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Structural and Magnetic Properties of a New Type of Ordered
Oxygen-Deficient Perovskite, KMnVQ,
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A new ternary vanadate KMnVfwas prepared by a solid-state reaction and was shown to be a new
type of ordered oxygen-deficient perovskite ABQ with 6 = 3. Its formula can be rewritten as
(K2,Mn)[Mn,V,]O¢0;. An ordered distribution of potassium and manganese atoms in the A site and of
vanadium and manganese atoms in the B site is observed. The manganese atoms are in distorted octahedral
and tetrahedral sites, whereas all of the vanadium atoms forgi\t€rahedra. This oxide contains four
different types of high-spin Mii ions in equal number. Magnetic susceptibility and specific heat
measurements as well as spin dimer analysis show that substantial antiferromagnetic spin-exchange
interactions occur primarily among three of the four different types of'Mons, and the fourth M&t
ion remains paramagnetic down to 2 K.

1. Introduction ultimate end in the reduction of the AB(perovskite is
exemplified by LaNiQ.'” The search for a new structural
variation of the perovskite structure continues to be an
interesting challenge.

Oxides of general formulas AB{and ABO, represent a
major part of solid-state oxide chemistry. Perovskite oxides
ABO;3; have been extensively studied because of a large
variety of their physical/structural properties and their
compositional flexibility to accommodate almost every
element in the periodic table. The perovskite structures are
grouped into cubic and the hexagonal perovskite structures,
both of which can be generated by stacking close-packed
AO; layers and subsequently filling the octahedral sites
between the adjacent layers with B cations. When modified
layers are included in the stacking sequence, new structural
variations of the perovskite structure resul cubic or
pseudocubic perovskite can be nonstoichiometric because o
A-site cation or oxygen vacancies. The typical range of
oxygen deficiency in the nonstoichiometric perovskite AB®
is 0 < 6 < 0.5. Oxygen vacancies created in the perovskite
structure can be ordered. For example, in the casg of
0.5, the vacancy ordering leads to the brownmillerite
CaQFeA|05,2 the CaMnZOg,-type structuré, or LagNi205.4 (9) Anderson, M. T.; Poeppelmeier, K. R.; Zhang, J. P.; Fran, H. J.; Marks,

e . L. D. Chem. Mater1992 4, 1305.
Other ordered oxygen-deficient perovskites are known for (10y Gormenazo, A.; Weller, M. TJ. Mater. Chem1993 3, 771.

different values ofd,>%° in particular, foré = %3.16 The (11) Greenwood, K. B.; Searjeant, G. M.; Poeppelmeier, iCliem. Mater.
1995 7, 1335.
(12) Zhu, W. J.; Hor, P. HJ. Solid State Chen1995 120, 208.
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Recently, phosphates and vanadates of the formula
AA'BO,4 (B = P, V; A’ = 3d transition metal; A= alkaline)
have received much attention since the discovery of the
promising insertion/de-insertion of lithium in LiFeR&
AA'PQO, oxides crystallize largely in four structural types,
that is, the oliviné? maricite?° stuffed-tridymite?* and
zeolite-ABW type structure®, but the ternary vanadates
LiIMVO 4 (M = transition metal) crystallize in the NarO,23
or spinel-type structur&.In our search for ternary vanadates
]AMnVO4 (A = Na, K, Ag, Cu) we prepared a new
compound KMnVQ that we found to represent a new type
of ordered oxygen-deficient perovskite ABO; with 6 =
Y3 In this work, the synthesis and structural/magnetic
property characterizations of KMn\/Gare described.
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Table 1. Crystallographic Data and Structure Refinement for

Yahia et al.

