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Evidence for magnetic clusters in BaCoQ
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Magnetic properties of the transition metal oxide BaG@@e analyzed on the basis of the experimental and
theoretical literature available v inito calculations. These can be explained by assuming that the material
is formed by noninteracting ferromagnetic clusters of about 1.2 nm in diameter separated by about 3 diameters.
Above about 50 K, the so-called blocking temperature, superparamagnetic behavior of the magnetic clusters
occurs and, above 250 K, paramagnetism sets in.
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Transition metal oxides are among the most studied ma- In this paper, we try to shed some light in the explanation
terials in recent literature. The variety of physical propertiesof the magnetic properties of BaCg@nd resolve an open
has made them a topic of intensive research during the lasfuestion in literature. As a start we will analyze the experi-
few years, the phenomena of colossal magnetoresistanceental data available and propose a model based on the ex-
and high-temperature superconductivibeing the most re- istence of noninteracting ferromagnetic clusters in the sys-
markable. Among them, Co oxides have drawn much attentem, which can explain the observations. Then, usihg
tion, since they posses both types of phenonteliehe mag- initio calculations, we will predict the size and density of the
netic properties of such oxides are a matter of ongoing workclusters, establishing a picture which is fully consistent with
The appearance of properties such as orbital ordéringboth experimental and theoretical data.
charge orderin§, spin glass behavior, or phase When we take a close look at Ref. 12, Fig. 10, we observe
segregatiofr* makes them very rich phenomena, whose un-susceptibility curves that are typical for a “fine-particle”
derstanding is a challenge for the scientific community. system® with a blocking temperature of around 50 K. This is

BaCoQ; is a transition metal oxide that recently has beenapproximately, where the field cooling-C) magnetization
a matter of interest of both experimental and theoreticaturve separates from the zero-field cool{@gC) one for an
work 12-171ts structuré® can be described as a 2H-hexagonalapplied field of 1 kOe. These FC and ZFC curves indicate
pseudoperovskite formed by chains of distorted, tilted, andhat BaCoQ is formed by regions or clusters, whose mag-
face-sharing Cogoctahedra. The plane perpendicular to thenetic moments are ferromagnetically ordered, but are dis-
chains consists of a hexagonal array of Co atoms, whiclpersed into a nonferromagnetic matrix, a situation that can be
would lead to frustration for any in-plane collinear antiferro- described by Wobhlfarth’s superparamagnetic maééérhe
magnetism. The only possible long-range antiferromagnetishape of the FC curve below the blocking temperature indi-
state (for collinear moments could couple ferromagnetic cates that the clusters are widely separated from each other
planes antiferromagneticallgso-called A-type structurg!’  and they do not interact strongly. However, would they in-
The magnetic properties of BaCg®ave still not been re- teract, this curve would be flat instead of growing exponen-
solved in literature. It is certain that the €dons are in a tially as is observed®
low-spin state(S:1/2,t§geg), since an ion with such a high The bIoclking temperature depends on.the size of 'the c;lus—
valency produces a large crystal field. This has been showi€rs, the anisotropy constant of the material, the applied field,
both experimentalfi? and theoretically*151”Moreover, the ~and on the measuring timen the apparatus utilized for the
experimentally found semiconducting behatfohas been €Xperimenk By analyzing the data from Ref. 12, one can see
predicted theoreticall§? using the LDA+U approach, to be that the blocking temperature decreases when the applied
a consequence of an orbital ordering phenomenon, which {&€ld increases. This is the typical behavior of fine-particle
not yet confirmed experimentally. The actual magnetic conSYStems, even though the contrary might occur if the clusters
figuration of the system is still uncertain. So far no neutrond"oW With the applied field” Based on the theory developed
diffraction measurements are available in literature and th&Y Néel for superparamagnetic partictés; we can predict
experiments that have measured the susceptibility of théhat the highest blocking temperatucehich is reached
system? are not conclusive. Theoretical APW+lo LDAK wh_en the a_pplu_ad f|el_d is much smaller than the so_—called
calculation” predict a ferromagnetic state as the magnetic@nisotropy fielglis basically obtained at 1 kOe. According to
ground state. The most stable antiferromagnetic state i§1iS, the mean blocking temperature varies as
higher in energy but this energy difference is extremely small Tg(H) |2 H
and depends on the value Gf Therefore any magnetic cou- To(0) = TR
pling that might occur will have a very small stabilization B K
energy. This feature is typical for systems showing a cusp inwhere Tg is the blocking temperature artdy is the mean
their susceptibility® as for BaCoQ.12 anisotropy field. From the data in Ref. 12, the blocking tem-
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perature is approximately 10 K fot=10 kOe and 50 K for KV = 25%gTg, (2)
H=1 kOe. From this, the maximum blocking temperature ) ) )
that can be reached at a very small field is about 53 K, avhereTg is the blocking temperatur®, is the mean volume
limit that is basically obtained at a field of 1 kOe. This is Of the cluster, and is the Boltzmann constant. The factor
caused by the large anisotropy of the system, which is due t85 comes from the measuring time, which was assumed with
the quasi-one-dimensional structure formed by widely sepad time constantr=1C7 s for the experiments of magnetic
rated chains of Co atoms. Hence, the value we have chos&usceptibility under FC and ZFC conditions in Ref. 12. Us-
to explain the magnetic properties of the systemTis ing Eg.(2) with the anisotropy constant calculatet initio
=50 K, the expected value for low fields. The description ofand the blocking temperature from the experimental data in
the system, which will be given below, corresponds to thesdef. 12(Tgz=50 K), we estimate that each cluster has a typi-
low applied fields. _ “cal diameter of approximately 1.2 nm, containing about 14
From the value of the blocking temperature we can estiCo atoms. The value of the anisotropy constant was calcu-
mate the mean size of the clusters. For doing so, we havgted atT=0, hence the volume of the cluster must be con-
calculated the anisotropy constant of the system frin  gidered as a lowest limit. There exists a distribution of par-
initio methods. The calculations were performed using tgicle sizes. This is evident by the fact that the maximum of
WIEN2K software?>?®a package that uses a full-potential, all 1o 7EC curve is displaced from the point where ZFC and

