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Spin, charge, and orbital ordering in the ferrimagnetic insulator YBaMn,Os5
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The oxygen-deficientdouble perovskite YBaMnOs, containing corner-linked Mngsquare pyramids, is
found to exhibit ferrimagnetic ordering in its ground state. In the present work we report generalized-gradient-
corrected, relativistic first-principles full-potential density-functional calculations performed on YEaMn
the paramagnetic, ferromagnetic, and ferrimagnetic states. The charge, orbital, and spin orderings are explained
with site-, spin-, angular-momentum-, and orbital-projected density of states, charge-density plots, electronic
structure, and total energy studies. YBaj@yg is found to stabilize in a&-type ferrimagnetic state in accor-
dance with experimental results. The experimentally observed semiconducting behavior appears only when we
include ferrimagnetic ordering in our calculation. We observed significant optical anisotropy in this material
originating from the combined effect of ferrimagnetic ordering and crystal-field splitting. In order to gain
knowledge about the presence of different valence states for Mn in YBaMwe have calculate-edge
x-ray absorption near-edge spectra for the Mn and O atoms. The presence of the different valence states for Mn
is clearly established from the x-ray absorption near-edge spectra, hyperfine field parameters, and the magnetic
properties study. Among the experimentally proposed structures, the recently reported description based on
P4/nmmis found to represent the stable structure.
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[. INTRODUCTION coupled state¥’ Anisotropic CMR phenomena have also re-
cently been reported in layered Ruddlesden-Popper variants
Perovskite-type transition-metal oxiddsBO; and their of perovskites R,A),;1Mn,03,.1 (R=rare earth, A
oxygen-deficient relatives exhibit a variety of interesting=alkaline earth) fom=2.!! Similar effects have also been
physical properties including high-temperature supercondumbserved in the oxygen-deficient cubic pyrochlore
tivity, metal-insulator transition, and a variety of cooperativeTl,Mn,0,_s. The chemical features common to these ma-
magnetic phenomena. Among them manganites have reerials are an intimately connected Mn-O-Mn network,
cently attracted particular attention because of the discoverwithin a three-dimensional or multilayered structure, and an
of colossal negative magnetoresistanc€CMR) in average Mn oxidation state betweer-3and 4+ (obtained
La;_,SrMnO;,! La;_,BaMnO,; ! and related phasés® by hole-doping of MA*).12
This renewed interest in the mixed-valence manganese per- At low temperatures, manganese perovskites are charac-
ovskites such as La,PbMnO; is due to their potential terized by the strong competition between charge-carrier itin-
technological applicatior’s! In addition, the search for new erancy and localization. In the former case a ferromagnetic
high-temperature superconductors in mixed-oxide materialéF) metallic state is formed. In the latter case, the localized
is a driving force for attention. The mechanism of high- carriers tend to form charge-orderégO) states, which have
temperature superconductivity is believed to be linked to coa predominantly antiferromagneti&F) insulating character.
operative interaction between coppet3 .2 and 3,2 orbit-  Hence, we have a competition between F with metallic be-
als and oxygen g orbitals® An attractive approach to obtain havior and cooperative JT distortion with CO. The CO state
insight into the nature of this phenomenon is to examine the&an be converted into an F metallic state by the application
magnetic and electrical properties of non-copper-oxide anasf a magnetic field. The intriguing doping-induced,
logues of known high-temperature superconducting cupratesemperature-dependent metal-insulator transition and the in-
Manganese is a good choice for such a task, as in an octah&rwoven magneti¢spin-, orbital-, and charge-ordering phe-
dral perovskite-like configuration, M (d* high spin with nomena in mixed-valence manganese perovskites and
a single electron in aey orbital) will experience a similar transition-metal oxides have attracted much attention in re-
Jahn-Telle(JT) distortion to that of C&" [d® high spin with  cent years? An active role of the orbital degree of freedom
three electrongor one holg in the e, orbitals|. The hole- in the lattice and electronic response can be most typically
doped manganese perovskites show some similarities to tteeen in manganese perovskite oxides. As a matter of fact
corresponding hole-doped Cu phases in which supercondusuch properties appear to have their origin in the unique elec-
tivity occurs? Structural similarities between these two tronic structures derived from the hybridized Md &nd O
groups of materials suggest that new Mn analogs of the high2p orbitals in the particular structural and chemical environ-
temperature superconducting Cu oxides may be prepared. ment of a perovskite. The thus resulting intra-atomic ex-
Since the discovery of CMR phenomena in perovskite<change and the orbital degrees of freedom of the Mh 3
related manganites, extensive studies have been performetectrons play essential roles in this constellation. Further-
on manganese oxides with atomic arrangements related toore, various kinds of structural distortion profoundly influ-
the perovskite and pyrochlore structures over a wide varietgnce the electronic properties. The extensive studies of CMR
of compositions with the aim to explore exotic spin-charge-in R; _,A,MnO; have brought forth novel features related to
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whereas a more recent powder neut@r300 K (Ref. 25
diffraction (PND) study foundP4/nmm So a theoretical ex-
amination of the total energy for the two different structural
alternatives is required.

The rest of the paper is arranged as follows: Section Il
gives crystal structure details for YBaMDs. The theoretical
methods used for the calculations are described in Sec. lll.
The analysis of the band structure is given in Sec. IV A.
Section IV B deals with the nature of the chemical bonding
in YBaMn,Og, analyzed with the help of site-, spin-,
angular-momentum-, and orbital-projected density of states
(DOS). Section IV C discusses CO and OO in YBajg
with the help of charge-density plots. The results from cal-
culations of optical spectra and x-ray absorption near-edge
(XANE) spectra are discussed in Secs. IVD and IV E, re-
yc_,pectively. Section IV F deals with hyperfine parameters. Fi-

glly the important conclusions are summarized in Sec. V.

H Ba found that YBaMgOs crystallizes in space group4/mmm

FIG. 1. The YBaMgpOs crystal structure. The Y and Ba ions
form layers alonge. The square pyramids corresponding to¥n
and Mr?* are shown by open and shaded polyhedra, respectivel
The O atoms at the bases and apices of the square pyramids df
denoted @1) and 2), respectively.