KMnVO 4
formula KMnVO,
cryst color yellow
mol wt (g mol2) 209
cryst syst monoclinic
space group P2:/n
params a=12.081(7)b = 5.645(2),
c=23.804(12) A3 = 103.45(2}
V(A3) 1579(2) B
z 16
densityaica (g cn3) 3.516(5)
_crrz/;; shape 25:30(:'( Figure 1. Projection view of the structure of KMnV »n the (100) plane.
ﬂg:}sﬁggﬁz{or %?i?:tggg;:pﬁeppa ccb Table 2. Atomic Coordinates and Equivalent Isotropic Displacement
radiation Mo Kot (1 = 0.71069 A) Parameters for KMnVO 4
scan mode CCD scan atoms X y z UedA?)
2"_”;‘”98;' _521(; h<18-10<k<7,-42<[<43 sitt B Mnl 0.82354(2) 0.24114(4) 0.441643(12) 0.00894(6)
i m«’tﬂ;( eg)ﬁ & 436 mm Mn2 0.55987(2) 0.23481(4) 0.682563(11) 0.00765(6)
”t‘)eara S coe s m V1l  0.76666(3) 0.75043(5) 0.345541(13) 0.00746(7)
? _Sio”ec“on 0 @gfg'ggs V2  0.13559(3) 0.27321(5) 0.463837(13) 0.00759(7)
Nm'"/ e 41078 V3 0.38596(2) 0.27248(5) 0.207757(12) 0.00632(6)
0. 0T Telins 00612 V4  0.50481(2) 0.27255(5) 0.429752(12) 0.00665(6)
ﬁm  independ q 9753 sitte A Mn3  0.99521(2) 0.77983(5) 0.424076(13) 0.01036(7)
?[0 n Zﬁ’ejfnlt refins 6818 Mn4  0.38590(2) 0.25918(5) 0.561929(12) 0.01011(7)
refins use t( o(1)) ° K1  0.30508(4) 0.78492(8) 0.435752(19) 0.01744(11)
Ir:e((')’c‘)%’)“e” 1584 K2  0.87867(4) 0.76243(7) 0.19183(2)  0.01738(11)
K3  0.26738(4) 0.27113(7) 0.314432(18) 0.01290(10)
2
ﬁfacff”sf. § RZFS)QWR(F ) = 0.0304/0.0733 K4  0.94384(4) 0.28224(8) 0.31348(2) ~ 0.02187(14)
G%IS reined params 131 Ol  0.22459(11) 0.1180(2) 0.52017(6)  0.0125(3)
ohi h o 1621 + 0.0009 02  0.35029(11) 0.6556(2) 0.55434(6)  0.0124(3)
\év_?flgthg S < (A [ vs (fl( %2 0009 ?) 03  0.80879(12) 00352(2) 0.36414(6)  0.0137(4)
iff. Fourier residues (8A%) [0.72,+1.22] 04  0.00444(12) 0.1322(2) 0.45036(7)  0.0168(4)
05  0.55846(11) 0.4996(2) 0.61322(6)  0.0127(4)
2. Experimental Section 06 0.11946(11) 0.5769(2) 0.47788(6)  0.0115(3)
07  0.85518(11) 0.5560(2) 0.39432(6)  0.0117(3)
2.1. SynthesisKMnVO, was prepared by solid-state reactions 88 8-‘5‘?‘1‘2%(5) 8-3‘7‘82(2) 8-‘7‘2882(? 8-8%;';(3)
from a stoichiometric mixture of KV@and MnO. (KVQ was 010 0‘77501((13)) 0'6824((3% 0'27941((6)) 0'018424))
obtained by heating a 1:1 mixture oL&O; and V,Os at 550°C 011 0.73998(11) 0.2229(2) 0.68737(6) 0.0131(3)
for 6 h.) The mixture was put in a gold tube, which was sealed 012 0.56933(12) 0.4832(2) 0.75056(6) 0.0129(4)
under a vacuum in a silica tube and then heated at*@5fr 6 h 013  0.51778(12) 0.9893(2) 0.60871(6)  0.0133(4)
and at 700C for 36 h. Grinding and further heating of the mixture 81;1 8'%3%383 8'2‘7132% 8'2282%8 g'giggg
at 750 °C for 24 h led to KMnVQ, as monitored by X-ray 016 0:05592(13) 0:7680(3) 0:35068(6) 0:0174(4)

