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Sign reversal of the orbital moment via ligand states

|. Galanakis' P. M. Oppeneet,P. Ravindrar?, L. Nordstran,* P. Jameé,M. Alouani! H. Dreyssé, and O. Erikssoh®
Ynstitut de Physique et Chimie des Mageix de Strasbourg, F-67037, Strasbourg, France
2Institute of Solid State and Materials Research, P.O. Box 270016, D-01171 Dresden, Germany
3Department of Chemistry, University of Oslo, P.O. Box 1033, N-0315 Oslo, Norway
“Department of Physics, Uppsala University, Box 530, S-75112 Uppsala, Sweden
SABB Corporate Research, ¥&rss, Sweden
(Received 1 December 2000; published 2 April 2001

It is demonstrated that the coupling between spin and orbital moments in magnetic systems may—for certain
materials—be reversed from antiparallel to parallel, via the influence of ligand states. This is exemplified by
first-principles calculations for an intermetallic compound \fAbut the effect may be found also in other
classes of materials. From a computational analysis of the influence of the ligand states, and from an expression
based on perturbation theory, we show that ligand states, that traditionally are known only to quench the orbital
moment, may produce anomalous orbital moments that violate Hunds third rule.
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The magnetic moment of a material, whether it is ferro-croscopical origin, the spin-orbit coupling, is always present,
magnetic, ferrimagnetic, or antiferromagnetic, is composedvhether the electron states are localized or delocalized, sub-
of a spin and an orbital moment. The coupling between thesgect to a strong crystal field or not, or if they are eigenstates
moments, parallel or antiparallel, is different for different of an atom or of a solid.
materials and is dictated by the filling of the electronic shell. Recently substantial experimental attention has been fo-
For systems with a less-than-half-filled shell the coupling iscused on the orbital magnetic moment, since although it is a
antiparallel and for systems with a more-than-half-filled shellsmall quantity in some of the pertinent materials it neverthe-
the coupling is parallel. This finding is referred to as Hundsless has been argued to carry vital information about the
third rule and is explained to be due to the spin-orbitmagnetocrystalline anisotrogMAE).%’ As a matter of fact,
interaction' Hunds rules were originally developed in using perturbation theory, a relationship between the direc-
atomic physics, where, e.g., the third rule refers to the coutional dependence of the orbital moment and the MAE has
pling of the total angular momentuthasJ=L +S for more  been derived® which established the proportionality of the
than half filling of the electron shell anb=L-Sfor less than  MAE and the directional dependence of the orbital moment.
half filling. In practice the effect of Hunds third rule may be The proportionality relationship, although it has been argued
observed from the absolute value &fbut it can also be not to always hold, must be considered as being important in
observed from a calculation of the projection of the sBjn  establishing a microscopical understanding of the MAE of
and orbital angular momenturh, using the theorem of delocalized electron systems. A full understanding of the
Wigner and Eckart.For systems with an electron occupation MAE has, however, not yet been achieved. Apart from the
less than half fillingS, andL , are hence antiparallel whereas relationship to the orbital moment, two distinct contributions
for systems with more than half filling the coupling is paral- to the MAE were previously proposed: The lifting of degen-
lel, as dictated by Hunds third rule. This observation be-eracies at the Fermi energy through the spin-orbit coupfing,
comes important for theories based on density functionaind the effect of anisotropic ligand-field bonditgOur
theory as well as for many experiments, since ofigrand  present investigations emphasizes the important role of the
L, are being calculated or measured. The effect of the spinigand field further, not only in the formation of the orbital
orbit coupling and hence Hunds third rule is present also irmoment, but even in driving the sign of the orbital moment.
the solid state, even though crystal field and band formation The attempts to connect the orbital magnetic moment to
effects may reduce the orbital moment to some extent. As yaither magnetic properties, such as the MAE, are also impor-
the coupling of spin and orbital angular momentum has taant with regard to current material research efforts to find
our knowledge never been found to violate Hunds third ruleavenues for improving on the magnetic properties of materi-
in a magnetic solid. als. In this paper we demonstrate, first, that the coupling

For localized electron systems the spin and orbital mobetween spin and orbital moments can actually be such that
ments are essentially given from atomic physics, with a comHunds third rule is violated, and second, that by suitable
plication sometimes emerging from the crystalline electricchoice of combinations of materials one can “tune” the cou-
field that to some extent quenches the orbital moment. Fopling to be antiparallel or parallel irrespective of whether the
materials with delocalized electron states the orbital momenglectron shell is less or more than half filled. In addition we
is reduced compared to the corresponding atomic value. Exshall argue that the microscopical understanding of magne-
amples of this are Fe, Co, and Ni, that have orbital momenttism given here paves the way for the possibility to influence
of order 0.05-0.155.% However, as noted above the cou- one, from an applications point of view, of the more central
pling between the spin and orbital moments has never beetoncepts of magnetism, i.e., the MAE, since this property
found to violate Hunds third rul®® simply because its mi- determines the magnetic hardness which then may be uti-
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lized in different applications. For instance, in many ac ap-
plications involving the conversion of mechanical energy to
electric or vice versa, so-called soft magnetic matefialth

a vanishingly small MAE are desired since they reduce en-
ergy losses in these types of applications.

