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Systematics of the Induced Magnetic Moments in 5d Layers and the Violation
of the Third Hund’s Rule

F. Wilhelm,* P. Poulopoulos,"' H. Wende, A. Scherz, and K. Baberschke
Institut fiir Experimentalphysik, Freie Universitdit Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany

M. Angelakeris and N. K. Flevaris
Department of Physics, Aristotle University of Thessaloniki, 54006 Thessaloniki, Greece

A. Rogalev

European Synchrotron Radiation Facility (ESRF), BP 220, 38043 Grenoble, France
(Received 25 April 2001; published 25 October 2001)

X-ray magnetic circular dichroism measurements are reported at the beginning (W) and at the end (Ir,
Pt) of the 5d series of the periodic table. Considerable induced magnetic moments of about 0.2 wp /atom
were probed for the nonmagnetic W and Ir and compared to previous data for the Pt induced moments
in multilayers. W was found to couple antiferromagnetically and Ir ferromagnetically to the 3d layers.
Finally, the W spin and orbital magnetic moment couple in parallel, contrary to what is expected from
the third Hund’s rule. This remarkable finding shows that the induced magnetic behavior of 5d layers
may be radically different than that of impurities and alloys.
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Interface magnetism is dominated by local structural and
electronic modifications with respect to the bulk, and it is
of some importance to understand the magnetic proper-
ties of ultrathin multilayer structures. The magnetic po-
larization of the nonmagnetic transition metal (TM) layers
is one of these modifications. It contributes significantly,
for example, to the enhanced magneto-optic response [1]
and spin-dependent scattering that governs magnetotrans-
port properties [2]. Recently, it was suggested that for the
3d series of the periodic table interface magnetic moments
may be well estimated by data of the corresponding binary
bulk alloys and the coordination number [3]. However, in
alloys or as impurities, the nonmagnetic atoms are cou-
pled mainly to ferromagnetic (FM) nearest neighbors. In
a multilayer, on the other hand, two-dimensional directly
coupled nonmagnetic layers are formed facing a FM layer.
In the present work we demonstrate through a systematic
investigation of 5d layers that the induced magnetism in
layered structures may be radically different than that of
impurities and alloys due to the different geometry and
electronic structure.

Actually, besides Pt [4—6] the induced magnetic mo-
ments of 5d elements in multilayers are unexplored. Only
now, the progress of techniques with element specificity
and monolayer sensitivity like the x-ray magnetic circular
dichroism (XMCD) [7] and the realization of third genera-
tion synchrotron radiation facilities working in the hard
x-ray regime opens the road for a systematic study of the
induced magnetism in thin multilayer structures. In this
Letter we report on the induced magnetic moments at the
W and Ir layers in their multilayers with Fe. Magnetic po-
larization of W and Ir impurities in a magnetic environment
was previously detected [8,9]. However, this is the first
experimental determination, to our knowledge, of induced
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magnetic moments of W and Ir at interfaces with 3d FM
layers, where up to now only results from first principle
calculations on some interface orientations are available
[10-12]. We probe considerable induced magnetic mo-
ments of about 0.2up per atom for W and Ir. The Ir mag-
netic moment is polarized in parallel to Fe, while the Ir spin
s and orbital p; moments are coupled in parallel to each
other, as one expects for a TM with a more-than-half-filled
5d shell. For the less-than-half-filled 5d shell TM W, on
the other hand, the induced magnetic moment is antipar-
allel to the Fe moment. However, s and wr couple in
parallel, contrary to what is predicted by the third rule of
Hund. It is surprising that Hund’s rules which were devel-
oped in an atomistic picture hold so well for solids, too.
No violation of the third Hund’s rule was addressed by
experiments [13].

Fe/W and Fe/Ir multilayers were grown by e-beam
evaporation on Kapton under ultrahigh vacuum conditions.
Kapton is ideal for XMCD measurements because of its
small background signal. Moreover, it was shown not
to deteriorate the structural and magnetic properties of
the samples with respect to glass or Si substrates [14].
Structural characterization by x-ray diffraction and trans-
mission electron microscopy revealed polycrystalline
multilayer morphology with bec(001) texture. The sample
quality was supported by magnetic measurements via
vibrating sample magnetometry. The XMCD experiments
were performed at the European Synchrotron Radiation
Facility in Grenoble (France) on the ID12A beam line
[15] at the W and Ir L,3 edges using the fluorescence
yield detection mode. The degree of polarization of the
circular light was 84%. Large magnetic fields of 5T
were applied normal to the film plane and along the x-ray
beam direction for complete magnetic saturation at a
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temperature of 10 K. The XMCD spectra were recorded
either by changing the helicity of the light or by inverting
the direction of the magnetic field. The determination
of the magnetic moments for W and Ir was done by
application of the sum rules [16].