diffraction. Single crystals of KMnV@ were prepared by fast-
heating the starting stoichiometric mixture at 98Dand then by \yjith anisotropic displacement parameters, the final residual factors
slowly decreasing the temperature at a rate 6z to 800°C converged to the value R = 0.0304 and wR§ ) = 0.0733 for
and at a rate of 16C/h to room temperature. The crystals have & 54 refined parameters and 6818 observed reflections with differ-
yellow color. ence Fourier residues in the range betwe@n72 and+1.22 eA3
2.2. Magnetic Susceptibility and Specific Heat Measurements.  (Table 1). The refined atomic positions and anisotropic displacement
Magnetic susceptibility was measured on powder sample with a parameters (ADPs) are given in Table 2 and the supplementary
SQUID magnetometer in a temperature range from 2 to 320 K under Table S1, respectively (Supporting Informatidh).
the applied magnetic field of 5 kOe. Specific heat measurements
were performed on a KMnVPpellet using a PPMS Quantum
Design in a temperature range from 2 to 100 K. o )
2.3. X-ray Diffraction Measurements. A crystal suitable for 31 Crystal $trupture. A projection V'eV_V of the Structqre
single-crystal X-ray diffraction was selected on the basis of the Of this new derivative of the AB@perovskite structure with
size and sharpness of the diffraction spots. Data collection wasthe drawing of the oxygen polyhedra around all of the
carried out on an Enraf-Nonius Kappa CCD diffractometer using transition metals is displayed in Figure 1. Projection views
Mo Ka radiation. Data processing and all of the refinements were on the (100) and (010) planes with only the oxygen polyhedra
performed with the JANA2000 program pack&§ed Gaussian-  around the B cations are also presented in parts a and b of
type absorption correction was applied, and the shape wasFigure 2, respectively. For comparison, a projection view
determined with the video microscope of the Kappa CCD. Details of an jdeal cubic perovskite ABn the (001) plane is also

about data collection are summarized in Table 1. shown in part c of Figure 2, where the A cations occupy the
2.4. Structural Refinement. The extinction conditions observed

for KMnVO, agree with thd*2,/n space group. Most of the atomic
positions were found by direct method using 87 program?é

3. Results and Discussion

(26) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr 1999 32, 115.

(27) Details may be obtained from Fachinformationszentrum Karlsruhe,
D—76344 Eggenstein-Leopoldshafen (Germany), by quoting the
Registry No. CSB-416551

(25) Petitek, V., Du®k, M. Jana 2000 progranipst. Phys. Acad. Sci
Czech Republik, Prague 1998.
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Table 3. Main Interatomic Distances (Angstroms), Average
Distances, Bond Valences (BV), and Bond Valence Sums (BVS) for

KMnVO 4"
distances BV distances BV
Mn1-06> 2.1414(13) 0.387 Mn408 2.0675(15) 0.472
Mn1-03 2.1526(14) 0.375 Mn4015 2.1464(15) 0.382
Mnl-07 2.1851(13) 0.344 Mn401 2.1259(11) 0.403
Mn1—-02 2.2030(13) 0.328 Mn402 2.2780(12) 0.267
Mnl1-04 2.2326(12) 0.302 Mn4013 2.2967(12) 0.254
Mn1-012 2.3496(13) 0.220 Mn405 2.5488(11) 0.129
[2.21061 BVS=1.956 [2.24381 BVS=1.907
Mn2—-012 2.1245(13) 0.405 K105  2.7474(14) 0.190
Mn2—-011 2.1535(13) 0.375 K102 2.8430(15) 0.146
Mn2—09 2.1563(13) 0.372 K201 2.8540(15) 0.142
(b) Mn2—013 2.2031(13) 0.327 K2013 2.8942(14) 0.127
Mn2—-015 2.2046(12) 0.326 K106 2.9081(14) 0.123
Mn2—-05 2.2240(13) 0.310 K1O14 2.9847(19) 0.100
2.1776] BVS=2.115 KI-O1  3.0705(15) 0.079
K1-08 3.0339(12) 0.087
V1-010 1.6460(15) 1.529 [2.91681 BVS=1.012
V1-03 1.7130(12) 1.276
V1-01% 1.7392(13) 1.188 K203 2.6732(12) 0.232
V1-07 1.7661(12) 1.105 k2010 2.7080(16) 0.211
[1.71601 BVS=5.098 K2-O%  2.7438(12) 0.191
K2—-015% 2.7654(12) 0.181
V2-014 1.645(2) 1.537 K201Z 2.7968(12) 0.166
V2-04 1.7355(12) 1.200 [2.7374] BVS=0.981
V2—-01 1.7468(12) 1.164
V2—-06 1.7660(12) 1.105 k3014 2.586(2) 0.293
[1.72301 BVS=5.006 K3-O% 2.7167(12) 0.206
K3—-0112 2.7902(12) 0.169
V3—-016 1.6981(15) 1.328 K301 2.8576(12) 0.141
V3—-012 1.7115(12) 1.281 K301Z 2.8994(12) 0.126
V3—-011 1.7169(12) 1.262 K309 2.9056(12) 0.124
V3—0%®  1.7192(12) 1.254 K3011 2.9653(15) 0.105
[1.71131 BVS=5.125 K3-09 3.0504(15) 0.084
K3—-012 3.1031(15) 0.072
V4—-08 1.6898(15) 1.358 [2.87481 BVS=1.320
V4-0%  1.7093(12) 1.289
(¢) V4-013 1.7267(12) 1.229 K403 2.6412(15) 0.253
V4—-02 1.7503(12) 1.153 K409 2.7886(15) 0.170

