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Noncubic MnO, spinel (Hausmannite has been investigated by using the periodic Hartree-Fock
CRYSTAL95 program. The structure has been fully optimized, and the computed geometry compares well with
the experimental data. The analysis of the wave function in terms of Mulliken charges shows that the net
charge of the tetrahedral cation (Inis very close to the formal one{1.86 electrons to be compared to
+2); for the octahedral site (M#) the net charge is far from the ideal ionic model%.3 electrons instead of
+3), and the Mg— O bonds show some covalent character. The same analysis performed on the spin density
gives magnetic moments very close to the ones corresponding to thelfdeatid® configurations (4.90 and
3.97 electrons for Mg and Mrg, respectively. The total energy of seven different spin configurations has
been evaluated and the corresponding wave function analyzed. Superexchange coupling constants are evalu-
ated by mapping thab initio energy data to the Ising hamiltonian. It turns out that the intertetrahedral and
tetrahedral-octahedral magnetic interactions are small and antiferromagnetic, in agreement with experimental
evidence. The Mg—Mng along the octahedra chains is ten times larger, whereas the interchain interaction is
small and ferromagneti¢S0163-182@9)03843-4

. INTRODUCTION difficult task represented by M®,. Mn;O, hausmannite is
to be considered asdifficult system from the point of view
Substantial progress towards a fall initio account of the  of the ab initio simulation for many reasons:

structural and electronic properties of important classes of 1. It has a tetragonally distorted spinel structure, with a
crystalline compounds such as simple metals, semiconduéelatively low symmetry and 14 atoms in the unit cell.
tors, ceramics and silicates has been achieved in recent years.2- It contains six transition metal atoms. ,
For other classes of compounds, such as transition metal 3. Two I\fn ato(r;ss ?re expdefted to have an electronic con-
(TM) ionics (oxides, sulfides, halidgsab initio methods ~ "95/210N 295€ e)’(pggtretg to give rise o a Jahn-Teller dis-
have been less successful. Simple properties such as the it%'rtién.
sulating character of these materials and the relative stability A these features represent on the one hand challenging

of their ferro- and antiferromagnetic states remained out Ofests for theab initio simulation, and make on the other hand
reach for a long period. The situation has, however, changeghis system extremely interesting.
when the Unrestricted Hartree-Fock option has been imple- Much attention has been devoted to its magnetic
mented in thecRYSTAL95 code! Since then, the electronic properties®=*°and to its canted spin structure. It is a good
and magnetic properties of marigbout 30 TM oxides and  prototype of the spinel compounds displaying Jahn-Teller
halides (including MO oxide€™ M,0; sesquioxides;®  distortion; the effect of the substitution of other transition
KMF, perovskites and M F, layered perovskite$;2MF, metals, such as _Cr, on its structural anq magnetic properties
rutiles>*whereM is one or more of the first row transition '[]eariﬁ:rz?ufgtznnsévzléggaézfgtsbggrr:aivr:\?(rasatisgzggCttcl)%n ?ﬁtt
metal3 have b een .successfully |nvest|g.ated. The three'r‘oom pressure and temperature it is tetragonal; at high tem-
two-, or one-dmgnspnal antlferromagnetlt? character of th‘?)erature (1160°C) it becomes cubic. At high pressi@
magnetic interaction in these compounds is correctly réProgpg and temperature (900 °C), it converts to an orthorhom-
duced; the magnitude of the superexchange coupling comsic phase isostructural to marokite Cajdy.?
stants(evaluated by mapping thab initio data to model The paper is organized as follow. The structure of;@p
Hamiltoniang, its dependence on the!-M distance and s illustrated in Sec. Il. Section Il is devoted to the compu-
M-X-M angle(X is the anion are in good agreement with tational method. The results, presented in Sec. 1V, are orga-
experimental evidence. nized in three subsections devoted to the structural data, the
The high quality of the results obtained in the descriptionelectronic structure and the magnetic properties. In Sec. V,
of these simple materials encouraged us to tackle the momome conclusions are drawn.
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TABLE |. Experimental and calculated structural daiandc are the lattice parametetm A), y andz
are the fractionary coordinates of oxygéy. B, a, ande label the tetrahedral and octahedral cations and the
apical and equatorial Mn-O distances, respectivelyand 8, are the two tetrahedral angless and 8z are
the largest @ Mn-O, and Q-Mn-O, angles, respectively. The data in the first two lines refer to the present
calculation withoutnd) and with(d) d orbitals on oxygen. Other labels refer to experimental determinations.

