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The magneto-optical Kerr effect of an iron-vanadium nanocluster-assembled thin film was measured
as a function of hydrogen content. Hydrogen has a clear effect on the magnetization of this
three-dimensional exchange coupled system for both increasing and decreasing hydrogen pressures.
This effect is attributed to the modification of the electronic properties of the nonmagnetic vanadium
nanoclusters by hydrogen. Since vanadium mediates the exchange coupling between aggregated
iron nanoclusters, the changes in magnetic properties are directly related to hydrogen absorption.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3133233]

I. INTRODUCTION

When the dimensions of matter are reduced to the nano-
scale, new and exotic physical properties of materials are
revealed. An example of nanoscale effects in the field of
magnetism is interlayer exchange coupling in heterostruc-
tures by which the magnetic state depends on the interlayer
distance." It is one of the many noticeable discoveries of the
last fifty years, which also include giant magnetoresis-
temce,z_4 exchange bias,5 and others. Besides their fundamen-
tal interest, these phenomena have found industrial applica-
tions where they are used to tailor the strength and nature of
magnetic interactions. Another known method of changing
the magnetic properties of a material is by intercalation of
hydrogen.6’7 The electronic interaction of hydrogen with its
host atoms leads to changes of the electronic and magnetic
properties of the compound. Consequently, by combining
both the effects of the nanoscale and absorption of hydrogen,
the modification and control over the magnetic properties
can be extended. This can be achieved by selectively chang-
ing the electronic properties of one of the constituents in
magnetic/nonmagnetic heterostructures. For instance, the
switching from antiferromagnetic to ferromagnetic coupling,
and vice versa, has been demonstrated for exchange coupled
magnetic superlattices.gf10

Most studies have concentrated on two dimensional sys-
tems, i.e., thin films. Only recently, the study of a three-
dimensional (3D) configuration has been reported, in which
the magnetic properties of iron particles in a polymer
membrane'' have been determined. The iron nanoparticles in
the polymer membrane show superparamagnetic behavior
above the blocking temperature following the characteristics
of single-domain magnetic nanoparticles. Nevertheless, this
experiment was a static approach and therefore a dynamic
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study, whereby the magnetic interaction between the nano-
particles is affected as a function of a varying parameter,
remains a challenge.

In this work, we dynamically changed the 3D nanoscale
magnetism of an iron/vanadium (Fe/V) nanocluster-
assembled thin film with hydrogenation. Measurements of
the magneto-optical Kerr effect (MOKE) on this material
show a dependence of the magnetization on the hydrogen
concentration within the film for both increasing and de-
creasing hydrogen pressure.

Il. SAMPLE PREPARATION, HYDROGEN LOADING,
AND SETUP DESCRIPTION

The nanocluster-assembled films were prepared using a
dual-target, dual-laser vaporization source. Laser vaporiza-
tion based cluster sources are currently the most commonly
used technique to produce cluster beams, especially for re-
fractory materials.'? Vaporization of the target material is
achieved by the focused light of a high intensity laser. The
rapid quenching of the plasma produces clusters.”>'* A small
amount of material is carried by a carrier gas, which also
promotes clusterization. The cluster cloud is then expanded
into vacuum and forms a cluster beam. The cluster source
that was used for this work is described elsewhere in more
detail.">'® Mass spectra are recorded with a time of flight
(ToF) mass spectrometer at various stages of the deposition.
Vanadium and iron clusters of 2.8 (0.4) and 2.4 (0.6) nm
diameter respectively, were alternately deposited by chop-
ping the laser beams. The nanoclusters were deposited with a
base pressure in the vacuum chamber of 6 X 10~ mbar on a
4% 5 mm? glass substrate. A palladium capping layer was
deposited on the cluster-assembled film with an Omicron
EFM 3 electron beam evaporator. The palladium capping
layer dissociates the H, molecules to hydrogen atoms, which
are subsequently absorbed allowing atomic hydrogen to enter
the Fe/V system.

