such a pla-
teau can be envisioned if Sry;3(Mn,;3Ni;;3)O3 has a spin
sublattice of paramagnetic ions and that of antiferromag-
netically coupled spin dimers and if the interaction between
the two sublattices is weak. The structure of
Sry/3(Mn, 3Niy 3)O; suggests that the NiOg trigonal prisms
having the Ni*" ions at the TP centers are randomly dis-
tributed and hence would form a sublattice of paramagnetic
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FIG. 3. Magnetic susceptibilities of Sry/3(Mn, 3Ni;;3)O; (filled circles) and Sty 3,4(Mng 676Nig.324)O5 (filled triangles) as a function of temperature.
A zoomed-in view of the susceptibility curves in the low-temperature region is given in the inset.

ions. The Mn,0O, octahedral units have an ordered
arrangement and would constitute a sublattice of antifer-
romagnetically coupled (Mn**), dimers. In the next section
we examine the nature of the spin exchange interactions of
the Mn** ion sublattice in Sry/3(Mn,;3Nij3)Os.

4. SPIN EXCHANGE INTERACTIONS

The temperature-dependent magnetic susceptibility of a
magnetic solid is described by a spin Hamiltonian, which is
expressed in terms of spin exchange parameters J between
adjacent spin sites. In principle, the J values of a magnetic
solid can be calculated quantitatively by performing
electronic structure calculations either for the high- and
low-spin states of spin dimers of the magnetic solid (i.e.,
structural units containing two adjacent spin sites) (10, 11)
or for various ordered spin arrangements of the magnetic
solid (12). The present work is concerned only with the
qualitative trend in the spin exchange interactions of
Sry3(Mny;3Niq3)O05. In general, J is given as a sum of
ferromagnetic and  antiferromagnetic = components,
J =Jr + Jar

A spin dimer leads to a superexchange interaction when
its two spin sites share common atoms, and to a super-
superexchange interaction otherwise (13). Suppose that the
two spin sites of a spin dimer are represented by nonorthog-
onal magnetic orbitals (i.e., singly occupied molecular or
bitals of the spin monomers) ¢; and ¢,. The antiferromag-
netic term is then expressed as Jp oc — Sy, Ae, where S, is

the overlap integral between ¢, and ¢,, and Ae is the energy
separation between the highest two singly occupied energy
levels of a spin dimer (Fig. 4) (14, 15). Jop oc — (Ae)? due to
the relationship Ae oc S;,. The ferromagnetic term is ex-
pressed as Jr oc Ky,, where Ky, is the exchange repulsion
between the two magnetic orbitals, i.e., the Coulomb repul-
sion resulting from the overlap electron density distribution
¢1 ¢, (15). A magnetic orbital of a transition metal atom
coordinated with oxygen atoms has “oxygen p-orbital tails,”
which are combined out-of-phase with the transition metal

FIG. 4. Spin orbital interaction energy Ae of a spin dimer that is made
up of two equivalent spin sites. The magnetic orbitals of the two spin sites
interact to produce the two singly filled levels of a spin dimer.
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d orbital, and the overlap integral and the overlap electron
density between magnetic orbitals are largely determined by
their p-orbital tails (13,15). The overlap electron density,
and hence the ferromagnetic interaction, should be negli-
gible for a super-superexchange path (M-O --- O-M) but
can be substantial for a superexchange path (M-O-M) if
both magnetic orbitals have large oxygen tails on the same
shared oxygen atoms.