. . . . . . Il. CRYSTAL STRUCTURE
CO in these oxides. In transition-metal oxides with their

anisotropic-shaped orbitals, the Coulomb interaction be- ~ Chapmanet al’* synthesized rather impure YBayDs
tween the electronéstrong electron correlation efféamnay and reported the crystal structure parameters according to
be of great importance. Orbital orderit@O) gives rise to  space groupP4/mmm (described as double or ordered,
anisotropic interactions in the electron-transfer proces§xygen-deficient perovskite, closely related to YBaCukjeO
which in turn favors or disfavors the double-exchange andrhese findings were subsequently confirmed by McAllister
the superexchangéF or AF) interactions in an orbital and Attfield* who also established a model for the ferrimag-
direction-dependent manner and hence gives a complex spifetic ordering of the magnetic moments of Mn in
orbital-coupled state. OO in the manganese oxides occasioBaMn,Os (still based on an impure samplé/lore recently
ally accompanies the concomitant GO.The ordered Millange et al®® have succeeded in preparing phase-pure
oxygen-deficient  double  perovskites RBaT,0s,5; YBaMn,Os and these authors report crystal and magnetic
(T=transition metals like Fe, Co, and Miave attracted Structure parameters according to space gi@dmmm
much attention as new spin-charge-orbital-coupled systems Within the P4/nmm description YBaMpOs crystallizes
and new CMR materials. In the isostructural phases With With a=5.5359 andc=7.6151 A; Y in 2p), Ba in 2(@),
=Gd and Eu CMR effects of some 40% are obserfels ~ Mn(1) in 2(c) with z=0.2745, Mrf2) in 2(c) with z
the experimental findings have been made available only ifF 0.7457, @1) in 8(j) with x=0.4911,y=0.9911, andz
recent years, little theoretical work has been undertaken te=0.4911, and @) in 2(c) with z=0.0061. The lacking
understand the origin of these microscopic properties. Thexygens in the yttrium plane, compared with the perovskite-
present study reports a detailed theoretical investigation dfristotype structure, reduces the coordination number of yt-
the electronic structure and optical properties of YBaln  trium to 8, while barium retains the typical 12 coordination
At low temperature, YBaMyOs is an AF insulator with ~ of the perovskite structure. The Mn-O network consists of
CO of M®" and Mr?* accompanied by OO and spin order- double layers of Mn@square pyramids, corner shared in the
ing (SO).?° The mechanism of CO and SO in manganites isab plane and linked via their apices.
not at all clear. Different authors have emphasized the im- According to theP4/nmm description(Fig. 1) the two
portance of different ingredients such as on-site Coulomlkinds of MnQ; pyramids are arranged in an ordered manner,
interactions'®~* JT distortion'®?° and intersite Coulomb each Mr* Oz pyramid being linked to five MH Og pyra-
interactions’! Therefore, we have attempted to study CO,mids. Owing to this charge ordering, each ¥Mnhas four
00, and SO through full-potential linear muffin-tin orbital Mn®" in-plane neighbors. Oxygen takes two crystallographi-
(FPLMTO) and full-potential linear augmented plane-wave cally different sites. @) forms the base of the square pyra-
(FPLAPW) methods. Similar to F©, and SmBaFg)s.,,  mids, while Gi2) is located at the apex of the pyramids. The
where Fe takes the conventional valence states df Bad  interatomic Mn-O distances fall in four categories, being
FE" at low temperaturé®?® Mn is reported to occur as 1.908 and 2.086 A for M -O(1) and M*-O(1), respec-
Mn®* and Mrf* in YBaMn,Os. Above the so-called Verwey tively, whereas @) is 2.081 and 1.961 A away from M#
temperature Ty) valence-state mixing has been observed inand Mrf*, respectively(The P4/mmmdescription gave on
Fe;0, as well as in SmBak€©s..,,. This brings in an addi- the other hand, almost equal basal and apical Mn-O distances
tional interesting aspect in the study of the electronic strucwithin  all  square pyramids) The basal plane
ture and magnetic properties of Mn in YBaM®. The first  Mn3"-O(1)-Mr?* angle is 157.8° and the apical
structural determinations based on powder x-890 K)  Mn®**-O(2)-Mr?* angle is 180°. The large variation in
(Ref. 12 and neutror{100—300 K (Ref. 29 diffraction data  these angles play a key role in the magnetic properties.
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Ill. COMPUTATIONAL DETAILS the MT spheres, the basis set is described by radial solutions

A. FPLMTO computations of the o_ne—particle Scﬁt_iinger eq.uqtior(at fixed .energies

and their energy derivatives multiplied by spherical harmon-

The present calculations have used the FPLMTOcs. The charge densities and potentials in the atomic spheres
method® where no shape approximation is assumed for thevere represented by spherical harmonics upt6, whereas
one-electron potential and charge density. The basis geonn the interstitial region these quantities were expanded in a
etry consists of muffin-tifMT) spheres centered around the Fourier series with 3334 stars of the reciprocal lattice vectors
atomic sites with an interstitial region in between. Inside theG. The radial basis functions of each LAPW were calculated
MT spheres the charge density and potential are expanded ki tol =10 and the nonspherical potential contribution to the
means of spherical harmonic functions multiplied by a radialHamiltonian matrix had an upper limit df=4. Atomic-
component. The interstitial basis function is a Bloch sum ofsphere radir,, of 2.5, 2.8, 1.8, and 1.6 a.u. for Y, Ba, Mn,
linear combinations of Neumann or Henkel functions de-and O, respectively, were used. Since the spin densities are
pending on the sign of the kinetic energy (corresponding  well confined within a radius of about 1.5 a.u, the resulting
to the basis functions in the interstitial reg)oﬂEach Neu- magnetic moments do not depend appreciab|y with the cho-
mann or Henkel function is then augmenteeplaced by a  sen atomic-sphere radii. The initial basis set includsd3p,
numerical basis function inside the MT spheres, in the stangnd 4 valence and ¢ and 4p semicore functions for Y, §
dard way of the linear MT orbital meth&&.Since a Bloch 6p, and & valence and § and Ep semicore functions for
sum of atomic centered Henkel or Neumann functions hagg 4s, 4p, and 31 valence and 8 and 3 semicore func-
the periodicity of the underlying lattice it may be expandedtions for Mn and 3, 2p, and i functions for O. These basis
in a Fourier series, as done here. The spherical-harmoniginctions were supplemented with local orbitalfor addi-
expansion of the charge density, potential, and basis fungjonay flexibility to the representation of the semicore states
tions was performed up 16,,=6. The basis included Y@ and for generalization of relaxation of the linearization er-
5s, 5p, and 4 states, Ba b, 6s, 6p, 5d, and 4 states, Mn  rors. Owing to the linearization errors DOS are reliable only
4s, 4p, and 3 states, and O< 2p, and 3 states. to about 1-2 Ry abovE . Therefore, after self-consistency

