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Element-specific magnetic hysteresis as a means for studying heteromagnetic multilayers
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We report element-specific magnetic hysteresis measurements on heteromagnetic materials. Dramati-
cally different Fe and Co hysteresis curves of Fe/Cu/Co trilayers were obtained by recording the mag-
netic circular dichroism at their respective L; white lines as a function of applied magnetic field. The
data resolve the complicated hysteresis curves, observed by conventional magnetometry, and determine
the individual magnetic moments for the Fe and Co layers. Fine hysteresis features, imperceptible in the
conventional curves, were also observed, demonstrating a new and powerful means for studying

heteromagnetic multilayer systems.

The most fundamental characterization of a magnetic
material is its magnetization as a function of applied field.
This yields not only the magnetic moment, but also pro-
vides valuable information on the magnetic anisotropy
and coupling between the magnetic elements of the ma-
terial. From the hysteresis of the measurement, one can
extract important secondary properties, such as the coer-
cive field and the remnant magnetization, which depend
upon details of domain formation and reversal.! Until
now, all magnetic hysteresis curves have been obtained
by techniques which probe the overall magnetic behavior
of the sample, such as in various magnetometries,1
magneto-optical Kerr effect,>™* and spin-polarized photo-
emission>® measurements. For magnetic systems con-
taining more than one magnetically active element, i.e.,
heteromagnetic systems, element-specific magnetic hys-
teresis measurements should provide novel information
that is unobtainable by these conventional hysteresis
measurements. Recent developments in core-level mag-
netic circular dichroism (MCD), using circularly polar-
ized synchrotron radiation, have made it rather easy to
investigate the magnetic properties of matter with ele-
ment and site specificities.” !> Considering the large ab-
sorption cross section and the strong MCD effect ob-
served at the L, ; white lines of 3d transition metals and
at the M, ; white lines of 4f rare-earth elements® 10713
one would expect to be able to measure element-specific
magnetic hysteresis curves using soft-x-ray MCD.

In this paper, we report element-specific magnetic hys-
teresis measurements on heteromagnetic materials. By
recording the L; MCD signal as a function of applied
magnetic field, dramatically different hysteresis curves for
the Fe and Co layers were obtained from the Fe/Cu/Co
trilayer system. The complicated conventional hysteresis
curves, obtained with a vibrating sample magnetometer,
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were resolved as a linear combination of the two elemen-
tal hysteresis curves, thereby determining the magnetic
moments for the Fe and Co layers. Fine features were
also observed in the Co hysteresis curves, providing new
information on the magnetic interactions in this trilayer
system. This work demonstrates that element-specific
magnetic hysteresis measurements are now feasible and
serve as a powerful means for studying heteromagnetic
materials.

The measurements were conducted at the AT&T Bell
Laboratories Dragon beamline at the National Synchro-
tron Light Source.!* The monochromator set up for
soft-x-ray magnetic circular dichroism measurements has
been described previously.®!* The photon energy resolu-
tion was set at 0.4 eV, and the degree of circular polariza-
tion was set at 77% to optimize the circular dichroism
signal-to-noise ratio.!* The hysteresis measurements were
performed using a compact, liquid-nitrogen-cooled, UHV
compatible electromagnet which can be scanned using a
computer-controlled bipolar current power supply. For
these measurements, the magnetic field was parallel to
the sample surface as depicted in Fig. 1. The angle of the
incident beam (labeled as A v in Fig. 1) is fixed at 45° with
respect to the surface normal, and the absorption spectra
were recorded by monitoring the soft-x-ray fluorescence
yield (labeled as A+’ in Fig. 1) with a high sensitivity
seven-element germanium detector. The use of the
fluorescence yield method is essential for measuring the
MCD spectra in an applied field and, because of its large
probing depth, ~1000 A, allows the investigation of
buried layers.