a C y z MnA'O MnB'Oa MI’IB-OE ap BA apg BB I’ef

5919 9.311 0.2157 0.3846 2.098 2.247 1.956 106.65 110.90 96.54 98.53 nd
5882 9.481 0.2166 0.3846 2.099 2.287 1947 105.12 11168 96.39 98.29 d

576 946 0.216 0.384 2.069 2.288 1.905 10447 112.03 96.27 98.44 25
5765 9.442 0.2222 0.3839 2.040 2.282 1.930 103.42 11258 9550 96.84 26
5756 9.439 0.227 0.383 2.011 2.288 1.945 102.75 11293 94.68 95.60 17
571 935 0.2208 0.3834 2.028 2.259 1.906 103.94 112.31 9552 97.18 18

Il. SKETCH OF THE STRUCTURE along thea (or b) chain(B-3-B path in Fig. 3; their distance

At low temperature and room pressure, J@ has a tet- is equal to 2.96 Athe tvyo Mns-O bonds are equatorial, and
ragonally distorted spinel structutepace group I¢/amd), the Mns-O-Mng angle is 98.3f. Second nearest MaMing
with two formula units per primitive cell. There are two dif- Neighbors belong to orthogonal chains; their distance is equal
ferent kinds of manganese atoms in the cell:\sitting at 1 3-13 A(B-3-B’ path in Fig. 1, one apical and one equato-
(0,0,0, which is a 4a tetrahedral site and My) located at rial bond with a Mr@;-_O-MnB angle equal to 96.09°First and
(0,1/4,5/8 in a 8 octahedral site. All the oxygen atoms are Second Mg-Mnj neighbors are at 3.51 and 3.79(B-3-A
equivalent, and are d0y,2, which is a 16k position. Ex- andB’-3-A/in Fig. 1, where one equatorial and one apical
perimental values for the four cell parameteasa(y,z) are octahedral bond are involved, respectively; the angles are
given in Table I. The MnQ tetrahedron is angularly dis- €qual to 119.7, 121.5 degrees, respectively
torted: there are two kinds of O-MpO angles(103.4 and
112.6 degregsthe four Mn,-O distances are equivalent, and
equal to 2.040 A. The octahedron too is distorted, with two Ill. COMPUTATIONAL DETAILS
apical distances equal to 2.282_ A and four equatorial dis- For the present calculations, ta&YSTALSS program has
tances equal to 1.930 Asee Fig. 1. All the O-Mng-O " heen adopted, in its Unrestricted Hartree-FGtHF) ver-
angles deviate from 90° by about 5°. Each oxygen is fourfoldsjon  that permits us to investigate spin polarized systems.
coordinated(to three M and one Mn, see Fig. 1 In  crystaiesis a periodicab initio code that uses a variational
terms of polyhedral representation of the structure, each 0g5agis set of localized functions, and can solve both the
tahedron shares edges with six dn‘ferent surrounding OCtah_‘Hartree-Fock and Kohn-Sham equations. We refer to previ-
dra. The structure can then be described as fc_)rmed by chaigg,s papers?® for a description of the main features of the
of.octahedra running parallel to tleeand b lattice vectors  method and code. Tools have been implemented in
(Fig. 2). Thea andb chains are orthogonal, and connectedcrystaLos in order to address the system towards the re-
by shared edges. First nearest gviiing neighbors occur  guired spin solutior(seven in the present casét is, how-

FIG. 1. Local coordination of oxygen amfl(tetrahedral and B a
(octahedrglmanganese atoms. Atoms 2, 3, 4, and 5 lie in the equa- -
torial plane(short Mn-O distance oxygens 1 and 6 are apicdbng FIG. 2. Polyhedral representation of the hausmannite structure.