© 2009 American Institute of Physics
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An x-ray diffraction (XRD) pattern was recorded in a
grazing incidence configuration with a PANalytical X’Pert
PRO x-ray diffractometer equipped with an ultra fast
X’Celerator detector (Cu Ka radiation) as shown in Fig.
1(c). The broad reflections can be indexed with a combina-
tion of fcc palladium and bec iron metal structures. No trace
of iron oxide could be detected. Rietveld fitting of the pattern
gives cell parameters of 3.896 and 2.869 A for palladium and
iron, respectively, which are very close to literature values
(3.8898 and 2.8662 A). Sizes (diameters) derived according
to the Scherrer formula are 9.0 and 5.5 nm for palladium and
iron, respectively, indicating aggregation of the iron clusters
during deposition. Comparing the size of the iron particles
with the ToF mass spectrometer value shows that the aggre-
gates have an average connection length of 2.3 iron nano-
clusters. The nanoclusters may have completely merged or
are partially connected through a lattice plame.17 Relative
volume fractions of the palladium and iron phases were es-
timated at approximately 40% and 60%, respectively. This
ratio shows that a large part of the iron is not detected due to
amorphicity or oxidation. Despite the presence of an amor-
phous iron oxidic phase, these XRD results clearly show that
a significant amount of iron forms a metallic phase. Vana-
dium was not observed in the XRD pattern, probably due to
a combination of a high degree of amorphicity and small
size.

Rutherford backscattering spectroscopy (RBS) provides
a Fe/V ratio of 2/1. The thickness of the Fe/V cluster-
assembled film and the palladium cap layer are 70 and 6.5
nm, respectively. As the nanocluster deposition parameters
remained constant during deposition, a concentration gradi-
ent is unlikely. RBS revealed that oxygen was able to cross
the palladium layer, resulting in the formation of iron and
vanadium oxides. Vanadium oxides do not absorb hydrogen
around room ternperature18 and will therefore not contribute
to hydrogen-induced effects. However, hydrogen is free to
move around these oxidized clusters. Although it is not pos-
sible to accurately determine the extent of oxidation, from
the presence of metallic iron as determined by XRD, the
nanocluster assembly is likely not oxidized in the deepest
regions of the film, i.e., in the 10 nm closest to the glass
substrate. Alternatively, domains of pure metals and oxides
could coexist throughout the film. Increasing the palladium
cap layer thickness did not prevent this partial oxidation,
possibly due to the roughness and high reactivity of the
nanocluster film. Some intermixing at the surface of the iron
and vanadium nanoclusters cannot be ruled out as was shown
for thin film Fe/V multilayers.19 As a clear influence of hy-
drogen on the magnetic properties is observed, complete in-
termixing is not expected. A schematic representation of the
nanocluster film is shown in Fig. 1(a).

MOKE experiments were conducted with a laser beam
incident on the substrate side of the film where oxidation
effects are not expected. The measured magnetic hysteresis
loops as shown in Fig. 1(b) confirm this. In agreement with
the XRD results, the occurrence of magnetic hysteresis in
this material is a clear sign of unoxidized iron since a control
measurement with a film which contained mainly iron oxide
yields a purely paramagnetic behavior. Furthermore, the
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FIG. 1. (Color online) A schematic representation of the likely structure of
the nanocluster-assembled thin film (a). The vanadium oxides were omitted
for clarity. (b) The Kerr rotation as function of applied magnetic field for the
studied sample and for a fully oxidized film, in vacuum. (c) XRD pattern of
the as-prepared nanocluster-assembled thin film.

presence of coercivity demonstrates that the iron nanoclus-
ters are aggregated into structures with ferromagnetic rather
than superparamagnetic ordering. The superparamagnetic/
ferromagnetic transition size lies between 9 and 10 nm in
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FIG. 2. (Color online) The Kerr rotation as a function of temperature for a
sample in ambient air (black squares), in vacuum (red dots) and in 0.2 bar of
hydrogen (blue triangles).