In Figs. 1 and 2 we see normalized x-ray absorption
(XAS) and XMCD spectra at the L3, edges of W in Fe/W
and Ir in Fe/Ir multilayers, respectively. The total Fe
thickness in each multilayer period is 1.0(1) nm, while
the W, Ir thicknesses are 0.5(1) nm. The thickness of
the nonmagnetic element corresponds to about only 3.0(5)
monolayers in order to ensure that the major amount of it
is found at the interface with Fe. For the XAS spectra the
ratio of the L3/L, was normalized to 2.19/1 and 2.24/1
for W and Ir, respectively, according to [17]. The existence
of finite XMCD signals shows that both elements have
acquired induced magnetic moments. The XMCD signals
are very small with respect to the XAS, as the large scaling
factors of 50 (Fig. 1) and 20 (Fig. 2) reveal. However, the
signal-to-noise ratios of the XMCD are still large. At this
point, we have to stress the high quality of our XMCD
spectra with respect to previous ones for the W and Ir as
impurities in a bulk Fe matrix [8]. This quality is related to
the high photon flux and degree of polarization offered by
the third generation synchrotron radiation facilities [15].

One may notice the different sign of the XMCD spectra
at the corresponding edges showing that the two elements
are coupled in an opposite direction with respect to Fe. By
knowing the direction of the magnetic field and the helicity
of the beam we conclude that W is polarized antiparallel
and Ir parallel to Fe, in agreement with previous reports
for the impurities [8]. This behavior originates from a
general trend in all TM series with the 54 band filling.
For an approximate interpretation one can regard the well-
known Bethe-Slater curve: the ratio of the interatomic
distances to the radii of the incompletely filled d shells
decreases by moving from the larger to the lower filling and
it leads to a change of the sign of the exchange integral J
from positive (FM) to negative [antiferromagnetic (AFM)].
Recent rigorous calculations suggest that the hybridization
between the 3d-5d bands changes the relative position of
the majority and minority bands with respect to the Fermi
energy and they provide the sign of the induced moment
[18]. In our case, Ir has a more-than-half-filled 5d shell
and, therefore, positive J, while W is less than half filled
and has a negative J.

Here we focus on the different shape of W and Ir XMCD
signals. The Ir ones are simple and similar to Pt [6]. The
maxima of XAS and XMCD in such spectra coincide. On
the other hand, the W XMCD maximum is found slightly
on the left of the edge. The asymmetry at L3 (similarly at
L;), which is marked by an arrow, is for the first time re-
solved for W. The origin of such asymmetries has been dis-
cussed recently with respect to the spin polarization [19].
Our XMCD spectra are in remarkable agreement to spec-
tra calculated by recent full-relativistic first principles cal-
culations, though the latter concerned a different geometry
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FIG. 1. Normalized XAS (top) and XMCD (bottom) spectra
measured at the L3, edges of W in a Fe/W multilayer. For
better illustration the XMCD spectra have been multiplied by
50, while the XAS spectra have been vertically shifted. The
XMCD integrals (dotted line: measured; dashed line: hypotheti-
cal) serve to visualize the relative orientation of wu; and ug. For
the arrow, see the text.

[11]. To deduce the magnetic moments one applies a set of
rules known as the “sum rules” [16]. In the final relations
the integrated intensities under the XMCD spectra and the
“white line” intensities, which are proportional to the num-
ber nj, of the d holes, appear. For W and Ir it is simple
to calculate the XMCD intensities because the edges are
well separated. For the white line intensities, one usually
subtracts the continuum from the XAS. The continuum is
artificially represented by a step function, and this recipe
has been extensively applied for the 3d FM metals; how-
ever, its validity has been recently questioned [20]. An
alternative approach has been applied in cases where the
white line intensity is rather small, as in 4d elements Pd
[21] and 5d Pt [22,23]. In this method a relative compari-
son between the XAS of Ag and Pd or Au and Pt allows
for the determination of nj, [21]. In Fig. 3 we plot the
XAS spectra at the L, edge of W, Ir, and Pt. Moreover, we
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FIG. 2. Normalized XAS (top) and XMCD (bottom) spectra
measured at the L3, edges of Ir in a Fe/Ir multilayer. For better
illustration the XMCD spectra have been multiplied by 20. The
XMCD integrals serve to visualize the relative orientation of wy,
and us.
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FIG. 3. XAS spectra for W, Ir, Pt, and Au at the L, edge. The