distance. Oxygen 3 is fourfold coordinated through two sh¢B) Octahedral chains are parallel to theand b lattice vectors. Two

and one longB’) octahedral bonds, and ori®) tetrahedral bond. tetrahedra are also represented; they are linked to the same octahe-
Four superexchange paths are represented in the figurelron (with atom c at the centgthrough a corner. Black dots rep-
B-3-B,B-3-B’,B-3-A,B'-3-A. The corresponding superexchange cou-resent oxygen atoms; labels 2,3,4,5 and 1,2,6,4 define the equatorial
pling constants will be indicated dggs, Jggi, Jag @andJag: . TWO and vertical planes of the charge density mégee text Thea, b,

A sites are not directly connected (the path could b8-B-4-A); c, dletters label manganese atoms at the center of octahetrat
nevertheless the correspondidg, coupling constant is not negli- a tetrahedral site. Dotted lines indicate superexchange paths con-
gible. necting two manganese atoms via an oxygen atom.
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ever, to be underlined that only the total number of unpaire¢tan be compared to 1.41@r /2), which is thec/a value
electrons in the unit cell is imposeal priori, whereas the  .4responding to the ideal cubic structure when described
partition of the spin density between the transition metal atyithin the tetragonal symmetry. The agreement is much
oms (four Mng and two M, in the present cagés not  hoorer wherd functions are not present on oxygen, as basis
constrained. The flnallspm conflgurat_lon in the unit cell isget is not flexible enough to allow for the polyhedra distor-
then the result of a variational calculation with the constraintjq, The calculated bulk modulBis equal to 167 GPa, and

of an a priori defined number ofx-5 electrons for each s pressure-derivative’ equals 6.1. A recent low tempera-
explored spin state. _ . _ ture measurent gives a value of 137 GPa vBthset to 4%

As regards the computational conditions, the numericalrhe gyerestimation d& (about 20%) is in line with previous
tolerances used in the evaluation of the infinite bielectronic.g cylations performed on other spinel compodAdsith
Coulomb and exchange series were identical t0 thosgimjar pasis sets, and 5% to 10% larger than the one ex-
adopted in recent studiés??*and chosen to ensure high pected when a very rich basis set is u&d.
numerical accuracy. The shrinking factor, IS, which defines 1o Hartree-FockHF) binding energy(BE), calculated
the reciprocal space net, was set to 4, corresponding 0 13 55 the difference between the bulk and the atomic energies, is
points at which the Fock matrix_is dlagonallzgd. Larger1692 kJ mot?®, which represents about 52% of the experi-
shrinking factors do not yield significant 'change in energy. mental BE (3234 kJ mol) obtained from the enthalpy of

As regards the basis set, Bloch functions are constructegl . ~tion of Mn0,2 and atomization energies of Mn and
from local function(“atomic orbitals”), which in tum are o ap 4 posteriori correction, that takes into account the
linear combination¢“contractions”) of Gaussian-type func- 4 rejation contribution to BE, and is evaluated through a
tions (GTF .S)’ that are t.he product of a Gaussian and a rea orrelation-onlyfunctional applied to the HF charge density,
solid spherical harmonic. The all-electron basis sets used fC?anroves dramatically the calculated BE (2615 kJ filol

th_e present st.udy were previously used for I\/ﬁfbgnd €ON-  corresponding to 82% of the experimental valtkhis value
tains 18 atomic orbitals for O and 27 atomic orbitals for Mn. is in line with the BE obtained for Mn®and other oxide®

This basis set can be denoted as-a431G* and 8-6-411-

(41d)G contraction for O and Mn, respectively. The expo- )

nents @) of the most diffuse single gaussian shells have B. The electronic structure

been reoptimized by searching for the minimum crystal total The net charges of the three atoms, evaluated according to
energy. For oxygen, the best values ar¢sp)=0.455, a Mulliken partition of the charge density, ar¢1.858
a(sp)=0.175, andx(d) =0.463. For Mn, also the scale fac- (Mn,), +2.292 (Mn;) and —1.61€| (oxygen, respectively.