[1.71891 BVS=5.029 K4-012" 2.8003(15) 0.164

K4-07  2.8630(15) 0.139
Mn3—016 2.0471(15) 0.499 K4010  3.0251(15) 0.090
Mn3—06 2.0766(12) 0.461 K4010 3.0785(12) 0.077
Mn3—04" 2.0804(12) 0.456 K4016  3.0949(16) 0.074
Mn3—-07 2.0981(12) 0.435 [2.898T] BVS=0.967

[2.0755] BVS=1.851

al—-x -y, 1—zbP1-x1-y,1—z°1—x -y, —z9—x —-1—
Y,z =X 1-y —z =Y+ x Y=y, ~Yo+ 29U+ x Y2~y
Yp+zMl—x1-y,-z21-%2-y,1—z213%h+xY—y Y+
z kK 1/2 + X, 3/2 -V, —1/2 +z! —1/2 + X, 3/2 -V, —1/2 +zm 1/2 + X, 1/2
-y, =Y+ z "BV = o = with the following parameter® b = 0.37
andro (Mn"—0) = 1.790,ro (VV—0) = 1.803, andr (K—0) = 2.132.

Figure 2. Projection views of (a) the structure of KMn\M®n the (100)
plane, (b) the structure of KMnV£bn the (010) plane, and (c) the structure
of the cubic perovskite AB®on the (001) plane.

o1

o4
tunnels between the BQOoctahedra. The structure of L i ? i
KMnVO, can be derived from the ideal cubic perovskite ¢% g~ "e i s ¢ 4
ABOs by occupying the A sites with potassium and i ‘g/l.‘\"“ os f
manganese in a 2:1 ratio, and the B sites with manganese o o -l
and vanadium in a 1:2 ratio, in an ordered fashion. In the A @M% (b Mn206 (€} Mn304 (& Mnd0c
sites, the coordinate environments of potassium and man-F9ure 3. MnOs (n = 4-6) polyhedra of KMnVQ.
ganese are drastically different from the ideal cuboctahedral
Oy interstices. The potassium atoms are located in strongly ) o .
distorted polyhedra with coordination numbers from 5 to 9 equal to 2.076 A, is close to the sum Of the ionic radii (0',66
(with K—O distances shorter than 3.15 A). The-R + 1.40= 2.96 A)28 For Mn4, thg coordinate polyhedron is
distances range from 2.586(2) to 3.1030(15) A. The short a strongly distorted octahedra WIFh one long M@ distance
K3—014 distance of 2.586(2) A can be attributed to the fact ©f 2.5487(11) and an average distance of 2.244 A, close to
that the O14 position is shared by the V2@nd K3Q the sum of the ionic radii (0.8% 1.4= 2.23 A). This strong
polyhedra. Indeed, to accommodate a realistit VO14 distortion can be attributed to a displacement of the*Mn
distance, a short K3014 distance is induced. This steric cation away from the center of the octahedra to increase the
strain is reflected in the relatively high value of ADP tensor distance between this cation and the neighborifigéation
parameters for the O14 position and explains the rather highin the V2 position. A short MrV distance is observed for
value of the bond valence sum for K3 (Table 3). The both Mn3and Mn4 positions with Mr3V1 and Mn4-V4
manganese atoms occupy two different coordinate sites, that
is, a tetrahedral site (Mn3) and a distorted octahedral site (28) Shannon, R. DActa Crystallogr 1976 A32, 751.