Although the results presented here will be argued to beg
of a general nature, and that thus the coupling between spi%
and orbital moments may not necessarily follow Hunds third &,
rule, we will illustrate most of our findings with one ex- 8 -
ample; VAy,. This material has experimentally been found
to be ferromagnetic with a Curie temperatiig=60 K and
the easy magnetization axis is along the crystallographic
axis?~1*Already the finding that two nonmagnetic elements o5 o4 o2 0o 02
that, when combined, give rise to magnetic order is cause o ' " Energy Ry) '
attention, but, as will be outlined, there are more important
features displayed by the magnetism of this interesting ma- FIG. 1. Calculated density of stat€BOS) for VAu,. The DOS
terial. The crystal structure is the MoNiype structure and is projected on the Awl orbitals are shown as full drawn lines and the
a body-centered tetragon@dct) structure with five atoms in  DOS projected on the ¥ orbitals are shown as dotted lines. Spin
the primitive unit cell. Since VA is peculiar in the sense up DOS are shown as positive and spin down as negative.
that it is a ferromagnet that is constructed from nonmagnetic =~ o _ )
elements, attention has previously been paid to it, and thediPecific energy bands, that give rise to a particular feature in
retical first-principles calculations of the spin moments havehe DOS, have wave function character of basis functions
been carried out beforé-1’ located both on the V and Au atoms.

The present first-principles calculations were made using L€t us now describe the most central finding of this study:
both a full-potential linear muffin-tin orbital(LMTO)  the calculated spin and orbital moments of VAwompiled
method® and the augmented-spherical-waveéASW) in Table ). The calculated spin moment on the V atoms is
method®® In our calculations we used the experimental lat-With 1.67ug reasonably large. The previous computational
tice parameters for VAY which area=6.382 A andc study obtained a similar spin moment fc_)r (Ref. 15 and
=3.981 A. The calculations were based on the local spinPoth moments are larger than the experimental value of ap-
density approximation using the von Barth-Hedin Proximately lug at 4.2 KX* The orbital moment is 0.46;
parametrizatiod® In order to have well-converged basis (Ref. 22 and this represents at first sight a very anomalous
functions in the LMTO calculations a so-called double basig@sult, since despite that V has a filling of teshell that is
set was employed, with two sets 0§,44p, and 31 orbitals less-than-half flllgd, the orbital moment is computed to be
for the V atom and two sets ofs 6p, and & orbitals for ~ Parallel to the spin moment. This represents, to our knowl-
the Au atoms. Thek space was sampled using the specialedgev the_flrst prediction of a \_/lolatlon of Hunds third rule in
k-point method and a small Gaussian of width 10 mRy was® magnetically ordered material. Compared to the known or-
associated with the eigenvalues close to the Fermi [Eyel Dital moments of & elements in intermetallic compounds,
in order to speed up convergence. The spin-orbit interactiof® orbital moment s, in addition, remarkably large. Possible
was included at each variational step, a method that is knowRomputational errors leading to the anomalous moment were
to reproduce results of the spin polarized Dirac equation witfuled out by comparing the results of independent LMTO
great accurac§® The ASW calculations employed the and ASW calculations, which indeed yielded nearly identical
spherical potential approximation, together with a single bamoments(see Table | and Ref. 23 o
sis set, which consisted of the same orbitals for V, but for Au  One may find a reason to this unusu%ll coupling in a per-
5f states were additionally included. The spin-orbit couplingturbation treatment. Recently, Jamesal.™ elaborated on
was treated as in the LMTO calculations, and no Gaussian , , ) )
broadening was applied. TABLE I. Spin and orbital moments in VA‘_u as calcul_ated with

The calculated scalar relativistic electronic structure of.the. FP-LMTO and ASW methods, both with and withdaata
VAU, is shown in Fig. 1. In the figure one may note that the|nd|cated WIFh an asterigkhe spin-orbit coupling on the Au atom.
Au d band is rather wide and is mainly located between :ﬁgvsr? mparison the moments calculated for V' in iGare also
—8 and—2 eV. The Vd band is substantially narrower and '
it exhibits a large exchange splitting. The V spin-digtates
are located right at the Fermi level, whereas the spin-dédwn
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Compound atom method spimg)  orbital (ug)

states are located above the Fermi level. As will be discussedAu, \4 FP-LMTO 1.67 0.16
below there is one more feature in the DOS that should b&Au, \Y ASW 1.78 0.12
observed, namely, that there is rather strong hybridizatioWAu, Au FP-LMTO 0.003 —-0.011
between the Auw and V d states. This may best be seen for VAu, Au ASW 0.003 —0.009
the Aud states that in the energy region where thd $tates  vAuj \Y; FP-LMTO 1.71 -0.10
have their dominating weight, follow the features of thelV vcuy, v EP-LMTO 2.08 ~0.04

