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Violation of Hund’s third rule in structurally disordered ferromagnets
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Violation of Hund’s third rule caused by structural disorder is observed for the induced magnetic moment of Zr,
using x-ray magnetic circular dichroism. The induced spin and orbital magnetic moments are antiparallel in the
crystalline state, but parallel in an amorphous state of the investigated Co- and Fe-based materials. First-principles
calculations are used to provide physical insight into the dependency of the spin-orbit coupling on the interatomic

distance and coordination number.
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I. INTRODUCTION

Hund’s rules are generally viewed as highly successful em-
pirical laws describing the electronic structure of multielectron
atoms.! Reports on violations of Hund’s third rule are rare, with
few exceptions found in literature. Hund’s third rule states that
elements having less-than-half-filled electronic shells should
have their spin and orbital moments antiparallel aligned. The
opposite should be valid for more-than-half-filled electronic
shells. A report on the violation of Hund’s third rule was
made by Hjelm et al.,” describing the electronic structure
of uranium, using first-principles calculations. Subsequent
theoretical efforts revealed possible violations in intermetallic
compounds.’~ Experimental observations of this effect were
initially reported by Wilhelm et al.® for W and by Herrero-
Albillos et al.” for Co. The work on W triggered a vivid
discussion on the influence of the structure and chemical
environment on the induced orbital moment, arising from the
spin-orbit coupling,” a discussion which is still far from
being settled. X-ray magnetic circular dichroism (XMCD)
can be used to determine, with element specificity, the spin
and orbital contributions to the moment. Even very small
magnetic moments, such as obtained in Au for the case of
multilayers, nanoparticles, and intermetallic alloys, can be
measured with high precision.!®'?> Thus, XMCD is highly
suitable to obtain information on the validity of Hund’s third
rule.

In this article, we discuss the influence of structural disorder
in transition metal alloys on the electronic configuration. We
use Zr containing alloys as prototypes for these studies and
XMCD to probe the induced magnetic moment of Zr. We
compare the spin and orbital contribution to the moment in
crystalline and disordered Zr containing layers, in which the
bond length and coordination number are vastly different. The
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presence of disorder has previously been demonstrated to give
rise to a decreased contribution to the orbital moment in Fe in
amorphous FeCoZr layers, while the orbital moment of Co is
retained.'® Thus, structural disorder gives rise to a number of
intricate magnetic properties.'3~10

II. EXPERIMENTAL DETAILS

Amorphous FegZrg and CogsZrs films, with thicknesses
of 5000 and 4000 A, respectively, were deposited on Si
(001) wafers by direct current magnetron sputtering at room
temperature.'” The alloy compositions were determined by
Rutherford back scattering spectrometry. Two crystalline
CoZrPt alloy thin films, with a total film thickness of 2500 A,
were deposited on polyimide substrates in a multisource
e-beam evaporation system at room temperature. Energy
dispersive x-ray spectroscopy measurements were used to
determine their compositions (Cog3ZroPt; and CogeZroPty).

Ferromagnetic resonance (FMR) experiments, were carried
out at 8.5 GHz, using the x-ray detected magnetic resonance
(XDMR) dedicated spectrometer.'® In Fig. 1, the FMR
linewidth A H of the amorphous CogsZrs film can be compared
to the one of the polycrystalline CogsZroPts film. The width
of the resonance is substantially broader for the polycrystalline
film (A H ~ 30 mT) as compared to the one for the amorphous
film (A H ~6mT). The very narrow A H in the amorphous film
is consistent with a very high degree of structural and magnetic
homogeneity.19 Structural analysis of the Feq;Zry and CogsZrs
films was performed using grazing incidence x-ray diffraction
(GI-XRD), and with 6 — 20 XRD for the CoZrPt films. In
both cases, Cu K,, radiation (1.5418 A) was used as a source.
A broad halo, characteristic for amorphous materials, was
recorded from the Feg1Zry and CogsZrs samples (inset of
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FIG. 1. (Color online) FMR spectra for the amorphous CogsZrs
and polycrystalline CogsZr Pty thin films. The very small width of the
FMR linewidths is an indication of the high degree of structural and
magnetic homogeneity for the amorphous film. The inset shows x-ray
diffraction patterns from amorphous CogsZrs, Feg; Zrg, and crystalline
CogeZroPty thin films. The vertical lines represent diffraction from
the reference hcp-Co powder.