Furthermore, the calculations are all electron as well agyas achieved for this basis set we included higher-energy
fully relativistic. The latter level is obtained by including the |gcal orbitals: H- and 4f-like functions for Y, &- and
mass velocity and Darwiriand higher-orderterms in the  4f_jike functions for Ba, 5- and 5p-like functions for Mn,
derivation of the radial functionginside the MT sphergs 5ng J-like functions for O. The BZ integration was done
whereas the spin-orbit coupling was included at the variayith a modified tetrahedron meth&dand we used 14&
tional step using anl(s) basis. Moreover, the present calcu- points in the irreducible wedge of BZ. Exchange and corre-

lations made use of a so-called double basis, to ensure |gtion effects are treated within density-functional theory
well-converged wave function. This means that two Neu-pFT), using the GGA?®

mann or Henkel functions were applied, each attached to its
own radial function with anrf,I) quantum number. The in- . .
tegrations over the Brillouin zonéBZ) in the ground-state C. Optical properties

calculations were performed as a weighted sum, using the Qpgical properties of matter can be described by means of
special point samplindf with weights reflecting the symme- {he transverse dielectric functiarfq, ») whereq is the mo-
try of a givenk point. We also used a Gaussian smearingmentum transfer in the photon-electron interaction anis
W|dth_of 20 mRy for each eigenvalue in the vicinity of the i, energy transfer. At lower energies one cangse0, and
Fermi level to speed up the convergence. For the DOS angyrjye at the electric dipole approximation, which is assumed
optical calculations, the tetrahedron integration was €Mthroughout this paper. The real and imaginary parts(af)
ployed. The.calculations were performed for the experimeng o often referred to as, and e,, respectively. We have
tally determined structural parametdsee Sec. )l For the 5 icyated the dielectric function for frequencies well above
exchange-correlation functiond,(n), we have used the hose of the phonons and therefore we considered only elec-
generalized gradient approximati€BGA) where the gradi- onic excitations. In condensed matter systems, there are
ent of the electron density is taken into account using th&, contributions tae(w), viz., intraband and interband tran-
Perdew and \{Var?@ implementation of the GGA. Here 12 jions. The contribution from intraband transitions is impor-
points in the irreducible part of the primitive tetragonal BZ yant only for metals. The interband transitions can further be
were used for the self-consistent ground-state calculationgyit into direct and indirect transitions. The latter involves
and 352k points for the optical calculations. scattering of phonons and are neglected here, and moreover
these only make small contribution éw) in comparison to
the direct transitiond® but have a temperature broadening
effect. Also other effects, e.g., excitofwhich normally give

For the XANES and orbital-projected DOS calculationsrise to rather sharp peaksaffect the optical properties.
we have applied the FPLAPW meth8din a scalar- The direct interband contribution to the imaginary part of
relativistic version without spin-orbit coupling. The the dielectric functione,(w) is calculated by summing all
FPLAPW method divides space into an interstitial regionpossible transitions from occupied to unoccupied states, tak-
(IR) and nonoverlapping MT spheres centered at the atomiig the appropriate transition-matrix element into account.
sites. In the IR, the basis set consists of plane waves. Insidehe dielectric function is a tensor for which all components

B. FPLAPW computations
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TABLE |. Total energy in different magnetic configurations.

Type Paramagnetic Ferromagnetic Antiferromagnetic
Total energy(Ry/f.u.) —28438.0466 —28438.2754 —28438.3125
AE (meV/f.u) 3618.6 505.6 0.0
Electronic state Metal Metal Semiconductor
Calculated magnetic momenf)

Ferromagnetic Antiferromagnetic Experimeftal
Mn3* 3.45 3.07 2.91
Mn2* 3.99 3.93 3.91
Saturated 7.44 0.86 0.95

8Reference 25.

are needed for a complete description. However, we restridn order to calculate:;(w) one needs a good representation
our considerations to the diagonal matrix elemesity o) of e,(w) up to high energies. In the present work we have
with v=X, y, or z. The interband contribution to the diagonal calculatede,(w) up to 41 eV above thEg level, which also

elements ofe,(w) is given by was the truncation energy used in E8).
To compare our theoretical results with the experimental
2e2 Unocc occ spectra we have calculated polarized reflectivity spectra us-

e;V_ 2 > E nn,(k)|2fkn 1—frn) ing the following relation. The specular reflectivity can be
n obtained from the complex dielectric constant in Eij)
K through the Fresnel’'s equation
X S(EX—ES,—ho 1
(& )( 2m)3’ W Ve(w)—1 2

R (w)= 4

. . . \/ +1
wheree is the electron chargen its mass,f,, the Fermi- e(w)

Dirac distribution functionP,, the projection of the mo- e have also calculated the absorption coefficidt)
mentum matrix elements along the directiowf the electric  and the refractive inder using the following expressions:
field, and EX one-electron energies. The evaluation of the

matrix elements in Eq(1) is done separately over the MT (eX(w)+ €5(w)) Y%~ €1(w) |2
and interstitial regions. Further details about the evaluation (w)=2w 2 ®)
of matrix elements are found in Ref. 34. The integration over
BZ in Eq. (1) is performed using linear interpolation on a and
mesh of uniformly distributed points, i.e., the tetrahedron — 1
method. The totak;” was obtained frone;"(1BZ); i.e., €5” VeIt et e
was calculated only for the irreduciblg¢) part of the BZ - 2 6)
using
1 N IV. RESULTS AND DISCUSSION
N E ol €,(IBZ) 0, (2 A. Electronic band structure

The FPLMTO calculations were performed on
whereN is the number of symmetry operations amdrep- YBaMn,O; for three different magnetic configurations, viz.,
resents the symmetry operations; for shortneés) is used paramagneti¢P), ferromagnetic(F), and antiferromagnetic
instead ofe””(w). Lifetime broadening was simulated by (AF). From Table I it can be seen that in the AF configura-
convoluting the absorptive part of the dielectric functiontion, the spins are not canceled and hence this state is really
with a Lorentzian, whose full width at half maximum ferrimagnetic (Ferr). Moreover, Table | shows that Ferri
(FWHM) is equal to 0.005(w)? eV. The experimental YBaMn,Os has lower energy than the P and F configura-
resolution was simulated by broadening the final spectra witfiions. The energy-band structure of Ferri YBaj@3 is
a Gaussian of constant FWHM equal to 0.01 eV. shown in Figs. 2) and 2b) for up- and down-spin bands,

After having evaluated Eq2) we calculated the inter- respectively. YBaMpOs is seen to be an indirect-band-gap
band contribution to the real part of the dielectric functionSemiconductor. A closer inspection of the energy-band struc-
€,(w) from the Kramers-Kronig relation ture shows that the band gap is between the top of the va-

lence bandVB) at theI" point and the bottom of the con-
5 ey ) do’ duction bandCB) at thezZ poipt. As the unit c;ell contains 18
El(w):1+_pj 2m T e (3y atoms, the band structure is quite complicated and Fig. 2
m Jo w'?-0? therefore only depicts the energy rangd.5-7.5 eV.
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FIG. 2. The electronic band structure of YBap@y in the an-
tiferromagnetic state{a) up-spin bands an¢b) down-spin bands.
The line at 0 eV refers to the Fermi energy level.
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ture in the up-spin channel into three energy regiains:
bands lying at and below 4 eV, (i) bands lying between
—4 and—2 eV, and(iii) the top of the VB, closer t&,
viz., the range-2-0 eV. Regior(i) contains 17 bands with
contributions from Y 4, 5s, Mn 3s, 3d, and O 2 elec-
trons. Region(ii) comprises bands which originate from
completely filled @1) and Q2) 2p orbitals. Regioriii) in-
cludes 10 bands. Among them one finds delocaliadid-
persed bands originating from Y § and O 2 orbitals and
somewhat localized bands attributed to (¥nd,2, dy2_ 2,
dy,, andd,, orbitals. The topmost-occupied band contains
electrons stemming from the Mah,2 orbital. In the unoccu-
pied portion of the band structure, a corresponding division
leads to two energy regionét) The bottommost CB from 0
to 2 eV and(2) the middle range of CB from 2 to 4 eV.
(Above 4 eV the bands are highly dispersed and it is quite
difficult to establish the origin of the bangsThere are 9
bands in region1) which have some Y § Ba 5d, Mn(1)
3d,,, and Mr(2) 3d characters. In regiof2) the bands re-
tain Y 6s and 4, Ba 7s and &, and Mn 4, 4p, and 3
characters.

