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Sign reversal of the orbital moment via ligand states
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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 VAu4, but 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 fer
magnetic, ferrimagnetic, or antiferromagnetic, is compo
of a spin and an orbital moment. The coupling between th
moments, parallel or antiparallel, is different for differe
materials and is dictated by the filling of the electronic sh
For systems with a less-than-half-filled shell the coupling
antiparallel and for systems with a more-than-half-filled sh
the coupling is parallel. This finding is referred to as Hun
third rule and is explained to be due to the spin-or
interaction.1 Hunds rules were originally developed
atomic physics, where, e.g., the third rule refers to the c
pling of the total angular momentumJ asJ5L1S for more
than half filling of the electron shell andJ5L -S for less than
half filling. In practice the effect of Hunds third rule may b
observed from the absolute value ofJ but it can also be
observed from a calculation of the projection of the spinSz
and orbital angular momentumLz using the theorem o
Wigner and Eckart.2 For systems with an electron occupatio
less than half fillingSz andLz are hence antiparallel wherea
for systems with more than half filling the coupling is para
lel, as dictated by Hunds third rule. This observation b
comes important for theories based on density functio
theory as well as for many experiments, since oftenSz and
Lz are being calculated or measured. The effect of the s
orbit coupling and hence Hunds third rule is present also
the solid state, even though crystal field and band forma
effects may reduce the orbital moment to some extent. As
the coupling of spin and orbital angular momentum has
our knowledge never been found to violate Hunds third r
in a magnetic solid.

For localized electron systems the spin and orbital m
ments are essentially given from atomic physics, with a co
plication sometimes emerging from the crystalline elec
field that to some extent quenches the orbital moment.
materials with delocalized electron states the orbital mom
is reduced compared to the corresponding atomic value.
amples of this are Fe, Co, and Ni, that have orbital mome
of order 0.05–0.15mB .3 However, as noted above the co
pling between the spin and orbital moments has never b
found to violate Hunds third rule,4,5 simply because its mi-
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croscopical origin, the spin-orbit coupling, is always prese
whether the electron states are localized or delocalized,
ject to a strong crystal field or not, or if they are eigensta
of an atom or of a solid.

Recently substantial experimental attention has been
cused on the orbital magnetic moment, since although it
small quantity in some of the pertinent materials it nevert
less has been argued to carry vital information about
magnetocrystalline anisotropy~MAE!.6,7 As a matter of fact,
using perturbation theory, a relationship between the dir
tional dependence of the orbital moment and the MAE h
been derived,8,9 which established the proportionality of th
MAE and the directional dependence of the orbital mome
The proportionality relationship, although it has been argu
not to always hold, must be considered as being importan
establishing a microscopical understanding of the MAE
delocalized electron systems. A full understanding of
MAE has, however, not yet been achieved. Apart from
relationship to the orbital moment, two distinct contributio
to the MAE were previously proposed: The lifting of dege
eracies at the Fermi energy through the spin-orbit couplin10

and the effect of anisotropic ligand-field bonding.11 Our
present investigations emphasizes the important role of
ligand field further, not only in the formation of the orbita
moment, but even in driving the sign of the orbital mome

The attempts to connect the orbital magnetic momen
other magnetic properties, such as the MAE, are also imp
tant with regard to current material research efforts to fi
avenues for improving on the magnetic properties of mat
als. In this paper we demonstrate, first, that the coupl
between spin and orbital moments can actually be such
Hunds third rule is violated, and second, that by suita
choice of combinations of materials one can ‘‘tune’’ the co
pling to be antiparallel or parallel irrespective of whether t
electron shell is less or more than half filled. In addition w
shall argue that the microscopical understanding of mag
tism given here paves the way for the possibility to influen
one, from an applications point of view, of the more cent
concepts of magnetism, i.e., the MAE, since this prope
determines the magnetic hardness which then may be
©2001 The American Physical Society05-1
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lized in different applications. For instance, in many ac a
plications involving the conversion of mechanical energy
electric or vice versa, so-called soft magnetic materials~with
a vanishingly small MAE! are desired since they reduce e
ergy losses in these types of applications.