Fig. 1). The CoZrPt samples, on the other hand, exhibit narrow
diffraction peaks, consistent with a textured polycrystalline
structure. Comparing the diffraction pattern from a reference
polycrystalline hcp-Co powder to our experimental peaks in
Fig. 1, we observe that the film peaks are shifted to lower
angles. This shift originates from an enlarged cell volume
and reveals larger interatomic distances in the CoZrPt film
as compared to pure hcp Co. All samples exhibit in-plane
magnetization.

The XMCD measurements were catried out on the beamline
ID12 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France.”’ The x-ray absorption spectrum (XAS)
at both the Zr L3, and Pt L3, edges were measured using
the total fluorescence yield (TFY) detection mode and in a
backscattering geometry. The applied magnetic field, up to
1 T, was produced by a superconducting cryomagnet and
was applied at 15° grazing incidence with respect to the film
surface. This field was adequate to saturate magnetically the
samples. The XMCD measurements on the Feq;Zry sample
were performed at 10 K, well below the magnetic ordering
temperature of 190 K. The ordering temperature of the Co-
based samples is much higher, which allowed us to perform
the XMCD measurements on these samples at 300 K.

The x-ray source for the Zr L edges is a HELIOS-II type he-
lical undulator. At the energies of the Zr L3 (~2.22keV) and Zr
L, edges (~2.31 keV), the Bragg angle of the double Si(111)
crystal monochromator is below the Brewster angle; therefore,
the degree of circular polarization of the monochromatic beam
is reduced to 64% and 46%, respectively. The x-ray source for
the Pt L edges (above 11 keV) was an Apple-II-type helical un-
dulator. At this energy, the degree of circular polarization of the
monochromatic beam is over 95%. The XMCD spectra were
obtained as the difference between consecutive XAS scans
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recorded with opposite helicities of the incoming circularly po-
larized x-ray beam. To ensure that the measured XMCD spec-
tra are free of any experimental artifact, the data were collected
for both directions of the external applied magnetic field (par-
allel and antiparallel to the incoming x-ray beam). The TFY
mode is the easiest method to use in the presence of a magnetic
field; nevertheless, self-absorption corrections to the measured
fluorescence spectrum in the case of Zr L edges are required
to obtain the absorption coefficient. As the film thickness is
comparable to the penetration depth of the x rays at the Zr L
edges, the XAS spectra had to be corrected for self-absorption
effects, which are responsible for the white line saturation
effects.?!">?

Using the same experimental procedure as described
previously,”? the absorption spectra after corrections for the
partial x-ray circular polarization were corrected for self-
absorption effects, taking into account the chemical compo-
sition, density, thickness of the film, angle of incidence of
the x-ray beam, and finally the solid angle of the detector.
The Zr edge-jump intensity ratio L, /L3 was then normalized
to 1:2 according to the statistical edge-jump ratio (defined
as the ratio between the occupation numbers for the two
spin-orbit-split core levels j = 1/2 and 3/2). This L,/L3
value is well established for 4d transition metals.?* Moreover,
this statistical Zr edge-jump intensity ratio L,/L3 is very
close to the 2.01 tabulated in tables by McMaster et al.”
Transmission experiments, which could be an alternative route
and where no corrections are needed, are impossible for
the samples investigated here, since the growth restrictions
(such as substrates and buffer layers) are not compatible with
standard transmission substrates.!’

III. RESULTS AND DISCUSSION

The XAS and the corresponding XMCD spectra, recorded
at the Zr L3, edges for the amorphous Feg;Zry film, are
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FIG. 2. XAS and XMCD spectra at the Zr L edges obtained
from the amorphous Feq;Zrg film. A clear XMCD signal proves the
existence of an induced magnetic moment in Zr. Compared to the
XAS, the XMCD signal is rather small; therefore, it is multiplied by
a factor of 10 for clarity.
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FIG. 3. (Color online) XMCD spectra recorded at the Zr L edges
for the polycrystalline CogeZr;oPts and the amorphous CogsZrs thin
films. In the inset, the absolute values of the induced magnetic
moment of Zr are plotted as a function of the Co at.% concentration.
The change in relative orientation of p and usg is clearly visible in
the XMCD integrals below.

presented in Fig. 2. Similar results were also recorded for
all the CoZr films. The existence of XMCD signals at the Zr
L edges reveals the presence of an induced magnetic moment
in Zr. Knowing the direction of the magnetic field and the
helicity of the beam, we can determine the Zr moment to be
antiparallel to the Fe or Co magnetic moment. This behavior
is consistent with Zr belonging to the beginning of the 4d
transition elements, having a small occupancy of the 4d band.
XMCD spectrarecorded at the Zr L3 , edges for the amorphous
CogsZrs and polycrystalline CoggZrioPty films are presented
in Fig. 3. The more intense XMCD signal from the CogsZrs
film indicates larger induced moment in Zr as compared to Zr
in CoggZrioPts.