diameter as determined by an experimental20 and a
theoretical”! study. Therefore, most individual clusters be-
have in a superparamagnetic manner. However, the aggre-
gates of the connected nanoclusters form an entity that is
larger than the superparamagnetic limit and should conse-
quently be ferromagnetic. Considering the larger concentra-
tion of iron, the iron aggregates may not be completely sepa-
rated from each other by vanadium nanoclusters. However,
the presence of vanadium in between these aggregates allows
for a certain amount of magnetic exchange-coupling through
the vanadium phase. The MOKE setup consisted of a Melles
Griot 56DOL507 continuous wave laser at a wavelength of
830 nm with a maximum power of 35 mW. The light inten-
sity was adjusted by a Melles Griot diode laser driver
06DLDO03. A polarizer ensured that the incident polarization
was along S, i.e., perpendicular to the plane of polarization.
After one lens focused the laser beam on the sample, another
lens focused the reflected beam on a differential photodetec-
tor consisting of a Wollaston prism and two photodiodes,
mounted on a precision rotational stage. The signal from the
two photodiodes was sent to the channels A and B of a
lock-in detector operated in the A-B mode. The lock-in de-
tector was triggered at 1025 Hz by an optical chopper, which
was placed in the beam. The precision rotation stage allowed
us to calibrate all our measurements by establishing a direct
proportionality between the optical rotation in degrees and
the measured voltage difference with the lock in. The sample
was placed in a hydrogen tight cell, made of optically neutral
glass, which allowed the control of the hydrogen pressure
with a precision of better than 0.02 bar.

lll. RESULTS AND DISCUSSION

A hysteresis loop similar to the one in Fig. 1(b) has been
measured for different temperatures. This provided a Kerr
rotation as a function of temperature which is shown in Fig.
2. The Kerr rotation corresponds to the height of the hyster-
esis loop and is therefore obtained by subtracting the MOKE
signals at saturation for positive and negative applied fields
of the loop. The Kerr rotation was measured both in vacuum
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FIG. 3. (a) The Kerr rotation as a function of hydrogen pressure. (b) The
slope of the Kerr rotation as a function of temperature, versus hydrogen
pressure.

(~107!" mbar) and in ambient air to determine the effect of
oxidation which would result in a reduction of the total mag-
netization and therefore of the MOKE signal. Since no sig-
nificant difference was observed, this indicates a high stabil-
ity of the sample against further oxidation. When 0.2 bar of
hydrogen was introduced, a clear change in the amplitude of
the MOKE signal was observed (blue triangles), as shown in
Fig. 2. Furthermore, the decrease of the magnetization as a
function of temperature became steeper. The latter phenom-
enon will be further discussed below. A control measurement
on fully oxidized iron and vanadium nanoclusters resulted in
the absence of hysteresis and no effects upon hydrogenation
were observed as shown in Fig. 1(b).

In Fig. 3, the effect of the hydrogen pressures on the
Kerr rotation is presented. It is clear [Fig. 3(a)] that after
experiencing a sharp increase when the pressure is raised
from O to 0.2 bar, the magnitude of the Kerr rotation de-
creases until the pressure reaches 0.8 bar, while at 1 bar, an
increase is again observed. Correspondingly, the slope of the
Kerr rotation as a function of temperature initially decreases
between 0 and 0.2 bar [see Fig. 3(b)] and subsequently rises
for higher pressures. It should be noted that the error bars in
Fig. 3(b) do not allow us to resolve the fine features observed
for higher pressures in Fig. 3(a). According to the pressure-
concentration isotherm of vanadium hydride22 the pressure
range between O and 0.2 bar corresponds to about Ax
(H/V)=0.75, while further increasing to 1 bar yields an ad-
ditional change of only Ax (H/V)=0.07. Therefore, the ab-
sorption of hydrogen, between 0 and 0.2 bar, strongly influ-
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FIG. 4. (Color online) The Kerr rotation as a function of time, starting at a
hydrogen pressure of 1 bar, measured at 50 °C.

ences the electronic properties of vanadium, which in turn
mediates the exchange coupling between the iron nanocluster
aggregates. Consequently, the effect of hydrogen absorption
on the magnetic properties explains the change in Kerr
rotation.”