The energy-band structure of the down-spin chanigl.
2(b)] has 16 bands in the regidh up to —4 eV which arise
from the s and p electrons of the Y, Ba, Mn, and O atoms.
The mainlys- and p-electron character of the bands makes
them appreciably dispersed. The second energy re@ipn
contains 12 bands, which have %,5a 5p, Mn(2) 3d, and
0O(1), O(2) 2p character. The third regiofiii) closer toEg
has 10 bands which are mainly arising from (n Mn(2)
3d, and Q1), O(2) 2p orbitals. Unlike the up-spin channel
the down-spin channel contains two band&atwhich arise
from the originally half-filledd,,, d, orbitals of Mn(1) and
the half-filledd,, orbital of Mn(2).

A finite band gap of 1.046 eV opens up between the
highest-occupied VB and bottommost-unoccupied CB. The
unoccupied portion of the down-spin channel is quite differ-
ent from that of the up-spin channel. The lowest-lying unoc-
cupied band has M8) 4s electrons. Between 0 and 2 eV
there are 8 bands which arise mainly from (#n3d elec-
trons as well as from M{) and Mn(2) 4s electrons and
0O(1) and Q2) 2p electrons. The dispersed bands present
between 2 and 4 eV have Ystand 3, Ba 6s and &, and
Mn(1) 3d characters.

B. DOS characteristics

In order to theoretically verify which of the two
(P4/mmm or P4/nmm based structures is energetically
more stable, we performed first-principles calculations for
both variants. The calculated DOS value Bt for the P
phase P4/mmm variant is 192.82 statd8lyf.u.) and for
P4/nmm 149 stategRyf.u.) in the P state. Hence, a larger
number of electrons are presentzt for the former variant,
which favors the relative structural stability of the latter.
Moreover, our calculations show that tRd/nmmvariant is

There is a finite energy gap of 1.307 eV between theB60 meV/f.u. lower in energy than thB4/mmm variant.
topmost-occupied VB and the bottommost-unoccupied CB inTherefore we conclude that YBaM@s is more stable in
the up-spin channel. For the purpose of more clarity, it isspace groug?4/nmmthan in P4/mmm viz., in accordance
convenient to divide the occupied portion of the band strucwith the most recent PND-based experimental study.
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FIG. 3. Total density of statedOS) for YBaMn,Os in para-, 2
ferro-, and ferrimagnetic states. 2

Our calculated total DOS curves for YBaMbg in the P, 0 A
F, and Ferri configurations are given in Fig. 3. The highest- 1@} I
occupied energy level in the VB, i.eE, is marked by the b l
dotted line. In the P and F cases finite DOS values are s =) 5 0 3 10 15
present in the vicinity oEg. Hence, both the P and F con- Energy (eV)

figurations exhibit metallic character. On going from the P to

F case, the electrons start to localize which is seen from the FIG. 4. Site-, spin-, and angular-momentum-decomposed DOS
reduced number of states Bt . Due to the electron local- ©f YBaMn,Os in the ferrimagnetic state, obtained by the full-
ization, a gain in total energy of 3.1 efable ) is observed ~Potential LMTO method.

when the spin polarization is included in our calculations.

However, in the Ferri case, a finite band gap of 0.88 eVsuperexchange interaction originates from the localizgd
opens up between the top of the VB and the bottom of thejectrons. Owing to the square-pyramidal crystal field in

CB. The experimental studies also show semiconductinggamn,Os both ey (d,y andd,> DOS in local coordinatés
behavior>* From Table | it can be seen that the Ferri con- 5, trg (s, Oyy, anddye .2 DOS in local coordinates

figuration has lower energy than the other two configura-

. : o electrons(Fig. 5 get localized and hence botfy andt,,
tions. The present observ_atlon O.f the stqblllzatlon of a Ferr o ctrons participate in the superexchange interaction. This is
ground state in YBaMyOs is consistent with the established

; 7, . . the main reason why the F state has much higher energy than
magnetic structur& It is interesting to note that the intro- the AF state in YBaMgOg as compared with LaMng
duction of the Ferri configuration is essential in order to 5 P

obtain the correct semiconducting state for YBaKag Un- To obtain more insight Into the D.OS features, we show
like LaMnQO; (where the energy difference between the Fth.e angular-momentum-, spin-, and sﬂe-decompqsed DOS in
and AF cases is-25 meV) there is a large energy differ- Fig. 4. The onver panels for Y and Ba show that, in spite of
ence (0.5 eV) between the Ferri and the F states c)fthe h|gh atomic numbers for Y and Ba, sm_all DO_S values are
YBaMn,Os. So a very large magnetic field is required to S€€N in VB. The Y and Ba states come high up in C8. 4
stabilize the F phase and induce insulator-to-metal transitiof Y @00VeEg), indicating a nearly total ionization of these
in YBaMn,Os. atoms. They lose their valence charge to form ionic bonding
In the RMnO; phases hole doping induces CE-type mag-With oxygen. According to the crystal structure, Y and Ba are
netic ordering in which the spins are F aligned in zigzaglocated in layers along, which is clearly reflected in the
chains with AF coupling between these chains. Inelectronic charge-density distribution with{hi00) in the AF
YBaMn,Os, the Mn spins are AF aligned within quasi-one- configuration(Fig. 6).
dimensional chains as well as between the chains. The main The distinction between M@) and Mn(2) is clearly re-
difference between YBaMi®s; andRMnO; is that the latter  flected in the different topology of their DOS curves. As seen
haveey electrons present in the vicinity &g and that the from Table I, Mr{1) has a smaller magnetic moment
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— Mnnd, | — Mn(2)d,, |