To demonstrate the essential features of element-
specific  magnetic hysteresis measurements, two
Fe/Cu/Co trilayer structures were grown by evaporation
onto glass substrates held at elevated temperatures.
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FIG. 1. Geometric arrangement for element-specific magnet-
ic hysteresis measurements. kv, hv', and H,;,jieq stand for in-
cident circularly polarized soft-x-ray beam, soft-x-ray fluores-
cence yield, and the applied magnetic field, respectively.

The elemental atomic concentrations present in the
two trilayer films were determined by hard-x-ray fluo-
rescence to correspond to a film thickness
of Fe(102 A)/Cu(30 A)/Co(51 A), to be referred to as the
thick Fe/Cu/Co trilayer sample, and Fe(53 A)/Cu(30
A)/Cu(30 A)/Co(64 A), to be referred to as the thin
Fe/Cu/Co trilayer sample. Both samples were capped
with an additional 40 A Cu layer to protect them from
oxidation.

Figure 2 shows the Fe and Co L,; normalized-
fluorescence-yield soft-x-ray absorption spectra of the
thick Fe/Cu/Co trilayer sample. The solid (dashed) lines
were taken with the projection of the spin of the incident
photons parallel (antiparallel) to the spin direction of the
majority 3d electrons. These spectra were measured by
alternating between opposite applied saturating magnetic
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FIG. 2. Fe and Co L, ; edge fluorescence-yield x-ray absorp-
tion spectra of the thick Fe/Cu/Co trilayer sample. The solid
(dashed) line is taken with the projection of the spin of the in-
cident photons parallel (antiparallel) to the spin of the majority
3d electrons. Lj; and L, indicate the 2p;,,—3d and 2p,,,—3d
absorption white lines, respectively.

fields, +0.7 KOe, at each photon energy while the circu-
lar polarization was held constant. Measurements taken
with constant magnetic field and alternating circular po-
larization, using the two-beam configuration of the Dra-
gon beamline and its fast in situ photon chopper,'* have
shown nearly identical spectra. The peaks labeled as L,
and L, in the figures are the 2p;,, —3d and 2p,,,—3d
soft-x-ray absorption white lines. After being normalized
by the incident photon beam intensity, the spectra show
virtually no MCD effect at photon energies below the L,
and well above the L, white lines. To help quantify the
MCD effect of the L, white lines, the vertical scales are
labeled such that the baseline and the mean value of the
two L; peak heights are equal to O and 50, respectively.
In the following discussion, we define MCD and x-ray ab-
sorption spectroscopy (XAS) intensities as (I44 —14 )
and (I4; +1;,), respectively, where I+, and I are the
measured fluorescence yields for parallel and antiparallel
electron-photon spin alignments. Correcting for the in-
complete circular polarization (77%) and the incident
photon angle (45°), the corrected spectra [a multiplicative
factor of 1/(0.77 Xsin45°)] show giant L; MCD to XAS
peak height ratios of 35% for Fe and 26% for Co.