states, a traditional sign of hybridization. This is so, since
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the work of Brund® and based on perturbation theory de-smaller than the one of Au. Also in this case Hunds third rule

rived an equation for the orbital momept,, of, for in-  is obeyed and the spin and orbital moments are 2508nd
stance, the magnetic V atofhThis was derived by express- —0.04ug. This numerical exercise in combination with the
ing the nonrelativistic crystal wave functighki) as discussion based on E() demonstrates that the large spin-
orbit coupling of the Au ligand atom influences, via hybrid-
Ki)=> Cyi smd TMS), (1)  ization, the orbital moment of the neighboring V atom to a
ms ' surprisingly large extent, producing a parallel alignment of

wherec is the basis-set expansion coefficigntns) a basis e SPin and orbital moments. , _
function, and7, m, and's are the indices for the different /AN intéresting scenario now emerges, since one by suit-
atoms in the unit cell, the magnetic, and spin quantum num@Plé tuning of Cu and Au concentrations may predict an
ber, respectively. The indekindicates a scalar-relativistic &lloy of V(Au,Cuy )4 that may adopt a parallel or antipar-
state and is a reciprocal-space vector. By inclusion of spin- allel coupling between spin and orbital moments, depending
orbit coupling in perturbation theory one can then défive On concentration. One may even tune the concentration such
that that a vanishingly small orbital moment is found for the V
atom. On account of the relationship between orbital moment
ul “2 Z 2 n e anisotropy and MAE one may possibly influence the MAE
oy L e, Ks T mIgS, o, m such that an alloy with predcited zero MAE is identified. We
note here that for this compound the proportionality relation-
(rmgl | Tm”s)('m"s| HI]|'m’s) ship between the MAE and orbital moment anisotropy of
X V4] Brund® does hold, because the orbital moment is nonzero
only for one spin channel, that of the majority siigee also
The quantitynyis .m . m iS @ product of wave-function char- Ref. 9. From the total energy we have calculated t¢hexis
acters of the scalar-relativistic statBsom Eq. (1)], i.e., to be the easy axis, which is also computed to be the axis
Nkis, »m, »'m’ = Cii-mCki~'m’s- IN this expression we observe having the largest orbital momefthe value of the MAE is
that the orbital moment of atom (V in our casg is influ-  1.78 meV per unit cell and the orbital moment anisotropy is
enced also by the spin-orbit parameter of the other atom@.09ug). We have tested the possibility to reduce the MAE
(ligand atom$ in the crystal, suggesting that the unusualby alloying and performed calculations for the intermetallic
magnetic properties of the V atom are influenced also by theompound VAyYCu,. For this system the competition be-
spin-orbit coupling of the Au atoms. Since the Au spin-orbittween the V and Au contributions to the orbital moment of
coupling is substantially larger than that of V this contribu-the V atom are almost of equal size and hence nearly cancel
tion could be important. However, in order for the Au spin- each other. The net orbital moment is Qu@3and the MAE
orbit coupling matrix element to influence the V orbital mo- is reduced to 0.5 meV per unit cell. A finer tuning of a low
ment, Eq.(2) indicates that there must be hybridization MAE has to involve noninteger concentrations of Au and Cu
between the V and Au states, since otherwigge .m ,»m’ OF  (or possibly Ag, and is outside the scope of the present
Nijs,»'m,-m» 1S z€ro and the effect vanishes. The importantpaper.
consequence of E€R) is that relativistic effects of the ligand To conclude, we have demonstrated that ligand states of a
atoms(Au) also influence the orbital moment of the V atom, magnetic atom may influence the orbital magnetic moment
and for the VAy this has extreme consequences. A versiorin a way that is more complex than the simple “crystal field
of Eq. (2) based on a Greens function formalism was pre-quenching.” The ligand states may actually induce large
sented in Ref. 25. changes in the orbital moments that can lead to a violation of
In order to elaborate on this further we performed addi-Hunds third rule. We have argued that hybridization between
tional calculations of the spin and orbital moments of VAu the ligand states and the magnetic ion is important for this
turning off the spin-orbit interaction on the Au site, whereaseffect to occur. The possibility to tune the orbital moment
keeping it for the V site. The so-calculated spin and orbitaland MAE by suitable alloying has been proposed.
moments of the V atom are found to be in full accordance The support from TMR is acknowledged. O.E., L.N., and
with Hunds third rule, wit a V spin moment of 1.7dg and  P.J. are grateful to NFR and TFR and the Swedish Founda-
an orbital moment of-0.10ug . Thus, the coupling is anti- tion for Strategic Researdl®SH for support. We are grate-
parallel as demanded by Hunds third rule. We also perful to Dr. J. M. Wills for providing the full potential code
formed calculations for VCy since the strength of the spin- used in this work. Valuable discussions with Professor B.
orbit coupling of Cu is comparable to that of V and much Johansson and Dr. L. M. Sandratskii are acknowledged.
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