Although the results presented here will be argued to
of a general nature, and that thus the coupling between
and orbital moments may not necessarily follow Hunds th
rule, we will illustrate most of our findings with one ex
ample; VAu4. This material has experimentally been fou
to be ferromagnetic with a Curie temperatureTC560 K and
the easy magnetization axis is along the crystallographc
axis.12–14Already the finding that two nonmagnetic elemen
that, when combined, give rise to magnetic order is caus
attention, but, as will be outlined, there are more import
features displayed by the magnetism of this interesting
terial. The crystal structure is the MoNi4 type structure and is
a body-centered tetragonal~bct! structure with five atoms in
the primitive unit cell. Since VAu4 is peculiar in the sense
that it is a ferromagnet that is constructed from nonmagn
elements, attention has previously been paid to it, and th
retical first-principles calculations of the spin moments ha
been carried out before.15–17

The present first-principles calculations were made us
both a full-potential linear muffin-tin orbital~LMTO!
method18 and the augmented-spherical-wave~ASW!
method.19 In our calculations we used the experimental l
tice parameters for VAu4, which are a56.382 Å andc
53.981 Å. The calculations were based on the local sp
density approximation using the von Barth-Hed
parametrization.20 In order to have well-converged bas
functions in the LMTO calculations a so-called double ba
set was employed, with two sets of 4s, 4p, and 3d orbitals
for the V atom and two sets of 6s, 6p, and 5d orbitals for
the Au atoms. Thek space was sampled using the spec
k-point method and a small Gaussian of width 10 mRy w
associated with the eigenvalues close to the Fermi levelEF
in order to speed up convergence. The spin-orbit interac
was included at each variational step, a method that is kn
to reproduce results of the spin polarized Dirac equation w
great accuracy.21 The ASW calculations employed th
spherical potential approximation, together with a single
sis set, which consisted of the same orbitals for V, but for
5 f states were additionally included. The spin-orbit coupli
was treated as in the LMTO calculations, and no Gauss
broadening was applied.

The calculated scalar relativistic electronic structure
VAu4 is shown in Fig. 1. In the figure one may note that t
Au d band is rather wide and is mainly located betwee
28 and22 eV. The Vd band is substantially narrower an
it exhibits a large exchange splitting. The V spin-upd states
are located right at the Fermi level, whereas the spin-dowd
states are located above the Fermi level. As will be discus
below there is one more feature in the DOS that should
observed, namely, that there is rather strong hybridiza
between the Aud and V d states. This may best be seen f
the Aud states that in the energy region where the Vd states
have their dominating weight, follow the features of the Vd
states, a traditional sign of hybridization. This is so, sin
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specific energy bands, that give rise to a particular featur
the DOS, have wave function character of basis functio
located both on the V and Au atoms.

Let us now describe the most central finding of this stu
the calculated spin and orbital moments of VAu4 ~compiled
in Table I!. The calculated spin moment on the V atoms
with 1.67mB reasonably large. The previous computation
study obtained a similar spin moment for V~Ref. 15! and
both moments are larger than the experimental value of
proximately 1mB at 4.2 K.14 The orbital moment is 0.16mB
~Ref. 22! and this represents at first sight a very anomalo
result, since despite that V has a filling of thed shell that is
less-than-half filled, the orbital moment is computed to
parallel to the spin moment. This represents, to our kno
edge, the first prediction of a violation of Hunds third rule
a magnetically ordered material. Compared to the known
bital moments of 3d elements in intermetallic compound
the orbital moment is, in addition, remarkably large. Possi
computational errors leading to the anomalous moment w
ruled out by comparing the results of independent LMT
and ASW calculations, which indeed yielded nearly identi
moments~see Table I and Ref. 23!.

One may find a reason to this unusual coupling in a p
turbation treatment. Recently, Jameset al.24 elaborated on

FIG. 1. Calculated density of states~DOS! for VAu4. The DOS
projected on the Aud orbitals are shown as full drawn lines and th
DOS projected on the Vd orbitals are shown as dotted lines. Sp
up DOS are shown as positive and spin down as negative.

TABLE I. Spin and orbital moments in VAu4, as calculated with
the FP-LMTO and ASW methods, both with and without~data
indicated with an asterisk! the spin-orbit coupling on the Au atom
For comparison the moments calculated for V in VCu4 are also
shown.

Compound atom method spin (mB) orbital (mB)

VAu4 V FP-LMTO 1.67 0.16
VAu4 V ASW 1.78 0.12
VAu4 Au FP-LMTO 0.003 20.011
VAu4 Au ASW 0.003 20.009
VAu4* V FP-LMTO 1.71 20.10
VCu4 V FP-LMTO 2.08 20.04
5-2
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the work of Bruno,8 and based on perturbation theory d
rived an equation for the orbital momentmorb

t of, for in-
stance, the magnetic V atom.24 This was derived by express
ing the nonrelativistic crystal wave functionuki & as

uki &5(
tms

cki ,tmsutms&, ~1!

wherec is the basis-set expansion coefficient,utms& a basis
function, andt, m, and s are the indices for the differen
atoms in the unit cell, the magnetic, and spin quantum nu
ber, respectively. The indexi indicates a scalar-relativisti
state andk is a reciprocal-space vector. By inclusion of spi
orbit coupling in perturbation theory one can then deriv24

that

morb
t }(

kij
(
t8s

(
mm8m9m-

nkis,tm,t8m8nkjs,t8m9,tm-

3
^tmsu l zutm-s&^t8m9su Hso

t8ut8m8s&
«kj 2«ki

. ~2!