(3.07ug) than Mn2) (3.91ug) which leads to the conclu- —
sion that Mri1) corresponds to Mt and Mr(2) to Mn?", osp 1 Lt

both in high-spin states. Both Mb) and Mn(2) have low-

|
I
I
!
lying DOS features around 17 eV which can be attributed ‘ !
to well-localizeds and p electrons originating from the co- 05 1 I |
|
I
I
I

valent interaction between Mnd3with O 2s and 2p states.
The somewhat dispersed DOS in the energy regiah5 to
—2.5 eV is attributed to 8 electrons for both Mfl) and
Mn(2). As Mn(1) and Mn2) are AF coupled, theid-orbital 0
DOS have opposite character. The localized peaks closer t 51|
Er, with a width of about 2 eV, have both ¢} e, andt,,

character(see below, L

The top two panels of Fig. 4 show DOS for(1) and o5 | T ’L
0O(2). Crystallographically @) is almost coplanafin ab)
with Mn, whereas @) is at the apex of the square pyramid
(along c). The well-localized peaks in DOS for (D and
0O(2) at about—18 eV reflect the completely filled2orbit-
als. The spread-out DOS features betweetY.5 and
—0.5 eV are attributed to O states. Figure 4 shows that
the O 2 states are energetically degenerate with Mih 3
states in this energy range, implying that these orbitals form
covalent bonds with M{1) and Mn(2) through hybridization.
The presence of a strong covalent interaction between Mr
and O in YBaMnOs is confirmed by our charge-density
analysis. The almost empty DOS for(1) and Q2) in the
CB implies that the oxygen atoms are in nearly completely
ionized states in YBaMyOs.

In order to progress further in the understanding of the
chemical bonding, charge, spin, and orbital ordering in
YBaMn,Os, we have plotted the orbital-decomposed DOS
for the 3d orbitals of Mn(1) and Mr(2) in Fig. 5. This illus- FIG. 5. Orbital(d) decomposed DOS for M) and Mr(2) in
tration shows that DOS for the, orbitals [d,2 andd,,) for  the ferrimagnetic state obtained by the full-potential FLAPW
both Mn(1) and Mn2) are well localized compared to that of method.

Mn ions in LaMnQ,. There is a sharp peak at5 eV in the
up-spin panel for Mfl) and in the down-spin panel for
Mn(2) which correlates with a well-localized peak in DOS and Mn(2¢*, and the result is a Ferri state with a finite
for O(2) (Fig. 4 This is attributed to the 180° magnetic moment of 0.85; .

Mn®*-O(2)-Mr#* bond angle which facilitatep-d o bond Transition-metal perovskite oxides which exhibit CO like
to the Q2) p, orbital and superexchange interactiéms |4, SrMnO, have an octahedral crystal field, whereas
up-spin Mr(1) and down-spin M(®) are participating in the  yBamn,Os has a square-pyramidal arrangement around Mn.
bonding, we infer that the superexchange interaction resultg the former case, the,, electrons are in a well-localized
in AF spin ordering between the Mn atoms involved. Thestate. But in YBaMpOs the t,4 electrons are closer to the
peaks at ca. 1 eV in up-spin My and down-spin M(2) are  E.. Due to different nature of hybridization between the
attributed to thgnonbonding d,2 orbitals. orbitals and the O @ state, they have a different DOS dis-

Since the Mn atoms are surrounded by O atoms in aribution as shown in Fig. 5. Thi, orbitals(d,,, dy,, and
square-pyramidal arrangement and the (M¥O(1)-Mn(2)  d,2_,2) of both Mn(1) and Mr(2) are energetically degener-
bond angle is very much less than 180° (158°), the electroate as clearly seen from the character of the DOS curve. The
distributions in thee orbitals are very different. In particular topology of orbital-projected DOS curves is similar for
the d,2 electrons distributed closer ¢ and thed,, elec-  Mn(1) and Mn(2), except for thed,, orbital. For Mr(1) the
trons are well localized and nearly empty in the top of thedxy orbital has a very small peak Bt whereas a finite-sized
VB. From Fig. 4, we see that the OpZorbitals are also peak is observed for the same orbital of (@n It is indeed
situated in the same energy ran@e5 to 0 eV) as thed,,  the occupancy of this orbital which determines the magnetic
orbitals of Mn(1) and Mn(2); thus, these orbitals and(D p, moment of Mrl) and Mn(2). If one considers the
andp, orbitals formp-d o bond. As the bond angle Mb)-  Goodenough-Kanamdfi rules for magnetic interactions in
O(1)-Mn2 is only 158°, the strength of this covalent bond ismanganese oxides, the expected magnetic order should be
weak and consequently the AF superexchange interaction bé-type AF (viz., F ordering within the layers and AF order-
comes weakenetl. Despite the AF superexchange interac-ing between the layers, arising from superexchange interac-

— Mn(l)d, T — Mn(2)d,

“\— Mn(2)d;z *
A

— M) d,,

— Mn()d;z 2 I

oot

DOS (states eV~ atom™)
IS
7]
—

— Mn(d,

— Mn@)d;?

Energy (eV)

tion, there is no exact cancellation of the spins of Mri(1)
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tions between occupied,, orbitals on Mi* and emptyd,,  established an intimate connection to lattice distortion. It
on Mr?*). However, owing to the large deviation of the seems to be the lattice distorti_on.associated with OO which
Mn-O-Mn bond angle from 180° along with CO, th, localizes the charge and thus initiates 0.
orbitals for both Mn species become occupied. Hence, AF In general the ground state of mixed-valent manganite
ordering is observed between Mn within the planes as welperovskites is either F and metallic or AF and CO. In all CO
as between the planésee Fig. 7. One Mn couples AF to its  Systems, the magnetic susceptibility drops rapidly at the CO
six neighboring Mn in aG-type AF arrangement in accor- temperature Tco). CO drastically influences the magnetic
dance with experimental finding3.Hence, the theoretical correlations in manganites. The effect of the CO state on
calculations have provided the correct ground state with recooperative magnetic states is to produce insulating behav-
spect to the experiments. ior. A high magnetic field induces a meltinglike phenomenon
Magnetic susceptibility and magnetization measurement8f the electron lattice of the CO phase, giving rise to a huge
have unequivocally shown that YBaM®; is in a Ferri state negative magnetoresistarfteFor these reasons, it is inter-
at low temperaturé?® with a saturated moment between esting to study CO in YBaMOs.
0.5u5 and 0.9%5 per YBaMnOs formula unit!?? The Charge localization, which is a prerequisite for CO, is
theoretically calculated magnetic moments for Mn aremutually exclusive with an F state according to the double-
3.07u5 and 3.93.5, repectively, giving a net magnetic mo- €xchange mechanism. The double-exchange mechanism re-
ment of 0.86,z per formula unit for the Ferri state of duires hopping of charge carriers from one Mn to an adjacent
YBaMn,Os. Our theoretically calculated value is less thanMn via an intervening O. The CO state is expected to be-
the predicted(spin-only value of 1.Qugz. From the DOS come stable when the repulsive Coulomb interaction be-
analyses, we noted that there is strong hybridization betweeljveen carriers dominates over the kinetic energy of the car-
Mn 3d electrons and O R electrons. A finite magnetic mo- fiers. Hence, CO arises because the carriers are localized at
ment of 0.0064g/atom and 0.00325/atom are theoreti- spe(_:|f|c long-range-ordered sites below the CQ temperature.
cally found to be present at(® and G2), respectively. COis expecte_d to be favored for equal p_roportlons p?_fVIn
Hence, we conclude that the slight deviation in the saturate@d M** as in the present case, and in YBaj@g it is
magnetic moment from that predicted by an idealized ionic@ssociated with the AF coupling between Mn in thé
model can be attributed to the strong hybridization betweeflane. CO depends on theelectron bandwidth and hence it
Mn 3d and O 2 electrons. We have also performed calcu-is Worth to consider this feature in some detail. On reduction
lations with the room-temperature structural parameters, corf the Mn-O-Mn angle, the hopping between the M @nd
firming that the two manganese atoms possess different ma§ 2p orbital decreases and hence thg bandwidth de-
netic moments at this temperature. In order to understand tHgeases. Consequently the system stabilizes in a Ferri-CO-
role of JT distortion arising from the presence of Mrions ~ insulating state. Usually the CO-insulating state transforms
in YBaMn,Os, it is interesting to study the lattice relaxation t0 @ metallic F state on the application of a magnetic field.
effect on the electronic structure and magnetic properties ofhis may be the reason for the metallic behavior of the F
this material. However, due to the intense computations inPhase found in our calculation. CO in YBaMDs is charac-