When the two adjacent spin sites have m and n unpaired
spins, respectively, the trends in the antiferromagnetic spin
exchange parameters can be discussed in terms of the aver-
age quantities of the spin orbital interaction energies:

B [1a]

From the viewpoint of nonorthogonal magnetic orbitals
localized at the spin sites, the antiferromagnetic contribu-
tion from each term Ae,, is zero (negligible) if the overlap
integral S, between two adjacent magnetic orbitals is zero
by symmetry (negligibly small due to orbital mismatch).
Thus, for m = n, Eq. [1b] is simplified as (16)

moAe
Aed> =~ £E.
(Ae) Z m2

p=1

[1b]

Qualitative trends in spin exchange interactions of various
magnetic solids are well explained by the {Ae) values of
their spin dimers obtained by extended Hiickel calculations
(13,16), which are employed in the present study. In
Sry;3(Mny 3Niy 3)O;, the Mn** ion sublattice has an or-
dered arrangement of spin sites, but the Ni?* ion sublattice
does not because the TP centers having Ni** cations are
randomly distributed. There are several pathways for the
spin exchange interactions between adjacent Mn** ions in
Sry;3(Mn;;3Niy3)O3, namely, the intradimer interaction
within each (M Os3),, chain (i.e., intrachain interdimer inter-
action) and that between adjacent (M Os),, chains (i.e., inter-
chain interdimer interaction). The spin monomers of
Sry/3(Mn,3Ni;3)O5 containing the Mn** ions are the
(MnOg)®~ octahedra. The three unpaired spins of each
(MnOg)®~ octahedron are accommodated in the t,, levels.
The spin dimer for the intradimer interaction is the
(Mn,0,)'°~ cluster, and that for the interdimer interaction
is the (Mn,0;,)'®" cluster made up of two isolated
(MnOy)®~ octahedra. Our calculations show that the (Ae)
values are considerably larger for the intra-dimer interac-
tion than for the intrachain interdimer interaction [e.g., 56
vs 7meV for the (MO3),, chain containing the Mn(1) and
Ni(1) atoms]. The (Ae) value for an interchain interdimer
interaction is negligible compared with that for the in-
trachain interdimer interaction.
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5. TWO-INDEPENDENT-SPIN SUBLATTICE MODEL
AND ITS IMPLICATIONS

In the Mn** ion sublattice of Sry;3(Mn;;3Niy 3)O5 the
spin exchange interaction is strongest within each (Mn**),
dimer and weak interactions between adjacent (Mn**),
dimers occur mainly in each (MO3),, chain. The Ni** ion
sublattice of Sry;3(Mn,;3Ni;;3)O3 has no ordered arrange-
ment of spin centers. To a first approximation, we consider
Sry/3(Mn,;3Ni, 3)O3 as a spin system in which the Ni** ion
spin sublattice does not interact with the Mn** ion spin
sublattice consisting of weakly interacting antiferromagneti-
cally coupled (Mn**), dimers. The calculated susceptibility
curve, y.ao(T), expected for this “two-independent-spin lat-
tice” (TISS) model can be written as

Leate(T) = 3[y1a(T) + (L = y)zp(T)], [2]
where y refers to the mole fractions of the (Mn*"), dimers,
and (1 — y) to that of the Ni*" ions located at the TP
centers. The susceptibility y4(T) of the Mn** ion sublattice
is normalized to one (Mn**), dimer, the susceptibility y,(T)
of the Ni?" ion sublattice to one Ni** cation, and the
susceptibilities ycu1c(T) and yexp(T) of Sry;3(Mny 3Niy3)O0;
to one formula unit.

The paramagnetic susceptibility curve y,(7T) is written as

()= [3a]

The susceptibility curve y;4(T) for a mole of an isolated
(Mn**), dimer is given by

0.375g2
T

xia(T) =

" [2exp(2J/ksT) + 10exp(6J/kgT) + 28 exp(12J /kg T)]
[1+ 3exp2J/ksT) + 5exp(6J/kgT) + 7exp(12J kg T)]’
[3b]

where J is the spin exchange parameter between two Mn**
ions. When the interdimer spin exchange interactions are
treated in the molecular approximation (17), the susceptibil-
ity x4(T) can be written as

Xid
3
2zJ' [3c]

Xda = 5
- <Ng2ﬁ2>;{id

where J' is the spin exchange parameter for the interdimer
interaction, and z is the number of nearest-neighbor dimers
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FIG.5. Comparison of the experimental (empty circles) and calculated
(solid line) magnetic susceptibilities of Sr,;3(Mn,/3Ni;;3)O;.

interacting with a given dimer. Since the interchain inter-
dimer interactions are expected to be much weaker than the
intrachain interdimer interaction, the z value should be 2 in
the present case.