o o2 05

(Mn4) as shown in Figure 3. The average distance M03
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(b)

Figure 4. (a) Polyhedral representation of the connectivity between the
MnO, (n = 4-6) polyhedra in KMnVQ, (b) Projection along thé axis

of the unit cell filled only by the connected Mpr@olyhedra that form
infinite chains that are running along theaxis.

distances of 2.957 and 2.941 A, respectively. In the B sites,

the manganese atoms occupy the octahedral sites, Mn1 ani

Mn2 (Figure 3), with average MnO distances of 2.218 and

2.178 A, respectively, whereas the vanadium atoms occupy

four different tetrahedral sites with average-® distances

of 1.716, 1.723, 1.711, and 1.719 A for V1, V2, V3, and V4
sites, respectively. All of these polyhedra of the B sites are
rather regular in shape.

Bond valence sum calculations for the manganese and

vanadium atoms of KMnV@confirm that they are present
as Mt and \P' ions, respectively (Table 3Y.The cation
framework of KMnVQ, is not very distorted compared to
that of the ideal cubic perovskite ABOThis similarity is
reflected in the simple relationships between the cell
parameters of the monoclinic KMn\/Cand those of the
primitive cubic perovskite. Given the cell parameters of
monoclinic KMnVO; asan, bm, ¢y, andp, and those of the
primitive cubic perovskite as,, by, andc,, it is found that

an =3¢y bn = —8, + by, €y = 48, + 4b, — T, andp =

90° + arctg l/(4\/5 = 100.03. The cubic cell parameter is
close to 4 A, so that the corresponding monoclinic unit cell
parameters are expected tode~ 12, b, ~ 5.7, andcy, ~

23 A. The latter are comparable to those observed (Table

1). However, the oxygen framework of KMn\4Gn part b
of Figure 2 is strongly distorted from that of the ideal

Yahia et al.
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Figure 5. Projection views along the [D] direction of the cubic perovskite
with oxygen vacancies, giving rise to the ideal brownmillerite;ND&Os,
and LaNi,Os structures. For GMn,0s, the figure on the right part is a
projection along the [001] direction.

A uniform description of the oxygen-deficient perovskites
deriving from the cubic perovskite arrangement can be
determined by considering that the ideal cubic perovskite
ABOg3 is made of the stacking of close-packed Al@yers
with a filling of the octahedral sites created between the
layers with the B cations. This is shown in the projection
view in Figure 5. In this view, the A cations and the apical
oxygen atoms of the BQoctahedra are projected onto the
same positions but with different heights along tha&djL
direction. The ABQ layers are made of £and AO rows

structure (next section) because the cations of different Sizesrunning along the [10] direction. In the case of the

present in the A sites (i.e., Kand Mr#*) and the B sites
(i.e., Mr?t and \#*) require different A-O and B-O bond
lengths.

All of the MnO,, (n = 4—6) polyhedra share corners except
for the Mn2Q and Mn4Q octahedra, which share one face
(part a of Figure 4). These connected polyhedra form infinite
chains that are running along thexis (part b of Figure 4).

3.2. Structural Relationship with the Cubic Perovskite.

To emphasize the relationship of the structure of KMnVO
to the cubic perovskite structure, the formula KMny)/€an

be rewritten as (KMn)[Mn,V,]Og¢;, which corresponds to
the oxygen-deficient perovskitesBzOgs or ABO;3 — s with 6

= Y5 In the family of perovskite AB,Oz,-1, the same
composition exists fon = 3.1 In this structure, there is a
stacking of two octahedral layers and one tetrahedral layer.
Among the most famous known oxygen-deficient perovs-
kites, one can cite the brownmilleriteCaMn,0s,® Lay-
Ni,Os,4 and LaNiQ.”