electron APW +lo method that allows us to carry out total FC curves separate from one another. In our description, we

energy calculations with one of the most precise meth°d§vill stick to the average values
available. For this moderately correlated transition metal ox- From the blocking temperatur@t about 50 K to ap-

ide, we used the LDAY approach including self-interaction . .
correction$® in the so-called “fully-localized limit?® with proximately 250 K, the system shows a superparamagnetic

U=5 eV andJ=0.5 eV, values discussed in Ref. 17. This gggagloTr,h_enterlng the norma!{_parama%negc r?gltmhe at about
method has proven reliable for transition metal oxitfes, ¢ - IS s?perpararﬂ_a%ne 'ST) C%n 9f. Lée o the preseglce
since it improves over generalized gradient approximatior? magnetic clusters, which can be identified as an assembly

(GGA) or local density approximatio(LDA) in the study of of single domain particles with a totgl 'r.nagnetic ”.‘O”‘e.m of
correlated electrons by means of introducing the on-site Co about 145 per partlcle(fr_om the ab initio calculat_lons In
lomb repulsionU. The non-orbital-dependent part of the ef. 17, the total magnetic moment per Co atom is 4D .
exchange-correlation potential was calculated using th here the magnetization of the sample follows the Langevin
GGA in the Perdew-Burke-Ernzerh@®BE) schemé! Local ormula
orbitals (Co 3s, 3p, 3d; Ba 4d, 5s, 5p; O 2s and %) were M =NulL(y), (3)
added to obtain a better flexibility of the basis set and to . , . .
improve the description of the semicore StatRSK =7 WhereN is the density of clusters per unit volume,l_s the
and 500k points in the irreducible Brillouin zonel200k ~ Magnetic moment of each clustgr; uH/kgT andL(y) is the
points in the whole Brillouin zonewere taken. For calculat- Langevin function. At smaly, the magnetization varies lin-
ing the magnetic anisotropy, a fully relativistic calculation €1y WithH/T and the Langevin function approximates to a
was carried out, where spin-orbit effects were included using-urie law
a second variational schere. w?H
For calculating the energy contribution of the magnetic M = N3k T
anisotropy we studied the system in different configurations B
with the magnetic moments along the different crystallo- Figure 1 shows the data from Ref. 12 Msvs H/T. This
graphic directions(100), (110, and (111), and compared gives a straight line, that corresponds to the Langevin for-
their total energies. The system was studied in a ferromagnula (superparamagnetigmat “normal” temperature$50
netic low-spin state with an alternating orbital order along< T(K)<200] and “moderate” field§0<H(Oe) <5x 10%].
the ¢ axis as described in Ref. 17, which in this paper wasBut, the same type of plot has a different slopeTer50 and
shown to be the ground state. From our total energy calculaz0 K, because they are below the blocking temperature and
tions, the value of the anisotropy constant is 1.2 mRy pethe clusters are said to be “blockefthe effects due to the
unit cell, which contains 2 Co atom@bout 2<1C° erg/  plocking are appreciable in a region around the blocking
cm?®). This value is larger than the anisotropy energy of aemperature, superparamagnetism is observed where ZFC
system of fine Co particleg=7x 10 erg/cn¥). We are not  and FC curves match each other, above some 70 K, from the
considering the shape anisotropy due to the formation ogurves in Ref. 12 The slope increases witfi and ap-