volved in such studies, it is out of scope of the present inierized by the real-space ordering of f#nand Mr** spe-
vestigation. cies as shown in Figs(& and &b). Our calculations predict

that a long-range CO of M and Mr** with a rocksalt-
type arrangement occurs at low temperatures. This can be
viewed as chains of Mt and Mr** running parallel tob

For the pseudocubic and layered perovskite manganesd correspondingly alternating chains running alaradc
oxides, essentially three parameters control the electrorviz., a checkerboard arrangement of CO as seen from Fig.
correlation strength and the resultant structural, transporf).
and magnetic propertiéS: First, the hole-doping level Furthermore, there exist orbital degrees of freedom for the
(charge-carrier density or the band-filling level of the)CB Mn 3d electrons and OO can lower the electronic energy
the case of perovskite oxides the substitution of a trivalenthrough the JT mechanism. Therefore, mixed-valent manga-
rare earth(R) by a divalent alkaline eartiid) introduces nites can have OO in addition to C®0O0 gives rise to the
holes in the Mn 8 orbitals. Second, the effective one- anisotropy in the electron-transfer interaction. This favors or
electron bandwidth(W) or equivalently thee, electron-  disfavors the double-exchange interaction and(ther AF)
transfer interaction. The magnitude @f is directly deter- superexchange interaction in an orbital-dependent manner
mined by the size of the atom at tikeand A sites which  and hence gives a complex spin-orbital-coupled state. There-
makes the Mn-O-Mn bond angle deviate from 180° and thugore, it is also interesting to study OO in some detail. Figures
hinders the electron-transfer interaction. The correlation beé(a) and 6b) show the electron charge density of
tween CO and the size of tHR and A is studied by several YBaMn,Os in bc (100) andab (001) planes, respectively.
workers and is well illustrated by a phase diagram in Ref. 40As the electron-charge density is plotted in the energy range
Third comes the dimensionality: the lowering of the elec-where the 8 orbitals reside, the shape of thg andd,2_ 2
tronic dimensionality causes a variety of essential changes iarbitals are well reproduced in Figs(e and 8b), respec-
the electronic properties. The carrier-to-lattice coupling is sdively. The transfer integral between the two neighboring Mn
strong in manganites that the charge-localization tendencgtoms in the crystal lattice is determined by the overlap be-
becomes very strong. Investigations on the CO state haveveen the 8 orbitals with the 2 orbital of O atom. In the

C. Charge and orbital ordering
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#@*

FIG. 7. Schematic diagram showing the checkerboard-type
charge ordefCO), F-type orbital ordefO0), andG-type ferrimag-
netic spin ordefSO) of Mn in YBaMn,Os.

plane andd,2_2 orbital order along th@b plane for Mr(1)

and Mn(2) (Fig. 7), which is consistent with experimental
FIG. 6. Charge density distribution of YBaM@s in (@ bc  findings. Bothd,> andd,2 2 orbitals are aligned in the same

(100 and(b) ab (001) plane. Here 40 contours are drawn betweenorientation within the layer as well as between the layers as

0 and 0.02 electrons/ a%uThe charge density is calculated in the shown in Fig. 7. So this type of OO is named F type.
energy range—4.57 eV to —3.42 eV in thebc plane and
—9.37 eV t0—3.82 eV in theab plane in order to visualize the D. Optical properties
Mn 3d electrons.

Further insight into the electronic structure can be ob-
tained from the calculated interband optical functions. It has
been earlier found that the calculated optical properties for
e o . Snl,, NaNGO,, and MiX (X=As, Sb, Bj (Refs. 44—4pare
resulting in ap-d o bond. The finite electron density present i, gycelient agreement with the experimental findings, and

within Mn(1)-O(2)-Mn(2) illuminates the path for the AF o haye therefore used the same theory to predict the optical
superexchange interaction between them. When the_: size Btoperties of YBaMpOs. Since this material possesses
the RandA becomes smaller the one-electron bandwidth \,ique Ferri ordering and semiconducting behavior along

eg“ele_ctron—tran_sfer interactiondecreases in valug, FOr  with a uniaxial crystal structure, it may find application in
Y W'stf an ionic radius of 1.25 Asmaller than otheR's optical devices. Yet another reason for studying the optical
like La®>" (1.36 A) (Ref. 38] the Mn(1)-O(1)-Mn(2) angle is  pronerties is that it has been experimentally establi§Hadt
much less than 180° so th%-electron bandwidth is small 4 optical anisotropy of ReCa, ,MnO; is drastically re-
compared with the,g-electron bandwidth. duced aboveTq. It is therefore expected that the optical
The overlap between the,._y2 and p, orbitals is zero  gpisotropy will provide more insight into CO and OO in
because of their d_lfferent orientation in thd plane. Thes[7e- YBaMn,Os. For YBaMn,Os with its tetragonal crystal struc-
fore, the electron in the,._ 2 orbital cannot hop along. ture, the optical spectrum is conveniently resolved into two
Also the direct overlap between @ , and Mndis minimal  yrincipal directionsE||a andE|c, viz., with the electric field
in the ab plane and hence the electrons get localized and yector polarized along andc, respectively. In the topmost
cause CO and OO. Owing to the fact that the(WrO(1)  panel of Fig. 8, the dispersive part of the diagonal elements
bond length is 1.908 A compared with 2.086 A for @R of the dielectric tensor are given. The anisotropy in the di-
O(1), more electronic charge is present on Mnthan on  gjectric tensor is clearly seen in this illustration.
Mn3". This is visible in the orbital decomposed D@Sg. In the second panel of Fig. 8, the polarizedspectra are
5), where thed,, orbital of Mr?* has more state@lectron$  shown. The spectra corresponding Effa and E|/c differ
than that of Mr™. _ from one another up to ca. 10 eV whereas less difference is
PND (Ref. 25 indicates that MA" has the occupied,z  noticable in the spectra above 10 eV. Since there is a one-to-
orbital extending along[001], whereas the unoccupied gne correspondance between the interband transitions and
dy2_y2 orbital extends alonfl10] and[110]. A correspond-  band structuregdiscussed in Sec. IV A we investigate the
ing OO could be expected for MA with both d,2 and  origin of the peaks in the, spectrum with the help of our
dy2_,2 orbitals occupied. Our detailed electronic structurecalculated band structure. As YBaMbs stabilizes in the
studies show that bottl,> andd,> 2 orbitals are partially Ferri state, the VB has an unequal number of bands in the
occupied for MR™ as well as MA™ as shown in Fig. 5. On up- and down-spin channel§ig. 2, viz., 36 bands in the
the other hand, according to our charge-density analysi®ormer and 38 in the latter. The two extra bands of the down-
[Figs. Ga) and Gb)] the d 2 orbital is ordered along thec  spin channel closer t&¢ in the VB play an important role in