(29) Brese, N. E.; O’ Keeffe, MActa Crystallogr.1991, B47, 192.

brownmillerite, in each A@layer, one Qrow in every four

O, rows is removed (Figure 5). Then, the composition of
the AG; layer becomes £O,0, with the general formula
A4B4O10 (A2B20s). When these rows of oxygen are removed,
the octahedral site associated with this vacancy becomes a
tetrahedral site, and a distortion of the oxygen framework is
necessary to manage realistic angles. In the case of the
A3B30g compounds like G#eTiOs,'® the same building
principle is observed, in each ACayer one Qrow in every

six O, rows is removed, given the general formulgBAO;6

= A3B30s. For these two structures, the octahedral site is
transformed into a tetrahedral site by removingr@ws. In
CaMn,0s, all of the manganese atoms are located in square
pyramids of oxygen atoms. In the AQayers, every two @
rows, half of the oxygen atoms are removed, and then all of
the BQ; octahedra become B@quare pyramids (Figure 5).

To see the difference between an octahedral and a square
pyramid site, a different projection has been chosen for this
structure in Figure 5. For LAli,Os, where nickel atoms are
equally distributed over the square planar and the octahedral
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Figure 6. Projection views along the [D] direction of (a) the cubic
perovskite with oxygen vacancies, giving rise to the compositigBz:®g
and (b) the ideal KMnV@ structure.
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Figure 7. Inverse molar magnetic susceptibilityyil/ of KMnVO, as a
function of temperaturd. The lower inset shows the correspondingl
versusT plot, and the upper inset shows t8g/T versusT plot, whereC,
is the specific heat of KMnV@Q

versusT plot (the upper inset of Figure 7). Theyl/versus

T curve does not show any sign of a 3D antiferromagnetic
ordering aflf = 6 K. However, this temperature corresponds
to the point at which the slope of thg,T versusT curve
shows a significant change (the lower inset of Figure 7). The
Curie constant observed in tHe> 15 K region leads to an
effective magnetic moment of 5.8%s, which is in good
agreement with the spin-only value of 5.82 expected for

a high-spin MA* (d® ion. The large negative Weiss
temperatur® = —75 K in theT > 15 K region corresponds

to the occurrence of noticeable antiferromagnetic interactions
between the M#t ions. The slope of the i versusT curve

sites, in every two AO rows, oxygen atoms are removed, in the T > 15 K region C = 4.28 emu K/mol) is reduced

leading to a stacking of s layers (Figure 5). The reduction
of this compound is achieved when all of the AO rows

from that in theT < 15 K region by about 75% (& 1 emu
K/mol). KMnVO, has four different types of Mii ions in

become A rows and all of the octahedral sites are transformedequal number, so that the change in the slopes of the 1/

into square planar sites. For KMn\Qf every third row of
oxygen atoms parallel to the I0] direction are removed as

versusT curve can be accounted for if substantial antifer-
romagnetic spin-exchange interactions inThe 15 K region

indicated in part a of Figure 6, there occurs a 3D network occur primarily among three of the four different types of

of corner-sharing B@octahedra and B£square pyramids.
The resulting composition becomesB3Os (i.e., ABO;—
with 6 = %3) with the stacking sequence [(ADAO3)-

Mn2* ions. If the antiferromagnetic coupling between these
ions is stronger than the available thermal energy inTthe
< 15 K region, then only one kind of M ions will be left

(AO,)].. This type of oxygen-defect perovskite structure has in KMnVO, to act paramagnetically in tHe< 15 K region.
not yet been reported. Finally, when the shared oxygen atoms 3 4. Spin Exchange Interaction.To verify the aforemen-

of the corner-sharing B©square pyramids are translated
along the [1.0] direction by a'/, period (the period along
the [110] direction is about two times the-©0 distance,
i.e., ~5.6 A), all of the BQ square pyramids become
disconnected B@Qtetrahedra, without changing the global

tioned implication, we estimate the relative strengths of the
various Mrtt---Mn?* spin-exchange interactions in KMn\fO

by performing a spin-dimer analysis based on extended
Huckel tight-binding (EHTB) electronic structure calcula-
tions3° In this analysis, EHTB calculations are carried out

composition (Figure 6b). To emphasize the existence of ¢4 yarious spin dimers, that is, the structural units made up

disconnected B@tetrahedra, a different view is shown in
part b of Figure 6. The projection view of the resulting
structure is similar to that of the real structure of KMnyO
along the b direction in part b of Figure 2, without the strong
distortion of the oxygen framework.