tor A of the 4G d contraction has been optimized, and the The system appears then quite ionic, although the charges
optimization has been performed separately for,Mmd are far from the formal ones corresponding to the ideal ionic
Mng. The obtained values avey(d)=1.024, a5(d)=0.28  situation(+2, +3, and—2|€|), in particular in the case of
and\g(d)=1.018, az(d) =0.28. These values show that the the octahedral Mn atom.

basis sets for the two sites are very close, and close to the The spin population analysis provides, on the contrary,

one optimized in MnO. values much closer to the formal ones: 4.90 and |&|9for
Mn, and Mns, respectively, to be compared to 5 and 4
IV. RESULTS AND DISCUSSION corresponding ta® andd* high spin atomic configurations.
Values derived from neutron scattering experiments range
A. Structural data from 3.25 to 3.64"'8 for Mn,, and from 4.65 to 5.34 for

The equation of state has been evaluated as follows: fo¥ing. Mn, is then essentially in the same find® elec-
eight cell volumes, the total energy of the system has beetionic configuration already observed for MAGFor Mng a
minimized with respect to the/a ratio andy andz oxygen  deeper analysis of the data given in Table Il is required. A
fractional coordinates, for the ferromagnetic stéf&M). local frame is assumed, with the axis along the apical
The resulting energy versus volume curve has been fittefIn-O bond of the octahedron, and theaxis along one of
with a Murnaghan equation of state. The equilibrium volumethe equatorial bonds. With respect to this frame, the total and
(328.0 A is about 4% larger than the experimental onespin occupation ofi;2, d,y, dy,, andd,, is very close to one,
(314.8-6.7 A), in line with previous Hartree-Fock calcula- indicating that they contain one majority] spin electron,
tions (see for exampfé). The calculated geometry is com- and essentially no minority spin electrons. Tde_,2 occu-
pared with the experimental ones in Table I. The table repation is, on the contrary, much smaller (4&¥, with con-
ports also the geometry obtained with a poorer basis set, wittiibutions  from both majority (0.3@|) and minority
nod functions on oxygen; this basis set has been used for th@.16€|) spin electrons. We can sketch the situation in the
calculation of the many FIMferrimagneti¢ structures, to be octahedra as follows: the very low occupation of the 2
discussed in the magnetic section; these structures, for thedrbital permits to shorten the equatorial bon@hich are
low symmetry, are very demanding from a computationalabout 0.4 A shorter than the apical opethe shorter bond
point of view, and could not be investigated with the richerfavors, in turn, a back donation process from oxygen to the
basis set. The geometry calculated with the larger basis sempty orbital, that involves mainly electrons, because in
reproduces fairly well experimental bondthe tetrahedral this way the short range repulsion within tteshell is
and octahedral Mn-O bonds are overestimated by about 0.08mnaller. This picture is confirmed by the Mn-O bond popu-
and 0.02 A, respectivelyand anglesthe largest differences lation, which is non-negligible for the equatorial bonds
are of the order of 2°—3° Also thec/a ratio is well repro-  (0.027e|, whereas it is only 0.008| for the apical bonds
duced(1.61 to be compared to 1.54%25%: these values indicating some covalent character, and involves mogtly
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TABLE 1l. Mulliken population data of electron chargex(
+B) and net spin ¢—B) for atomic orbitals in ferromagnetic
Mn;O,. s and | superscripts indicate shofequatorial and long
(apica) Mn-O bonds, respectively.

Mng Mny (@)

a+p a—pfB a+ B a—pf atpB a—p
total sp 18.086 0.024 18.039 0.018 9.597 0.019
dxy 1.025 0.952 1.009 0.976
dy, 1.025 0.974 1.028 0.974
dyZ 1.027 0.973 1.028 0.974
d, 1.080 0.933 1.012 0.990
dy2_y2 0.465 0.139 1.026  0.990
Total d 4.622 3.969 5.103 4.896 0.014 0.006
Net charge +2.292 +1.858 —1.610
B(Mn-O) 0.027 —0.020 —0.023 —0.037

0.008 —0.018

electrons (0.024/, to be compared to 0.0a4e|). It must be
noticed that, as the angles in the equatorial plane are n
exactly equal to 90 degrees, the lobes ofdtmbitals do not
coincide with the equatorial bonds.