bc plane thed,2 orbital is ordered along for both Mn(1)
and Mn(2); this orbital hybridizes with the Q) p, orbital,
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15 T T T T T T T T T In order to understand the origin of the optical anisotropy
in YBaMn,Os; we have also made optical property calcula-

e l tions for the F phase, which show th@h contrast to the

Ferri phasgthe e, spectrum foiE|a is shifted some 3.5 eV

to higher values thaE||c. Further, thes, components oE|c

for the F phase is much smaller than that for the Ferri phase,

indicating that the large optical anisotropy in YBaM0y is

originating from theG-type Ferri ordering.

To emphasize the above finding, we have also plotted the
spin-projectedk, spectra along tha [ e5(w)] andc [ €5(w)]
directions(third and fourth panels of Fig. 8, respectively
Although the optical gap is approximately same Edja and
Ellc in the e, spectrum, there is a finite difference in the
optical gaps related to up- and down-spin electrons in the
€5(w) and€5(w) spectra. The optical gap for the down-spin
case is smaller than that for up-spin case owing to the pres-
— i::z;;g;ip_";';m) ence of the two narrow bands very closegp in the down-

spin channel of the VB. There is a large difference between
the spectra for up and down spins up to ca. 7 eV. &{@)
spectrum resulting from the up-spin states has somewhat
more dispersed peaks than that from down-spin states. The
€5(w) spectrum resulting from the down-spin states has four
well-defined peaks: two prominent peaks in the region
s p ) 1.75-2 eV and two additional peaks at ca. 2.25 and 3 eV.

¢ (down-spin) . . .

The magnitude of the down-spin peaks are higher than those
of the up-spin peaks in th&(w) spectrum. The5(w) spec-
trum originating from up- and down-spin states have appre-
ciable differences up to ca. 6 eV. The down-spin part has two
well-defined peaks at ca. 1.75 and 2.75 eV. The up-spin part
0 T e s 10 1211 15 1 20 has dispersed peaks of lower magnitude than the down-spin

Photon Energy (eV) part, the magnitude of the up-spin peaks§tw) being gen-
) . ) ] erally higher than inj(w). The optical anisotropy is notice-
FIG. 8. Imaginary and real parts of the optical dielectric tensorgy 1o i the direction- as well as spin-resolveg spectra.
of YBaMn,Og are given in the first and second panels, respectiverHenCe it is verified that the optical anisotropy originates
(note that the spectra are broadenddhe spin-projected imaginary both fr,om crystal-field effects as well as from the Ferri or-
part of dielectric tensor along andc directions are given in third dering. As the reflectivity, absorption coefficient, and refrac-
and fourth panels, respectively. NG " . ! .
tive index are often subjected to experimental studies, we
have calculated these quantities and reproduced them in Fig.
the transitions as discussed below. We name the topmost We now advertice for experimental optical studies on
band of the VB as No. 38 and bottommost band of the CB a¥BaMn,Os.
No. 39. The lowest-energy peak results from interband
transitions[Nos. 35—41, mostly ) 2p to Mn(2) d,2, and E. XANES studies
Nos. 35-39, mostly M({1) d,2 to Mn(2) 4p] and peakB
results from transitiongNos. 38—48 and 36—49, mostly Mn

3d to Mn 4p). PeakC originates from many transitions, yqnic structure of amorphous and crystalline sofiti¥-ray
including © 2p to Mn 3d, Y 5sto Y 5p, etc. Peak®, E, and  gpsorption occurs by the excitation of core electrons, which
F are contributed by several transitions including @ ®  makes this technique element specific. Although the XANES
Mn 3d and Y 5 to Y 5p. Further, a very small peak is only provides direct information about the unoccupied elec-
present in the higher-energy region {7 eV) of e, which  tronic states of a material, it gives indirect information about
is due to transitions from lower-lying occupied levels to the valence of a given atom in its particular environment and
higher-lying unoccupied levels. The accumulation of broad Yabout occupied electronic states. This is because the unoccu-
4d and Ba %l bands in the high-energy part of the CB resultspied states are affected by the occupied states through inter-
in very little structure in the higher-energy part of the opticalaction with the neighbors.

spectra. The optical gaps f&f|a andE| c are approximately The oxygen atoms are in two different chemical environ-
the same indicating that the effective intersite Coulomb corments in YBaMnOs as clearly seen in PDOS in Fig. 4. The
relation is the same for the in-plane and out-of-plane oriencalculatedK-edge spectra for @) and 2) shown in Fig.
tations for the Ferri phase. This can be traced back to th&0 involve transition from the 4 core state to the unoccu-
G-type Ferri coupling in this material. pied p state. In this context the MK edge mainly probes the

€(w)

€,(w)

@)

€

X-ray absorption spectroscog)XAS) has developed into
a powerful tool for the elucidation of the geometric and elec-
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. . - FIG. 10. Calculatedk-edge spectra for M) and Mr(2) as well
FIG. 9. Calculated reflectivity spectra, absorption coefﬂmentas Q1) and G2) of YBaMn,Ox.