We applied the sum-rule analysis on the XAS and XMCD
results to determine the spin and orbital contributions to the
magnetic moment of 7r.2829 For the white line intensities, one
has to subtract the continuum from the XAS. When the white
line intensities are large, as for the case of Zr in this work
(Fig. 2), the continuum is represented by a step function.®
For the case of Pt, where the white line intensities are small,
this approach can not be applied. Taking into account that
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TABLE I. Experimental magnetic moments for Zr and Pt in Zr-
based alloy thin films. The error bars in the analysis are approximately
+10%.% (a) amorphous, (c) crystalline. The spin magnetic moments
in the Table are effective spin moments determined within the
uncertainty of a magnetic dipole term 7,. However, for highly
isotropic systems, such as cubic, polycrystalline, or amorphous, this
term is negligible.”’

Sample UL/ s s (up/atom) uy (g /atom)
Zr moments

FeqZrg (a) 0.070 —0.15 —0.010

CogsZrs (a) 0.025 —0.12 —0.0030

CoggZroPty (c) —0.11 —0.080 0.0091

CogzZr 0Pty (¢) —0.14 —0.068 0.0097
Pt moments

CoggZr Pty (¢) 0.18 0.40 0.075

COg3ZI‘10Pt7 (C) 0.16 0.37 0.061

Pt in our samples is in a hcp lattice, we have followed the
analysis which is described in detail in Ref. 30 for hcp Pt.
The results are summarized in Table 1. In the Co containing
samples, the total induced magnetic moment is found to scale
with the Co concentration, regardless of the structural order
(inset of Fig. 3). The largest value of the induced Zr moment
(~0.16 pwp/atom) is obtained for the FeqZrg sample. Thus,
the effective polarization of Zr appears to be dependent on
the source of the polarization. The induced magnetic moments
for Pt in the polycrystalline films are also given in the table.
The magnitude of the Pt magnetic moments and the up/us
ratios are comparable to the ones of CoCrPt alloys with hcp
symmetry.3-3!

The relative orientation of the Zr spin and orbital magnetic
moments are also listed in Table I. For the crystalline samples,
ur and pg are antiparallel, as expected from Hund’s third
rule for materials with a less-than-half-filled 4d shell. In the
amorphous samples, 1, and pg are parallel, as shown by the
XMCD signal integrals, in the lower part of Fig. 3. These
results, clearly prove the change in relative orientation of up,
and pg upon disorder. Only a few experimental verifications of
this effect are found in the literature®’ and all are restricted to
crystalline samples. Furthermore, the theoretical predictions
for VAuy, MnAuy, and VPt; ordered alloys>* have been
principally attributed to spin-other-orbit interactions and the
interplay between interatomic and intra-atomic interactions. In
the case of W in Fe/W multilayers,6 W is toward the middle of
the 5d series, and a small charge transfer from Fe to W could
be responsible for this behavior. A violation of Hund’s third
rule for an element in the beginning of the 4d series, like Zr, is,
therefore, not perceivable within that conceptual framework.

We performed first-principles calculations in order to obtain
a better understanding of the underlying mechanism. For this
purpose, the full-potential localized-orbital method (FPLO)??
and local-spin-density approximation (LSDA)** were used.
When using the FPLO approach, disordered alloys can be
treated within the coherent potential approximation (CPA).3*
However, the CPA is only used in conjunction with the
scalar-relativistic approximation, which does not allow for the
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FIG. 4. (Color online) First-principles calculations of the induced
L/ s ratio for Zr as a function of the lattice parameter « for various
crystallographic structures, as indicated.