Additional information is provided by the total and pro-

jected density of states reported in Fig. 3 for the top valenc

and bottom conduction bands. As expected, the upper v
lence band is mainly contributed by O) states, whereas
manganesd stategs valence states are empgppear in the
lower part of the valence bang(O) states are spread over a
large energy intervdlabout 0.2 Hartreewvhereas Mrd states
remain well localized. The Mnd states are lower in energy
than the Mn ones; the energy difference is 3.2 eV; this

value is to be compared to 1.4 eV, which is the difference

between the two peaks attributed to Mnand Mr** ions in
high-resolution electron-energy-loss spectroscop
(HREELS experiments! This overestimationof about a
factor two is in line with previous results for transition
metal material$? and is typical of the Hartree-Fock method.
Thet,q andey derived states in Mpare at about the same
energy. In the case of an ideal octahedrdp, andd,2_2
should be at higher energy thal,, d,, anddy,. In the
present case, the lenghthening of thegMd bond parallel to
the localz direction produces an energy lowering of tthe
orbital with respect to thel,2_2, down to the energy inter-
val where thet,y derived states present a maximum.

Tot—
Ox ——
N
A\ alpha A
beta A NAY
e
i MnB 9
%) t ——
Q in 2g
a 421/\\ alpha
N
beta g
M e— \\/
n Mot ——
A alpha
beta v
1 1 1
-0.8 0.0 0.4

-0.4
Energy (Hartree)

FIG. 3. Total and projected density of state of ).
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FIG. 4. Total(a), difference(b), and spin densityc,d) maps in
a plane containing oxygen atoms 1,2,6gs. 1 or 2 and manga-
nese atonB (Fig. 2). Two equatorial and two apical Mn-O bonds
are reported. Manganese at the top and bottom of figures are
5,{ighlty off plane. In(c) the octahedron is sketched. The difference
map (b) is obtained by subtracting the superposition of spherical
ionic charge densities (l\@ﬁ and &) from the bulk charge den-
sity; the same bulk basis set has been used in the two cases. The
spin density mapsc and d refer to the FEM and FlM solutions.
q’he step between isodensity lines is 0.025, 0.01, and
@.005e/Bohr 2 for the total, difference, and spin density maps,
respectively. Dashed, dotted, and solid lines correspond to negative,
zero, and positive values, respectively.

Total charge and difference density maps are shown in
Fig. 4. The difference map shows that the density around
oxygen is strongly deformefwith respect to the spherical
shapg along the short Mg-O bond, whereas the effect is
much smaller or negligeable along the long ¢M® bond.
Mhis supports the relative covalent character of the equatorial
bond with respect to the apical ones, proposed previously.
This may be traced back to Jahn-Teller distortion illustrated
on Fig. 4b) by a depletion of charge on Mralong the short
Mng-O bond (in order to provide room to the protruding
oxygen electrons, one could 3and a build up in the apical
direction. The not shown electronic density around,Me-
main very similar to the one of the isolated ion.

C. Ferromagnetic and ferrimagnetic states

Spinels are well known for their ferrimagnetism, mainly
due to antiferromagnetic interactions between tAeB
sublattice$® The A-A interactions are usually very small,
because tetrahedra are not directly connecBe®. interac-
tions are usually weaker than theB one’s, but control th&
sublattice magnetic configuration. In M®D,, apparently
intra- and intersublattice interactions are comparable, and the
collinear magnetic structure iB chains is destabilizet(:*8
Within the B sublattice, the spins adopt a canted Yafet-Kittel
like structure'’1