3.3. Magnetic Susceptibility and Specific Heat Mea-
surements. The inverse molar magnetic susceptibility (1/
xm) of KMNnVO,4 was plotted as a function of temperatdre
in Figure 7. Above 15 K, the %{; versusT curve follows
the Curie-Weiss law withC = 4.28 emu K/mol and) =
—75 K. Below 15 K, the Iyu versusT curve can be fitted
by the Curie-Weiss law with C~ 1 emu K/mol and a small
0 value @ = —6 K). Specific heat measurements for
KMnVO, exhibit al-type anomaly arowh6 K in theCy/T

of two adjacent MA" ions plus the oxygen atoms in their
first coordinate spheres. The strength of a spin-exchange
interaction between two spin sites is described by the spin-
exchange parametdr= J: + Jar, Where the ferromagnetic
term Jg is positive and the antiferromagnetic terdxe is
negative. In generallr is a very small positive number so
that the trends in the antiferromagnetivalues (i.e.J < 0)

are well approximated by those in the correspondipg
values¥® In the spin dimer analysis based on EHTB calcula-
tions, the trends in thésr values are estimated on the basis

(30) For recent reviews, see: (a) Whangbo, M.-H.; Koo, H.-J.; Dai.D.
Solid State Chen2003 176, 417. (b) Whangbo, M.-H.; Dai, D.; Koo,
H.-J. Solid State Sci2005 7, 827.
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Figure 8. Simplified views of Mrf™---Mn2" spin-exchange paths in KMn\/OThe Mr?*---Mn2* spin exchanges are represented by colored cylinders,
which are defined in Table 4.

of the relationshipJar O —EﬂAe)ZEPO where thd;ﬂAe)ZEterm Table 4. Mn---Mn Distances and[{A€)?[Values of Various
. A A . 2+taee 2+ i i a
is calculated by performing EHTB calculations for a spin _ Mn®:--Mn*" Spin Exchange Paths in KMnVOy
dimer. Each MA" ion of KMnVOy, has five singly occupied spin exchange path MnMn® A0
d-block levelspm (u = 1-5), that is, five magnetic orbitals. mnimni gg;ga hite) ggg((gg))
. : nl:-+-Mn . , white .
Thus, thel{Ae)?Oterm is given by Mn1--Mn1 5.645 0. blue) 2600 (0.87)
Mn1--Mn2 5.572 640 (0.21)
, 1 5 , Mn1--Mn2 5.707 230 (0.08)
il Mn1:--Mn3 3.415 (y, red) 3000 (1.00)
{Ae) T~ 2z (Ae,) Mn1--Mn3 3431 300 (0.10)
Su=1 Mn1---Mn3 3.758 760 (0.25)
Mn1:Mn4 3.777 24(0.01)

; _ 0 0 Mn1:--Mn4 3.780 72 (0.02
with (Ae,)? = (Ae,)? — (A€)2% where A€ is the energy Mnl--vng 3780 2 20_023
difference between the magnetic orbitalsrepresenting each Mn2-+-Mn2 5.702 40 (0.01)

. f . B O _ i : ; Mn2:--Mn3 6.577 (1, pink) 1200 (0.40)
spin site of the spin c_ilmem(eﬂ 0if the; two spin sites are Mn2-+-Mn3 6.648 @; cyan) 1600 (0.53)
equivalent), andAe, is the energy split that results when Mn2-+-Mn4 3.142 320 (0.11)

i i =1-— i in si Mn3:--Mn3 5.645 420 (0.14)

two magnetic orbitalgm (1 = 1 — 5) on adjacent spin sites VR s 580 (6.19)
interact. - . _ Mnd-+-Mn4 5.241 50 (0.02)
In magnetic oxides of transition metal ions M, the spin- Mn4---Mn4 5.351 80 (0.03)

exchange interactions between adjacent metal ions may take Mn4:--Mn4 5.645 420 (0.14)

place through M-O—M superexchange (SE) paths and/or ~ 2Mn---Mn distances and{A¢)?[values are in units of A and (meV),