[(I(w) in 10° cm™1)] and refractive inden(w)] alonga andc

for YBaMn,Os.
XANES spectra become available for YBaMby the above

unoccupied Mn 4 states. It is generally accepted that Ofet:ttggefsorsr':ﬂor?ld be able to confirm the two different valence
K-edge spectra are very sensitive to the local structure o? '
transition-metal oxides as documented fop,®¢ (Ref. 48
and TiO, (Ref. 49. The K-edge spectra for @) and Q2)
(Fig. 10 show appreciable differences throughout the whole The calculation of hyperfine parameters is useful to char-
energy range. In particular there are two peaks appearing iacterize different atomic sites in a given material. Many ex-
the Q2) spectrum between 540 and 550 eV that are absenderimental techniques such as  $ébauer spectroscopy,
for O(1). Within 3 A, 2 Mn, 2 Y, and 6 O surround @) nuclear magnetic and nuclear quadrupole resonance, and per-
whereas, 2 Mn, 4 Ba, @5 O surround @). It is this dif-  turbed angular correlation measurements are used to measure
ferent chemical environment which causes the differences ihyperfine parameters. Hyperfine parameters describe the in-
the K-edge XANES spectra of @) and Q2). teraction of a nucleus with electric and magnetic fields cre-
YBaMn,Os contains Mn in the valence states ffnand  ated by its chemical environment. The resulting splitting of
Mn?* which, as discussed in Sec. IV C, experience CO. Amuclear energy levels is determined by the product of a
experimental technique to visualize CO is not available. Innuclear and an extra-nuclear quantity. In the case of quadru-
order to visualize the presence of different oxidation statepole interactions, it is the nuclear quadrupole moment that
for Mn, we have theoretically calculated the XANKSedge interacts with the electric field gradiefEFG) produced by
spectra for Mi(1) and Mn(2) and presented them in Fig. 10. the charges outside the nuclédghe EFG is a ground-state
Both Mn atoms are seen to have four peaks within the energgroperty of a material which depends sensitively on the
range considered, reflecting that both are surrounded by fivasymmetry of the electronic charges. The direct relation of
O within 2.08 A. However, owing to the different valence the EFG and the asphericity of the electron density in the
states, there are intensity differences as well as energy shiftacinity of the probe nucleus enables one to estimate the
(some 1 eV of these peaks. For example, the lower-energyguadrupole splitting and the degree of covalency or ionicity
peak has large intensity in the N&) K-edge spectrum com- of the chemical bonds provided the nuclear quadrupole mo-
pared with that for MfiL). On the contrary, the three higher- ment is known. Quantities describing hyperfine interactions
energy peaks in the M) K-edge spectrum are less intense(e.g., EFG and isomer shifare widely studied nowadays
than in the Miil) K-edge spectrum. When experimental both experimentally and theoretically.

F. Hyperfine parameters
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TABLE II. Calculated (FLAPW method principal component  differ mutually in their values for the EFG and HREFable
of the electric field gradientEFG) V. in units of 16* V/m* and 1), suggesting that the strength of the covalent bond formed

the Fermi contact hyperfine fieltHFF) in kG at the atomic sites in by them with Mr(1) and Mr(2) is different.
ferro- and ferrimagnetic configurations.

Ferromagnetic Ferrimagnetic V. SUMMARY

Atom EFG HFF EFG HFF Like hole-doped RMnOs-based CMR materials

% 0.17 45.90 0.48 21.01 YBaMn,Os also carries mixed-valence states of manganese,
Ba 10.50 —19.24 10.08 38.85 ferrimagnetic ordering, and charge ordering and apparently
Mn(1) 241 _73.36 0.09 17954 undergoes a combined insulator-to-metal and ferrimagnetic-
Mn(2) 098 _210.98 101 318.79 to-fgrromagnetlc tr_ansmqn. Hence YBaMds may b_e a po-
o) 5.36 64.42 4.95 4259 tential CMR material Whlc_h de_serve; more attention. _
0(2) 3.86 97.06 506 21.96 We have made a detailed investigation of the electronic

properties of YBaMpOs using the full-potential LMTO
method as well as the full-potential LAPW method and con-

Blaha et al®* have showed that the linear augmentedclude the following. _ _ _ _
plane wave(LAPW) method is able to predict EFG's in () The G-type ferrimagnetic semiconducting state is
solids with high precision. The charge distribution of com-found to be the ground state in accordance with experimental
plex materials such as YB&u;O,, YBa,Cu,Ogs, and ndings. _ _

YBa,Cu;0s has been studied theoretically by Schwarz (i) The existence of the two different types of Mn atoms
et al® by this approach. In this study, we have attempted tdS visualized by differences in site- an_d orb|tal_-pr01ected
establish the different valence states of Mn in YBakdg DOS curves. In order to further emphasize the different va-
with the help of the EFG and the hyperfine field calculated®Nce States of Mn, we have calculatéeedge XANE spec-
using the FPLAPW method as embodied in theeng7 U@ For Mn as well as O the existence of two types of
code® valence-induced atomic species is established with the help

The total hyperfine fieldHFF) can be decomposed in ©Of K-€dge spectra. _
three terms: a dominant Fermi contact term, a dipolar term, (iil) The occurrence of checkerboard-type charge ordering
and an orbital contribution. We limit our consideration to the2d F-type orbital ordering is seen from the charge-density
contact term, which in the nonrelativistic limit is derived PIots- The small size of ¥* makes the Mn-O-Mn bond
from the spin densities at the nuclear site: angle deviate from 180°, which in turn imposes a reduction

in the e; bandwidth. The charge- and orbital-ordering fea-
8 tures are believed to result from this perturbation of ¢je
chgwﬂs[PT(O)_Pl(o)]- (7) orbitals.
(iv) As YBaMn,Oj is a ferrimagnetic semiconductor, it is

The EFG is defined as the second derivative of the elecuseful to probe its optical properties for potential applica-
trostatic potential at the nucleus, written as a traceless tensdions. We have analyzed the interband contributions to the
This tensor can be obtained from an integral over the noneptical properties with the help of the calculated electronic
spherical charge densitg(r). For instance the principal band structure features. We found large anisotropies in the

componend/,, is given by optical spectra originating from ferrimagnetic ordering and
the crystal field splitting. No experimental optical study of
3 2P,(cosb) YBaMn,Os is hitherto available.
Vaz= f d°rp(r) r—g (8) (v) Hyperfine parameters such as hyperfine field and elec-

tric field gradients have also been calculated showing very
whereP, is the second-order Legendre polynomial. A morelarge differences in the computed values for the crystallo-
detailed description of the calculation of the EFG can begraphically different manganese and oxygen atoms. This
found elsewheré® substantiates that Mn exists in two different valence states in

The calculated EFG and HFF at the atomic sites inYBaMn,Os.

YBaMn,Os are given in Table Il which confirm that there is
a finite difference in the value of both the EFG and HFF
between the two Mn atoms. So we can conclude that their
charge distribution is quite different. The higher value of the = This work has received support from The Research Coun-
EFG and HFF in MA" than in Mr#" is justified because cil of Norway (Program for Supercomputintghrough a grant
more charge is found on the latter. This can be seen from thef computing time. R.V. wishes to thank Professor John
orbital-projected DOS as well as from the magnetic moment@ills, Professor Peter Blaha, and Professor Karlheinz
possessed by the two ions. The HFF forMrin LaMnOyis ~ Schwarz for supplying their computer codes used in this
found to be—198 kG2 which is quite close to-179 kG  study and Professor Olle Eriksson for useful communica-
found for Mr** in our case. Consequently we substantiatetions. R.V. kindly acknowledges Professor L. Veseth and P.
that Mn(1) corresponds to Mt'. The two oxygen ions also Vajeeston for useful discussions.
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