Comparison of the calculated and experimental spin dis-
tribution calls for some comments. Canted spin distribution
can be understood at classical level in terms of lattice frus-
tration. The assumed ide&olineay antiferromagnetic cou-
pling is not consistent with the structure. At quantum level,
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TABLE lll. Total energiesE,,r per unit cell(in Hartree, and at
the optimized FEM geometjyfor the ferromagneti¢FEM) and the
different ferrimagneti¢FIM) structures considered hetkE are the
energy differences with respect to the ferromagnétgM) solu-
tions (all manganese spins UpSE is the same quantity evaluated
by using the four superexchange coupling constahtg, Jag.,
Jegs: Jeg) (see text for more detalils

Solution Enr AEqe SoE

FEM —7498.51758 — —
FIM4 —7498.52001 —0.00243 —0.00230
FIG. 5. Projected position of manganese onaleplane of the FIM, —7498.51886 —0.00128 —0.00147
conventional cell. Diamonds and triangles correspond to octahedral FIMs —7498.51776 —0.00018 —0.00016
and tetrahedral manganese, respectively. Enclosed numbers indicate FIMa4 —7498.52106 —0.00347 —0.00362
the altitude in eighths along the axis, numbers outside symbols FIMs —7498.51906 —0.00148 —0.00156
correspond to the numbering of manganese atoms. FIMg —7498.52114 —0.00356 —0.00337

spin-orbit coupling must be taken into account. Within the

Hartree-Fock approximation, spin is an independent variableule, the superexchange interaction decreases when the
and spin-orbit coupling is not described. Then, comparisotMn-O distance increases, and when the Mn-O-Mn angle ap-
of the presently called ferrimagnetic states with the experiproaches to 90 degrees. RNk the most stable configura-
mental magnetic structures is ambiguous. But, the relativéion, because spins alternate along both kind of octahedral
intensity of the different first neighbor intercationic magneticchains as well as in the tetrahedral sublattice, in agreement
coupling can be estimated. with its status of closer configuration to the experimental

We have been able, however, to compute the total energyne’s. FIM, is very close in stability to FIN, as expected,
of a certain number of magnetic structures; from the energyecause the only difference is in the tetrahedral sublafite
differences between them, useful information on the strengtBpins up, and theA-A interaction is expected to be very
and sign of the magnetic interactions can be extracted. Apagmall, as the tetrahedral sites are far apart from each other. In
from the ferromagneti¢dFEM) structure, six ferrimagnetic FIM; Mn atoms belonging to the same chain do have the
(FIM) configurations have been considered that do not resame spin; in this configuration then only half of thAeB
quire unit cells larger than the FEM one. If the manganesénteractions remain active, together with the interchain inter-
atoms of the primitive cell are labeled 1 to 6, the FEM solu-actions; as the formers are antiferromagnetic, aril for
tion will be indicated as:{, 7; T, 1; 1, ). Atoms 1 and 2  FIM; is very close to zero, we must deduce that the latter is
are at a tetrahedral site; 3 and 4 belong to a chain of octahgerromagnetic.
dra(say alonga) and 5 and 6 to a chain perpendicular to it We can try to estimate in a more quantitative way the
(along b). Tetrahedral and octahedral manganese positiongarious magnetic interactions in our FIM structures by using
are shown projected in theb plane of the conventional cell a simple model spin Hamiltonian, such as the Ising one. In
in Fig. 5. The following FIM configurations have also been this model, under the hypothesis of the additivity of the spin-
taken into account: FIV=(],|; 7.7; 1.7), FIM, spin interactions, the energy differenad= between FIM’s
=14 1.1 1., FIMs=(1,7; 1,15 T.1), FIM, and FEM configurations can be written as:

:(T!Ty Tvli T!l)! F|M5:(T,T, l!Ti TIT)! and F”Vli
=(7,1:1,1; 1,1). They correspond to 6, 16, 10, 10, 18, and
0, uncoupled electrons per cell, respectively. All the calcula-
tions refer to the FEM optimized geometry; in order to limit )
the computational costs, the basis set withdurbitals on ~ whereS;,S; are the spins of catiorisandj (we used 3.97/2
oxygen has been used. and 4.90/2 for the two kinds of Mn atoms, see Tab)e Jj;