spectra are horizontally shifted as it is explained in the text. A
step function that represents the continuum is also shown.

plot the corresponding Au XAS and a step function. To
compare the various spectra, these have been shifted hori-
zontally and their maximum has been brought to the zero
of the energy axis.

First we discuss the method of using the Au spectra for
ny. The energy scale of the Au spectra has been stretched
to match the W and Ir spectra as described in [22] in order
to evaluate nj;. This is certainly an approximation, since
the Au fcc structure is different than the W and Ir bcc.
However, one sees that we can match the extended x-ray-
absorption fine structure wiggles between these elements.
For the theoretical values of n;, we used the results of
first principles calculations yielding 2.7 holes for Ir and
5.7 holes for W [24]. For Au we took n; = 0.74 [22].
Using the same approach to the spectra at the L3 edges and
combining the numbers with the L, ones through the sum
rules, we deduce the spin pg and orbital p; contributions
and the total magnetic moment wu.y (Table I). Now, we
turn to the use of the step function. Clearly, it cannot
work for Pt, supporting the ideas of [21]. However, Ir
and W have relatively large white line intensities and one
can apply the step-function method. The results of this
approach are also included in Table I. By comparing the
two approaches one sees that they work well for W (within
6%) and moderately for Ir (15%) exactly because Ir has a
smaller white line intensity than W.

Table I can be used as a starting point to discuss the
induced magnetic moments at the interfaces of the 5d
elements. W and Ir carry a total magnetic moment of
about 0.2up per atom. This has to be compared to the
0.3up per atom for Pt (Table I) detected at similarly pre-
pared samples with very thin Pt layers and thicker Ni ones
[6,23] or the 0.5up per atom for Pt in Fe/Pt multilay-
ers prepared by sputtering methods [5]. Recent theoreti-
cal works report for W at a single interface with 1-2 ML
of Fe spin moments of about —0.1up per atom [10,11].
On the other hand, experiment and calculations for the W
impurities give much larger values of about —0.4up per
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TABLE I. Data for the induced magnetic moments for three
5d elements (W, Ir, and Pt) of the periodic table. For W and Ir
the results yielded by the Au and the step-function approach are
compared. The results for Pt have been taken from a multilayer
with 1.2 nm Ni and 0.4 nm Pt [6,23]. The absolute error bars are
15%. For Ir the maximum contribution comes from the method
of analysis of the white line, while for W it comes from the
more complicated shape of the XMCD spectra.

ms(us/ pr(ps/ o wn/
atom) atom) atom)
W Au-approach —0.17 —0.015 —0.19
W step-function —0.18 —0.016 —0.20
Ir Au-approach 0.17 0.016 0.18
Ir step-function 0.20 0.019 0.21
Pt Au-approach 0.24 0.056 0.29

atom [8]. Our —0.2up per atom is, consequently, in good
agreement with the calculations for W layers [10,11] by
considering the larger polarization coming from the two
interfaces of W with Fe. For Ir, calculations for impurities
in a Fe matrix predict +0.3up to +0.4up per atom [8].
First principles calculations for Fes/Ir; superlattices report
for Ir a magnetic moment of about +0.2up per atom [12],
in excellent agreement with our measurements.

A second important point of Table I to be discussed is
the ratio uy/ms. This ratio has the advantage not to be
influenced by the use of a step function. For Pt we have
reported ratios of about 0.2—0.3. Here, we see that the ra-
tio for Ir is about only 0.1. This may be understood by the
fact that Ir is before Pt in the periodic table and, therefore,
it is expected to have reduced u;/us, i.e., reduced contri-
bution of the orbital magnetism, as, for example, occurs by
going from Ni to Co and Fe. Our number is well compared
to the one of 0.12 reported for Ir in Crg 97511902502 [9].
For W we find wp/us = 0.09, which is slightly smaller
compared to the 0.1-0.2 reported by first principles
calculation [11].