In order to unambiguously establish the influence of hy-
drogen on the magnetization, the Kerr rotation was measured
as a function of decreasing hydrogen pressure. After the ex-
periment at a hydrogen pressure of 1 bar, the measurement
cell was opened to air and the MOKE signal was recorded as
a function of time. In order to facilitate the release of hydro-
gen, the sample temperature was kept at 50 °C. The Kerr
rotation increases as function of time as shown in Fig. 4.
This can only be attributed to the release of hydrogen from
the nanocluster-assembled film.

The distribution of metal and oxidized nanoclusters can-
not be established on the sole evidence of magnetic coerciv-
ity in Fig. 1(b). The XRD analysis pointed to the formation
of iron cluster aggregates with an average size of 2.3 times
the size of the gas phase clusters. The iron atoms are two
times more numerous than vanadium, which is in agreement
with these iron aggregates being surrounded by vanadium
nanoclusters. For the discussion of this structure it is neces-
sary to relate the measured dependence of the magnetization
on the hydrogen pressure to the fact that, at equilibrium, the
hydrogen atoms are confined to the vanadium clusters.” The
question then arises to what extent the aggregates are con-
nected. If all the iron nanoclusters aggregates were fully con-
nected, then the hydrogen pressure would have no effect on
the magnetization. Since we clearly observed a magnetic ef-
fect, part of the aggregates must be connected through the
vanadium nanoclusters.

As can be seen in Fig. 3(a), the MOKE signal and there-
fore the magnetization in the sample fluctuates as a function
of increasing hydrogen pressure (concentration). This behav-
ior agrees well with an exchange coupling mechanism. In
RKKY coupling, the magnetic moment of a metal can be
coupled through the conduction band electrons of a neigh-
boring metal without magnetic moment. This particular cou-
pling has an oscillatory dependence on the thickness of the
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conducting nonmagnetic spacer. As vanadium expands as a
function of hydrogen concentration, this structural change
may explain the fluctuations in the Kerr rotation as a func-
tion of hydrogen pressure. A more likely mechanism in-
volves a direct change in the electronic properties of vana-
dium upon hydrogen absorption, as suggested by
Hjorvarsson et al’ on a distortion of the Fermi level.

Additionally, the slope of the magnetic moment versus
temperature, which is related to the Curie temperature, ex-
hibits significant variations as shown in Fig. 3(b). These
variations accompany the simultaneous changes of the mag-
netic moment in the film, as measured by the MOKE signal
amplitude. Such a relation has been described in a study of
exchange coupled Fe/V superlattices.24 From these argu-
ments, we draw the conclusion that, in this system, magnetic
exchange coupling mediated by the vanadium nanoclusters is
present between aggregates of iron nanoclusters. Neverthe-
less, it is to be expected that these aggregated iron nanoclus-
ters are also exchange coupled to a very large aggregate
formed by those iron clusters for which the coupling is not
affected by hydrogen loading, e.g., because they are physi-
cally touching and hence directly coupled without vanadium
as a mediator. The presence of such a large aggregate would
account for the relatively weak variations of the magnetic
moment versus hydrogen pressure. A recent study by Rem-
hof et al.*> shows that the influence of hydrogen on the den-
sity of states of the d-band changes the magnetic moment of
both iron and vanadium at the interface. A future high preci-
sion study is necessary to determine the contribution of such
an effect in the Fe/V nanocluster assembly.

IV. CONCLUSION

In conclusion, the MOKE of iron-vanadium nanocluster-
assembled thin films was measured. It was demonstrated that
hydrogen has a clear effect on the magnetization of this 3D
system for increasing and decreasing hydrogen pressures. Al-
though part of the nanoclusters were oxidized, metallic nano-
cluster assemblies were present as seen by XRD, which may
be distributed throughout the film or likely form a layer close
to the substrate allowing the observed effects. The lattice
constant and electronic properties of the vanadium interme-
diated nanoclusters are modified by the hydrogen content,
which directly influences the exchange coupling between the
iron nanostructures. Besides the observed phenomena, the
combination of nanoclusters, hydrogen, optics, and magne-
tism constitutes an experiment of high complexity, which
will open a new route for investigating and using 3D nano-
magnetic systems. Parameters such as the size, composition,
and the ratio between magnetic and nonmagnetic nanoclus-
ters can be varied in future studies.
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