The Hartree-Fock total energies for the seven configurals the superexchange coupling constant between them, and
tions here considered are given in Table Ill. FIM states areZij IS the number of-j neighbors. The summation usually
always more stable than the FEM one, with the only excepextends to first or second neighbors, as Jheonstants are
tion of FIM3, which is as stable as FEM. FiMwhich is known to fall down exponentially with distance, as already
third in the stability scale, corresponds to antiferromagnetidnentioned above. In the present case four superexchange
interaction between octahedral and tetrahedral sublattice§onstants have been considered, nandgly, Jag, Jggs (in-

The energy gain with respect to the FEM state indicates thdgraction within thea or b octahedral chains, short distance,
antiferromagnetic intersublattice interactions are stabilizingf. Fig. 1), and Jgg (interchain interaction, long distance
and large, as expectedE for FIM, is about half that for Disregarding all the other interactions, and taking into ac-
FIM;, because only half of the FIMinteractions remain count the number of neighbors for each kindJpthe above
active. The interpretation of the results for the I\ states ~ formula becomes, in the six cases here considered:

is somehow more difficult, and requires the analysis of the
ferro- and antiferromagneti&-B inter-sublattice and-B in-

tra sublattice interactions. We refer to Sec. Il for a descrip- 5
tion of the Mn-Mn paths. We remind here that, as a general AE;=24SaSe +8JanSh,

AEgpv-rem= —2%‘4 ZijSSJj;

AEl: 48JABSASB=
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TABLE IV. Experimental and calculated superexchange param-
eters.

cale. (K) exp® (K) Error (%)
Inn —42.13 —49 57
Ing ~3.11 ~6.8 54 :
g, +4.95 .
‘]BBS _297 :
Jgs(mean —6.57 -19.9 67 ]

AE3: 24‘JABSASB+ 16JBB|Sé,

AE4=24]p55xSs+ (8J551+ 8J589 S5,
FIG. 6. Spin density maps of the octahedron for FEM configu-

AEgs= 12JABSASB+(8JBB|+4JBBS)SE, ration (a) and(c), and FIM, one’s(b) and(d). Planega),(b) contain
atoms labeled b, ¢, and e in Fig. 2. Oxygen is slightly off plane
AEG:SJAASi+ 12J,5SaSg+ (8Jgg i+ SJBBS)Sé, (0.22 A). Planeg(c),(d) contain oxygen atoms labeled 2, 3, 4, and 5

) ) (Figs. 1 and 2 and manganese atoBi(Fig. 1). Manganese at the
where theAE values are given in Table Ill. Thé values  top and bottom of figure are slightly off plane. WO bonds are all
obtained by best fit from these data are quoted in Table IVequatorial. Shape of the octahedron is reported on plane c. Scale
The strongest interaction is tf&B one within thea or b symbols and other details as in Fig. 4.