Finally, we question if the third Hund’s rule holds for the
5d layers. Recent first principles theoretical calculations
[10,11] for Fe/W(110) interfaces report that w;/us > 0
without, unfortunately, any discussion with respect to the
Hund’s rules. An older reference [8(b)] provides experi-
mental and theoretical values for 5d impurities in Fe where
one may see that for Os, Re, and Ir the third Hund’s
rule should not hold; however, this problem was not ad-
dressed at all. For W impurities u; and wg were anti-
parallel [8(b)]. Our experiment, though performed at the
Fe/W(001) geometry, is in agreement with [10,11] that
for W layers wp/ms > 0. This is visualized with the
help of the XMCD integrals in Fig. 1. The measured in-
tegral (dotted line) is not changing sign exactly as in the
case of Ir (Fig. 2) showing that u;/us > 0. For a nega-
tive sign the XMCD integrals should change sign as the
hypothetical dashed line of Fig. 1 reveals. The opposite
signs of w;/us for W in alloys [8(b)] and multilayers
show that induced magnetism in layers might be radically
different than in alloys.
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The positive ur/us for W is surprising because W has
a less-than-half-filled 5d shell and according to Hund’s
rules in an atomistic picture one would expect a negative
sign. According to recent first principles calculations the
intermetallic compounds VAu, and VPt; are candidates to
violate the third Hund’s rule and the effect is attributed to
the influence of ligand states [13]. The hybridization be-
tween the V and Au (or Pt) d states and the large spin-orbit
coupling of Au (or Pt) are predicted to reverse the sign of
pp for V. In other words, there are terms in the Ham-
iltonian where the intra-atomic spin-orbit coupling at the
one site affects the total orbital moment at another site
(because the actual wave function is delocalized). This
was nicely demonstrated in [13] by turning on (off) the
spin-orbit coupling at the Au site and observing a paral-
lel (antiparallel) configuration of wg and wy at the V site.
Although [13] provides some insight within theory, no ex-
perimental confirmation exists up to now. Interestingly, in
our case the larger spin-orbit coupling is exhibited by W
and not by Fe. To illustrate our ideas in a simplified atom-
istic picture we may consider the following three types of
interaction between the spin S, and orbital angular mo-
mentum L, projections: (i) JimerSf eSZW , (i) /\intraSzszV,
and (ii1) /\imerSf CL?] (J, A are constants). The first (in-
teratomic exchange) favors, as discussed before, the AFM
coupling between Fe and W. The second one is an in-
tra-atomic spin-orbit interaction for W which should obey,
in principle, the third Hund’s rule. In order for SY¥ and
L;V to be FM coupled, as the experiment reveals, the third
(interatomic spin-orbit) interaction should favor AFM cou-
pling between SF¢ and LY and it has to be stronger than
the second interaction. The fact that the first principles
theoretical calculations [10,11] predict also a FM coupling
between SZW and L;V suggests that indeed this condition is
realized through hybridization between Fe and W. The role
of such interatomic spin-orbit interactions was also recog-
nized in the past for a better description of the properties
of many electron systems [25,26].

In summary, by virtue of the element-specific XMCD
we probe directly the induced spin and orbital magnetic
moments of three 5d elements, namely, W, Ir, and Pt. The
interplay of the spin moment of Fe and the spin and or-
bital moments of the 5d layers produces unexpected re-
sults. It is the competition between intra-atomic spin-orbit
coupling in W and the interatomic spin-orbit coupling be-
tween the Sfe and L;V in combination with the leading
exchange coupling JimerSfeSZW, which results in a paral-
lel alignment between the W spin and orbital moments.
This looks like a violation of the third Hund’s rule. In a
solid it should not be surprising that a stronger interatomic
spin-orbit coupling at an interface may lead to a coupling
which is not expected in an atomic picture. However, here
we discuss first experimental evidences.
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TPA2), and by the ESRF (HE-636 experiment). Samples
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Note added.—B. Johansson brought to our attention a
different case of breakdown of Hund’s third rule. By ap-
plying an external field in uranium metals L and S are
theoretically predicted to be parallel aligned [27].
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