calculation of the orbital moment. We, therefore, decided to
use ordered alloys as a benchmark for the distance dependence
of the magnetic induction. CoZr is known to crystallize in the
bce-like CsCl structure. When the stoichiometry is kept to 1:1,
the alloy is not magnetic, but the inclusion of Co impurities
at antisites induces ferromagnetic order.’> Thus, a unit cell
double the size of CsCl was used, with three Co and one Zr
atom per cell, and a varying lattice constant between 2.46
and 3.06 A, with a step of 0.05 A. The distance between
Co and Zr atoms was kept at +/3/2 of the lattice constant.
We applied the Dirac formulation to account for relativistic
effects and a 20 x 20 x 10 k mesh. The equilibrium lattice
constant for CosZr was found to be 2.95 A, in-between the
values for the pure elements (2.74 for bcc Co and 3.49 A for
bee Zr). In all cases, convergence to a magnetic solution was
obtained; the Co atoms have their spin magnetic moments
pointing parallel while Zr atoms exhibit an induced spin
magnetic moment antiparallel to that of the Co atoms. As
shown in Fig. 4, around the equilibrium lattice constant, the
UL/ s ratio for Zr is negative, in agreement with Hund’s third
rule, but below 2.66 A, it changes sign. The corresponding
calculations for bcc FezZr show similar behavior, and the
change of the sign of the up/us ratio for Zr occurs for a
lattice constant of 2.50 A. When changing the coordination
number in Co3Zr from 8 (bcc) to 12 (hep), the Zr up/us
ratio maintained a negative value for all the examined lattice
constants.

The violation of the third Hund’s rule has been explained
in the case of VAu4, using perturbation theory, as a result
of the effect of ligand states.? It was shown that the spin-orbit
coupling of the Au atoms influences, through the hybridization
of the d orbitals, the orbital moment at the V site and is actually
causing its reversal. Thus, it is within reason to argue that in
a similar way, Co(Fe) spin-orbit coupling can influence the
Zr orbital moment, leading to its reversal, since hybridization
between d states at Co(Fe) and Zr sites is strong enough to
induce a spin magnetic moment at the Zr site. Hybridization
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effects would be more important for the amorphous films,
since the concentration of Zr is smaller with respect to the
theoretically studied compounds. Our calculated results also
show that the influence of the Co(Fe) spin-orbit coupling de-
pends on the interatomic distance and the coordination number,
which is expected, since the latter influences the strength of the
hybridization between the d orbitals at different sites. Finally,
we should mention that in first-principles calculations, even in
the Dirac formulation, the use of the LSDA accounts actually
only for contributions to the orbital moment arising from the
spin moments, via the spin-orbit coupling, and this consistently
results in an underestimation of its absolute value with respect
to experiments. The latter explains the finding that the sign
reversal for the up /ug ratio occurs for a lattice constant sig-
nificantly smaller than the equilibrium one. Physical meaning
should be attributed mainly to the observed trend and not
the actual value of the lattice constant for which the reversal
occurs.

The results of the calculations clearly indicate that a sign
reversal of up can occur when the interatomic distance be-
tween Co(Fe) and Zr is decreased. For the hcp polycrystalline
CoZrPt samples, all interatomic distances are larger than that of
Co-Co. Therefore, violation of the third Hund’s rule should not
be expected in that case. For the amorphous samples, the mean
distances between dissimilar atoms (Co-Zr) can be smaller
than that of Co-Co.%® This has been recently demonstrated
by extended x-ray absorption fine structure measurements and
molecular dynamics calculations, which compared crystalline
and amorphous NiZr alloys of the same concentration.’’
Chemical short-range order appeared,®’-3® and the significant
decrease of the bond length between dissimilar atoms was
accompanied by a drastic decrease of the coordination number.
Both effects are in favor of sign reversal for u, according to
our calculations.

IV. CONCLUSIONS

The violation of Hund’s third rule for an element in the
beginning of the 4d series provides insights into the unsettled
discussion on the interplay between the induced orbital mo-
ment and the spin-orbit coupling.®® The interatomic distance
and coordination number can have a strong effect on the
relative orientation of the spin and orbital magnetic moments.
Thus, the root of the changes in the magnetic properties
upon amorphization can be understood and, in principle, be
calculated. Further development of both theoretical concepts
and methodology as well as experimental techniques®® ad-
dressing the fundamental properties of disordered materials
will certainly provide further insight and understanding of
these new and unique phenomena.
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