In Sry;3(Mn, 3Niy 3)O5 the (Mn* ™), dimers and the Ni**
ions occur in a 1:1 ratio. All (Mn**), dimers should con-
tribute equally to the magnetic susceptibility, while only
about one-fifth of the Ni** ions (located at the TP centers)
can, so that y =2. With y =2 and z = 2, the remaining
parameters of Eq. [2] (ie., J, J', and g for the Mn** ion
lattice, and C for the Ni* " ion lattice) can be determined by
a least-square fitting of the y..,(T) curve with y.,(T). The
solid line of Fig. 5 represents the y...(T) curve thus ob-
tained, and the fitting parameters are J/ky = — 35.5K,
J'Jky =— 40K, g =196, and C = 1.06 cm®-K/mol. Des-
pite the simplicity of the TISS model, the overall fitting is
surprisingly good (R? = 0.9990). It should be pointed out
that the parameters derived from the fitting are consistent
with the structural and physical properties of
Sry;3(Mn;;3Ni;3)O5. The number of unpaired spins, n, at
each magnetic center of a paramagnetic system is related to
the Curie constant C as n(n + 2) ~ 8C. For Ni** ions
located at the TP center, n = 2, so the C value should be
approximately 1. This is indeed the case (ie., C =
1.06 cm?-K/mol). The g value of 1.96 is also reasonable. The
fitting shows that the intradimer and intrachain interdimer
spin exchange interactions are both antiferromagnetic.
This is consistent with the fact that Sry;3(Mn;;3Ni;;3)O;
exhibits a 3D antiferromagnetic ordering. In addition, the
J value is larger than the J’ value by an order of magnitude.
This also agrees with the estimate from the spin dimer
analysis that the intradimer interaction is considerably
stronger than the intrachain interdimer interaction.

The observations that the TISS model reproduces the
gross features of y..,(T), and that Srg;3(Mn;;3Ni;;3)O;
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undergoes a 3D antiferromagnetic ordering at a low temper-
ature, have important implications. The TISS model as-
sumes that the Mn** ion and the Ni** ion sublattices are
independent to a first approximation, namely, the spin ex-
change interaction of an (Mn*"), dimer with its neighbor-
ing Ni?" ions (when the latter has unpaired spins) are weak.
Sry/3(Mn;;3Niy,3)O; undergoes a 3D antiferromagnetic or-
dering at a very low temperature. This ordering must take
place in the Mn** ion sublattice, because an ordered ar-
rangement of spin sites is present only in this sublattice.
Thus, the interchain interdimer spin exchange interactions
should be nonzero (though very small). The Sry 3,4
(Mng ¢76Nig.324)O3 phase is close in structure to
Sry;3(Mn;;3Niy 3)O5, but contains a small amount of larger
M, O3, + 3 octahedral oligomers (n > 2) in random fashion.
Consequently, Sry 3,4(Mng 676Nig.3,4)O3 lacks an ordered
arrangement of spin sites in the Mn** ion sublattice and is
hence prevented from having a 3D antiferromagnetic
ordering.

6. CONCLUDING REMARKS

The magnetic susceptibilities determined for two
Sty +«(Mny - Ni, )O3 phases with slightly different composi-
tions (x = 5 and 0.324) differ significantly, thus clearly point-
ing out the need for controlling phase compositions
accurately in studying hexagonal perovskite-type oxides
A MOj;. The temperature dependence of the magnetic sus-
ceptibility of Sry;3(Mn,;3Niy3)O5 is well reproduced by
a simple model which assumes that the Mn*™ ion sublattice
consists of weakly interacting antiferromagnetically coupled
(Mn*™), dimers, the Ni** ion sublattice has paramagnetic
spins, and the two spin sublattices are independent. The
success of this model indicates that the spin exchange inter-
action of an Mn*™ ion with its nearest-neighbor Ni** ion
(located at the TP center) is weak.
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