chains; theA-AandA-B ones are about ten times smaller; the
B-B interchain coyplmg favors th(_a ferromggnenc _arrange-G(a)], with a small deformation due to the electrostatic influ-
ments. If the obtained values are inserted in the six equa- : .
tions, thesE values reported in the third column of Table IlI ence of the nelght_)orln_g oxygen atoms. In Mronly four_d
are obtained: the quite good agreement betweer @nd orbitals are occupied; in the Iocgl octahedral fraﬁ_ggyz is
SE values indicates that the model includes all the most relf€MPY; as is clearly shown by Fig(@,(d), and the ion takes
evant magnetic interactions, and that the overall accuracy dhe cylinderlike structure shown by Fig(c},(d) and Fig.
the calculation is very high; we underline in fact that the 6(@).,(b). Most of the spin density is on the Mn atorfaout
constants are as small as a microhartree. five and four electrons, see Table;Ithe most interesting
The calculated parameters are about 4G0% of those  Ppart of the maps, however, is the very small spin polarization
derived from experimental datd,as shown in Table IV. It of the oxygen ionsthe integrated spin density on oxygen is
must be noticed that in Ref. 19 a singlgg constant is about 0.08), because it is through this polarization that the
provided, corresponding to the weighted mean value bemagnetic interaction between two manganese atoms takes
tweenJggsandJgg,, Whereas we have been able to estimateplace. It is useful to underline that the relative stability be-
the two interactions separately. The percentage €igee tween different spin phases is very sm@f the order of a
third column of Table 1V is about the same as that obtained millihartree, and that it is determined by a quite small spin
for other compounds such as the KME'2 perovskite, and  polarization of the bridging anions. The oxygen ion in our
K,MF,*° layered perovskite, and is mainly due to the factcase is then surrounded by four Mn iofsee Fig. 1; as the
that the UHF method disregards the interelectronic correlavalencesp shell on Mn is empty, the most external shell of
tion. These data confirm that the performances of the methollin, which is the one that is in contact with the oxygen ion,
remain good also when systems with large unit cells ands thed shell, which contains four or five electrons with the
complicated spin-spin interactions are considered. same spin. In the case of the FEM structure, for example,
Calculated exchange parameters clearly indicate a strongach oxygen atom is surrounded by four Mn ions with
antiferromagnetic interaction withia and b chains and a spin; in order to reduce the short range Pauli repulsion, the
weaker ferromagnetic ordering betwegmndb chains. The oxygen ion will try to displace his electrons B electrons
interchain connectivity as shown in Fig. 2 is not fully com- will simply feel the electrostatic repulsion from the Mn elec-
patible with colinear interactions. Lattice frustration is ex-trong from the contact zone. This behavior is evident in Fig.
pected. Its consequence on spin distribution have not bees(a), where spin density peaks appear protruding away from
investigated for the moment, but should induce deparallelithe Mn atoms. There is no polarization in Fidcl because
sation of the atomic spins. it contains four equatorigkhor) Mn-O bonds; Fig. 4 shows
The Curie temperature calculated with the formula pro-that polarization effect can take place along the long Mn-O
posed in Refs. 19,33 is 34 K. It underestimates by 20% théond, as the Pauli repulsion is very short range; the oxygen
experimental one of 42 K/~19:3435 ion is then depleting the orbital along the short Mn-O
Spin (e¢— B) density maps are very useful for the inter- bond, and building up spin density in the direction orthogo-
pretation of the superexchange mechanism. The spin densihal to it. The FIM picture in the two figures show that in this
of FEM and FIM, in three different planes is shown in Fig. 4 structure the oxygen ion has additional freedom for trying to
and Fig. 6. The different occupation of tldeshell in Mn,  reduce the Pauli repulsiow electrons are displaced towards
and Mrg is very evident from the three figures: Winthat  the Mn ions withg d shell, and vice versa, as can be appre-
has essentially a® occupation, is nearly spheric4Fig.  ciated by looking carefully at the positieontinuous lines
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and negativédashed lineslobes of the oxygen spin density torial plane and in the direction orthogonal tp @&nd shows
shown in the two figures. The different behavior is particu-an interaction with the oxygen atoms that is certainly not as

larly evident in Figs. 4 and 6. ionic as for the tetrahedral Mn atom. As regards the magnetic
interactions, which are very difficult to describe as they in-
V. CONCLUSION volve quite small energy differences, a certain number of

interesting results has been obtainé&d:six FIM (ferrimag-

The present study has shown thatinitio methods can be netic) structures have been considered, and all of them are
applied, in conjunction with aall electronbasis set, to the more stable than the FEKMerromagnetit one; (ii) the most
study of the structural, electronic and magnetic properties ofimportant magnetic interaction is the WhMng one, which
a relatively complicated compound such as i, In par- involves Mn atoms of the same octahedral chain running
ticular, an homogeneous and coherent description has beatonga or b; the interaction between Mnatoms belonging
reached of the electronic situation at the two Mn sitesto different chains is ferromagnetic, and of the same order of
manely the tetrahedral one, where the ion is nearly sphericahagnitude as the MaMng, which is antiferromagnetic;
and can be described @ Mn?*, and the octahedral one, (iii) the calculated superexchange coupling consthate in
where the ion is in a* configuration, is Jahn-Teller dis- semiquantitative agreement with those obtained from experi-
torted (with two quite different bond distances in the equa-mental data, when available.
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