The quantitynkis,tm,t8m8 is a product of wave-function char
acters of the scalar-relativistic states@from Eq. ~1!#, i.e.,
nkis,tm,t8m85ckitms* ckit8m8s. In this expression we observ
that the orbital moment of atomt ~V in our case! is influ-
enced also by the spin-orbit parameter of the other ato
~ligand atoms! in the crystal, suggesting that the unusu
magnetic properties of the V atom are influenced also by
spin-orbit coupling of the Au atoms. Since the Au spin-or
coupling is substantially larger than that of V this contrib
tion could be important. However, in order for the Au spi
orbit coupling matrix element to influence the V orbital m
ment, Eq. ~2! indicates that there must be hybridizatio
between the V and Au states, since otherwisenkis,tm,t8m8 or
nkjs,t8m9,tm- is zero and the effect vanishes. The importa
consequence of Eq.~2! is that relativistic effects of the ligand
atoms~Au! also influence the orbital moment of the V atom
and for the VAu4 this has extreme consequences. A vers
of Eq. ~2! based on a Greens function formalism was p
sented in Ref. 25.

In order to elaborate on this further we performed ad
tional calculations of the spin and orbital moments of VAu4,
turning off the spin-orbit interaction on the Au site, where
keeping it for the V site. The so-calculated spin and orb
moments of the V atom are found to be in full accordan
with Hunds third rule, with a V spin moment of 1.71mB and
an orbital moment of20.10mB . Thus, the coupling is anti
parallel as demanded by Hunds third rule. We also p
formed calculations for VCu4, since the strength of the spin
orbit coupling of Cu is comparable to that of V and mu
-
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smaller than the one of Au. Also in this case Hunds third r
is obeyed and the spin and orbital moments are 2.08mB and
20.04mB . This numerical exercise in combination with th
discussion based on Eq.~2! demonstrates that the large spi
orbit coupling of the Au ligand atom influences, via hybri
ization, the orbital moment of the neighboring V atom to
surprisingly large extent, producing a parallel alignment
the spin and orbital moments.

An interesting scenario now emerges, since one by s
able tuning of Cu and Au concentrations may predict
alloy of V(AuxCu12x)4 that may adopt a parallel or antipa
allel coupling between spin and orbital moments, depend
on concentration. One may even tune the concentration s
that a vanishingly small orbital moment is found for the
atom. On account of the relationship between orbital mom
anisotropy and MAE one may possibly influence the MA
such that an alloy with predcited zero MAE is identified. W
note here that for this compound the proportionality relatio
ship between the MAE and orbital moment anisotropy
Bruno8 does hold, because the orbital moment is nonz
only for one spin channel, that of the majority spin~see also
Ref. 9!. From the total energy we have calculated thec axis
to be the easy axis, which is also computed to be the a
having the largest orbital moment~the value of the MAE is
1.78 meV per unit cell and the orbital moment anisotropy
0.09mB). We have tested the possibility to reduce the MA
by alloying and performed calculations for the intermetal
compound VAu2Cu2. For this system the competition be
tween the V and Au contributions to the orbital moment
the V atom are almost of equal size and hence nearly ca
each other. The net orbital moment is 0.03mB and the MAE
is reduced to 0.5 meV per unit cell. A finer tuning of a lo
MAE has to involve noninteger concentrations of Au and
~or possibly Ag!, and is outside the scope of the prese
paper.

To conclude, we have demonstrated that ligand states
magnetic atom may influence the orbital magnetic mom
in a way that is more complex than the simple ‘‘crystal fie
quenching.’’ The ligand states may actually induce lar
changes in the orbital moments that can lead to a violation
Hunds third rule. We have argued that hybridization betwe
the ligand states and the magnetic ion is important for t
effect to occur. The possibility to tune the orbital mome
and MAE by suitable alloying has been proposed.
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used in this work. Valuable discussions with Professor
Johansson and Dr. L. M. Sandratskii are acknowledged.
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