Currently, there is great interest in deducing funda-
mental parameters, such as exchange splitting, spin-orbit
interaction, and spin and orbital magnetic moments from
the MCD and XAS spectra,®!%131516 however, no gen-
eral procedure has yet been experimentally verified to ex-
tract accurate values from these data. We believe that in
order to extract reliable absolute quantities for any given
sample, absolute absorption cross-section measurements,
as well as first-principle calculations which take into ac-
count the various electron correlation and band structure
effects are necessary. Nevertheless, it has been demon-
strated both experimentally’ !> and theoretically'® that
for a given sample the MCD to XAS ratio of the white
lines of each element in a given site is proportional to the
average magnetic moment (i.e., the magnetic ordering) in
that site. Based on this, one would expect to measure
element-specific magnetic hysteresis curves by recording
the peak height of a given elemental white line as a func-
tion of applied magnetic field. The top panel of Fig. 3
shows the results of such measurements taken with the
photon energies tuned at the Fe and Co L; white lines,
respectively. The measured peak heights were plotted
relative to their mean value and scaled to span from —1
to +1,i.e., [2I —(I4y+14)]/(I4y —1;,), where I stands
for the measured intensity at a given applied magnetic
field. Hysteresis behavior is clearly observed in both
curves as expected, but the Fe and Co curves show
dramatic differences. While the Fe layer shows a square
hysteresis loop with a coercive field of 38 Oe and a satu-
ration field of ~100 Oe, the Co layer shows a less abrupt
hysteresis loop with a larger coercive field of 201 Oe and
a saturation field of ~450 Oe. It was found that, regard-
less of the photon energy chosen, the functional form of
the measured hysteresis curves is always nearly identical,
as long as there is sufficient MCD signal to measure with.
This implies that the peak height method gives the same
results as the much more tedious and difficult peak area
method.
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Although the Fe hysteresis loop is representative of a
single film, the fine structure observed at low field in the
Co hysteresis loop clearly demonstrates that the Co film
has two distinct components. The onset of this feature
corresponds exactly with the switching of the Fe film,
demonstrating that the Fe film and a fraction of the Co
film are magnetically coupled. The most probable cause
of this coupling is that the Cu interlayer is not complete,
resulting in direct contact between the Fe and Co films
via pinholes through the interlayer Cu film. The strong
dipole coupling generated by the intimate contact be-
tween the Fe film and a small portion of the Co film re-
sults in identical switching fields. A similar behavior for
the element-specific hysteresis loops should be expected if
a limited interdiffusion between the Fe and Co had oc-
curred. For an interdiffused region, the hysteresis curves
of the Fe and Co would be identical, as observed in our
measurements of Fe,Co,_, alloy thin films which
displayed identical Fe and Co hysteresis curves. Al-
though we cannot completely rule out this possibility, the
interdiffusion is- unlikely because the temperature re-
quired for it to occur is well above the low sample growth
temperature (170 °C) used here.

These fine hysteresis features, imperceptible in the
vibrating-sample magnetometer (VSM) data but observed
in the element-specific measurements have important
ramifications for understanding other phenomena involv-
ing magnetic heterostructures, particularly the giant
magnetoresistance (GMR) effects for which multilayer
systems have been used to measure the overall conduc-
tivity difference between magnetically aligned and an-
tialigned film structures.!”~2° For the trilayer illustrated
here, we see that a fraction of the Co film is always
aligned with the Fe film, thus reducing the measured
GMR effect. These element-specific measurements serve
as an excellent probe for interfacial coupling and could
play an important role in understanding these effects in
GMR structures.

To appraise how well the element-specific magnetic
hysteresis curve represents the magnetic moment of a
given element, the bottom panel of Fig. 3 shows the com-
parison between the measured conventional hysteresis
curve obtained using a vibrating-sample magnetometer
(solid line labeled VSM) and its least-square—best-fit
linear combination of the Fe and Co hysteresis curves
(dashed line labeled as Fe+Co). The fit to the VSM data
by the Fe+ Co curve can be obtained by multiplying the
individual Fe and Co curves of the top panel by the total
number of Fe and Co atoms and by their respective ele-
mental magnetic moments, then summing them. If the
total number of Fe and Co atoms is known (in this case,
experimentally determined by hard-x-ray fluorescence),
then the fit determines the elemental magnetic moments.
Our best fit determined average magnetic moments of
(2.1£0.08)up per Fe atom and (1.240.05)up per Co
atom for the thick Fe/Cu/Co sample, giving saturated
total moments of 1.72X107% and 0.51X 10~ 3 emu for
the Fe and Co layers, respectively. Also shown in the
bottom panel are the constituent Fe and Co hysteresis
curves of the best fit, obtained by multiplying these total
moments by their respective curves shown in the top
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FIG. 3. The top panel shows the Fe and Co L; white line in-
tensities as a function of the applied magnetic field for the thick
trilayer sample. The bottom panel shows the comparison be-
tween the conventional hysteresis curve obtained by a vibrating
sample magnetometer (solid line; labeled VSM) and its least-
squares—best-fit linear combination of the Fe and Co curves
(dashed line; labeled Fe+ Co). Also shown in the bottom panel
are the constituent Fe and Co element-specific magnetic hys-
teresis (ESMH) curves of the best fit. The magnetic moment
shown here is normalized for a 1 X 1 cm? thin film.