clusters, but we can assume this contribution to be a secongiroaches a maximum wheFs Tg, being the difference re-
ary effect in this highly anisotropic compound. The lowestmarkable in the vicinity ofTg, where thermal equilibrium
energy state has the moments lying in the hexagonal plangisappears.
(along theb axis). We assume the system to have cubic an- From these curves we have estimated the density of clus-
isotropy(since the Co ions are in an octahedral environmentters that exists in BaCoQresulting in one 1.2 nm-diameter
and found the value of the anisotropy constanKasEg/4,  cluster in a spherical volume with a diameter of about
whereEg is the energy difference between the eélsyand 3.0 nm. Hence, the average distance between two clusters is
hard (c) axis. The procedure for estimating the volume ofabout 3 diameters, big enough to assume that they do not
each cluster is via the following formula for superparamag-strongly interact with each other. As we mentioned above,
netic particles® this fact coincides with the shape of the curves in Ref. 12
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FIG. 1. Total magnetization vid/T for four values of the tem-
perature[data from Yamaurzet al. (Ref. 12]. In the inset, the
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In this paper, we have tried to explain the magnetic prop-
erties of the transition metal oxide BaCe@ilizing ab initio
full potential APW+lo LDA+U calculations to interpret the
experimental data available. The theoretical prediction of fer-
romagnetism as the ground state does not coincide with the
experimental data of magnetic susceptibility, which is not
that of a long-range ferromagnet. The explanation we pro-
pose is based on the formation of noninteracting ferromag-
netic clusters in the system. Usiadp initio calculations, we
have estimated the distribution of these clusters. They have a
typical size of about 1.2 nm in diameter, and are separated by
about 3 diameters, which explains the evidence that they do
not interact strongly. With this model, the susceptibility
curves can be explained, corresponding to a superparamag-
netic behavior in the temperature region from the blocking
temperaturéTg =50 K) up to 250 K. Also, the change in the
slope of the magnetization Md/T curves below 50 K is
related to the blocking of the superparamagnetic state. Above

curves afT=150 and 200 K are highlighted, showing an excellentp50 K, normal paramagnetism is found.

H/T superposition. However, fof <50 K, straight lines have a

From our conclusions, BaCaQs expected to be an ex-

smaller slope due to the anisotropy effects at temperatures compa—mpk_:, of a system with a similar behavior to that formed by

rable to the blocking temperature.

“ultrafine” noninteracting magnetic particles and further ex-

that ressemble noninteracting superparamagnetic paricles.Perimental work is needed to provide more insight into the
The normal paramagnetic state appears above sonfdiaracterization of the material. Small angle neutron scatter-
250 K, when thermal energy is enough to break the magnetitlg measurements and in addition a better static and dynamic

order of the crystal. Below the blocking temperaturg

study of the variation of the magnetization with temperature

=50 K, magnetic moments within the cluster lie along theand applied field is strongly encouraged.

easy axis and for this system, formed by ferromagnetic clus-

ters, hysteresis loops are expected.
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