M—0-+-O—M super-superexchange (SSE) péﬂ\\ﬁlhen the respectively. The relative values dfA¢)20with respect to the largest one
. are given in parentheseésThe spin-exchange parametelis-Js are used

O--+O contact of an SSE path ND O M_forms an egge in Figure 7 to indicate the spin-exchange paths involved, and the colors in

of an MO, tetrahedron containing & ébn (i.e., M = V', parentheses refer to those of the MMn cylinders in Figure 8.

Mo®"), it is crucial to include the XD, tetrahedron in the

structural unit representing the spin dimer because such

M—0---O—M spin-exchange interactions are strongly af-

those not involving the Mn4 sites. The Mn4 sites lead to
very weak spin-exchange interactions with the neighboring
fected by the @M'-O bridges:-3 Therefore, in our EHTB manganese sites (i.e., Mn_l, Mn2, Mn3, or Mr_14 sites) because
calculation® for the [{Ae)?Cvalues of various spin dimers 1€ Mn4Q square pyramids are strongly distorted so that
in KMnVOy, all of the VO tetrahedra associated with the 1€ magnetic orbitals of a given Mn4 site have poor overlap
Mn—O-+-O—Mn spin-exchange paths were included in the With those of its neighboring manganese site. The strong
structural units representing the spin dimers. Results of our @ntiferromagnetic spin-exchange interactions between the
calculations for all of the nearest-neighbor spin-exchange

interactions between four different manganese atoms are(32) Koo, H.-J.; Whangbo, M.-Hnorg. Chem 2006 45, 4440.
(33) Kaul, E. E.; Rosner, H.; Yushankhai, V.; Sichelschmidt, J.; Shpanchen-

summarized in Table 4. _ _ _ ko, R. V.; Geibel, CPhys. Re. B 2003 67, 174417.
Table 4 reveals that the spin-exchange interactions as-(34) Duc, F.; Millet, P.; Ravy, S.; Thiollet, A.; Chabre, F.; Ghorayeb, A.
sociated with the Mn4 sites are negligible compared with M.; Mila, F.; Stepanov, APhys. Re. B 2004 69, 094102.

(35) Our calculations were carried out by employing $##&VIOA(Structure
and Molecular Orbital Analyzer) program package (Dai, D., Ren, J.,
(31) Dai, D.; Koo, H.-J.; Whangbo, M.-Hnorg. Chem.2004 43, 4026. Liang, W., Whangbo, M.-H http://chvamw.chem.ncsu.edu/, 2002).
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Mn1, Mn2, and Mn3 sites give rise to the spin lattice depicted cur only among three of the four different types of Mn

in Figure 8, in which all of the adjacent Mhions are ions. The antiferromagnetic ordering among these three types
antiferromagnetically coupled. Therefore, the substantial of Mn?* ions is responsible for the specific heat anomaly
antiferromagnetic spin-exchange interactions of KMnvO found in theC,/T versusT plot atT = 6 K, and the remaining
observed in th& > 15 K region originate primarily from  Mn2" ions not involved in antiferromagnetic coupling are
the Mret---Mn2* spin-exchange interactions involving only ~ responsible for the paramagnetic behavior of KMn\i®@low

the Mn1, Mn2, and Mn3 sites and the paramagnetic behavior15 K. This paramagnetic contribution dominates at low
of KMnVO, observed in thel < 15 K region from the temperatures, which explains why the susceptibility shows
isolated M ions of the Mn4 sites. This finding is consistent N0 Maximum aff = 6 K.

with the magnetic susceptibility and specific heat data of
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In summary, KMnVQ is a magnetic oxide that represents
a new type of ordered oxygen-deficient cubic perovskite
ABO;_ s with & = /3, in which high-spin MA" ions occupy
four different crystallographic sites among the A and B sites.
Substantial antiferromagnetic spin-exchange interactions oc-CM070452B
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