panel. The resulting Fe+Co curve is in excellent agree-
ment with the VSM curve, proving that the abrupt low
field region of the VSM curve measures the switching of
the Fe layer, and the more gradual transition region mea-
sures the switching of the Co layer.

To investigate whether this linear combination pro-
cedure is applicable to films of different layer thickness,
the top panel of Fig. 4 shows the L; peak height mea-
surements of the thin Fe/Cu/Co trilayer sample. Except
for some minor but interesting changes, these curves are
qualitatively similar to those of the thick sample, a square
loop for Fe and a rounded loop for Co. The bottom panel
of Fig. 4 shows the comparison between the VSM and its
least-squares—best-fit Fe+Co curves. Although there are
minor discrepancies between the two curves, the overall
agreement is very good. The thin Fe/Cu/Co trilayer
sample was found by VSM to exhibit a significant in-
plane uniaxial magnetic anisotropy, resulting in a sub-
stantial variation in the hysteresis loop with sample az-
imuthal rotations. These minor discrepancies could be
due to a slight misalignment of the in-plane crystalline
axis with the applied field direction in the MCD measure-
ments. Our best-fit determined average magnetic mo-
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ments of (2.0£0.08)up per Fe atom and (1.11+0.04)u,
per Co atom for the thin Fe/Cu/Co sample, giving sa-
turated total moments of 0.85X107% and 0.57X1073
emu for the Fe and Co layers, respectively. While the Fe
moments of 2.1up and 2.0up determined for these two
films are close to the bulk Fe moment of 2.2up, the Co
moments of 1.2up and 1.1y are reduced from the bulk
Co moment of 1.7ug. A similar reduction for the mea-
sured Co moment for Co/Cu superlattices has recently
been reported, in which the Co moment was determined
to be 1.3up—1.4up. 2!

We emphasize that the linear combination procedure
presented above does not require absolute MCD or XAS
measurements. Only the functional form of each indivi-
dual hysteresis curve is needed. For heterostructures
which have more than one layer containing identical ele-
ments, e.g., the Fe/Cr/Fe trilayer system, one could still
obtain the functional form of the hysteresis curve of each
layer by measuring the MCD of different magnetic trace
elements intentionally doped into different layers, e.g., Ni
for one Fe layer and Mn for the other. The trace element
should display a hysteresis functional form identical to its
parent layer, as demonstrated by our measurements of
Fe,Co,_, alloys. In addition, these trace elements can
be selectively placed in different regions of the film (e.g.,
near an interface, at the film center, near the surface) to
monitor the variation of the magnetic direction and mo-
ment with position within the film.

In conclusion, we have demonstrated the feasibility of
element-specific magnetic hysteresis measurements on
heteromagnetic materials. Fe and Co individual hys-
teresis curves of Fe/Cu/Co trilayers were obtained, using
the soft-x-ray magnetic circular dichroism technique. A
linear combination procedure has been presented to
resolve the complicated conventional hysteresis curve
and to determine the average magnetic moment for each
individual element. Fine hysteresis features, impercepti-
ble in conventional measurements, were observed, provid-
ing fingerprints of possible interlayer magnetic interac-
tions in this trilayer system. This new technique of
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FIG. 4. Element-specific and conventional magnetic hys-
teresis curves of the thin Fe/Cu/Co trilayer sample. The
description for this figure is the same as that of Fig. 3.

element-specific magnetic hysteresis measurements pro-
vides a powerful means for studying heteromagnetic ma-
terials, particularly for multilayer systems.
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