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The magnetic and magneto-optical properties of Al/Co/V/MgO(100) structures and the influence of the
Co/V interface for different thicknesses of the Co and V layers have been studied experimentally. From the
element-specific hysteresis loops obtained by x-ray magnetic circular dichroism (XMCD) at the Co and V Lj
edges we find that the V layers are magnetically polarized antiparallel to the Co layers and that magnetization
reversal occurs at the same magnetic field in both layers. The effect of the V atomic volume and the relative
thicknesses of V and Co layers on the magnetic moments of the V and Co atoms are also studied. Contrary to
what might be expected, the atomic magnetic moments of the V and Co atoms do not depend on the V atomic
volume, however they depend strongly on the thicknesses of the V and Co layers. From the trend in the Co and
V atomic magnetic moments as a function of Co and V thicknesses and the absence of any spectroscopic
evidence for the formation of a VCo alloy, a long-range spin polarization of the V atoms is proposed. The
extracted magneto-optical (MO) constants of V and Co as a function of photon energy clearly evidence a large
amount of polarization in the V films in agreement with the XMCD results, which is indicative of the magnetic
coupling between Co and V. The experimental MO results and simulations also show the strong influence of
these polarized V layers in the MO properties of the complete system. These results, given the absence of
spectroscopic evidence for the formation of a VCo alloy, support a long-range magnetization of the V atoms
and a reduction of the Co atomic magnetic moments.
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I. INTRODUCTION

Magnetic interactions at interfaces between nonmagnetic
and magnetic elements and—in some cases—magnetic po-
larization of nonmagnetic elements at these interfaces are
challenging topics in materials science. The understanding of
magnetic phenomena in such systems is an important issue
for fundamental science as well as for potential applications
such as magneto-optical (MO) high-density data storage de-
vices and sensors. Recent ab initio density-functional calcu-
lation results from Carrillo-Cdzares et al.' have clearly illus-
trated the complexity of the interaction between 3d
transition-metal adatoms (Ni, Fe, Mn, Sc, Ti, V, and Cr) de-
posited on a Co(001) surface and the substrate Co atoms. In
particular, these authors have shown that the magnetic be-
havior of the adatoms do not only depend on their specific
nature but also on the coverage, especially in the submono-
layer regime. Among the 3d transition-metal-Co interfaces,
the V/Co interface has attracted particular interest in recent
years. This interest is partly driven by the fact that V is
paramagnetic in its bulk body centered cubic (bcc) form, but
could become ferromagnetic in low-dimensional systems or
in contact with ferromagnetic materials.

Although it is quite well accepted that the magnetic prop-
erties of V in alloys and low-dimensional systems, such as
surfaces and clusters, do strongly depend on the local geom-
etry (i.e., coordination number, site symmetry, and neighbor
distance) and resulting electronic structure,”% the experimen-
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tal results still display a plethora of magnetic behavior.
For example, V on surfaces has been predicted to be
without net spin,?> ferromagnetic,” antiferromagnetic,?-'0
and  paramagnetic,'!  whereas  experimental  results
evidence ferromagnetic,'>  antiferromagnetic,'>'*  and
nonferromagnetic!>!® behavior. On the other hand, results for
the magnetic properties of small V clusters>>!3 are also con-
tradictory and very little is known about the magnetic prop-
erties of V compounds and alloys.!”!3

While the V/Fe system has been extensively studied,'2’
less is known and understood about other systems,'”-18:28-32
in particular the V/Co system. This also holds for V/Co
multilayers, for which the existence of an antiferromagnetic
coupling with V thickness (i.e., the spacing between adjacent
Co layers) of 9 A,* but also an interlayer ferromagnetic cou-
pling independent of the V thickness** was reported. In these
systems, a coupling strongly dependent on the atomic struc-
ture of the layers and on the sharpness of the V/Co inter-
faces was also reported.’ Furthermore, the superconducting
properties of these systems and in particular the transition
temperature of V/Co multilayers was found to oscillate with
Co thickness.?® Such results clearly demonstrate the impor-
tance of the V/Co interface and the V and Co layer thick-
nesses for phenomena such as oscillatory magnetic coupling,
giant magnetoresistance, and superconductivity in systems
made of thin V and Co layers. Despite the important role of
the V/Co interface in the physical properties of V/Co mul-
tilayers, only a few studies exist in the literature relating to
the role of the V/Co interface in the properties of V/Co

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.064411

HUTTEL et al.

multilayered structures. Recently, we reported the magnetic
properties of V/Co and Co/V interfaces grown on Cu(100)
surfaces and for very low V and Co coverages.?’ In particu-
lar, we showed that Co atoms induce a strong magnetic mo-
ment on the V atoms with opposite magnetization direction.
The trends in the magnetic moments vs Co and V thicknesses
showed that the Co magnetic moments decrease with de-
creasing Co and increasing V coverages. On the other hand,
the V magnetic moment was found to increase with increas-
ing Co coverage and to decrease with increasing V coverage.
The experimental results have been partially reproduced by
recent theoretical approaches developed by Carrillo-Cazares
et al."3%-40 and Jisang Hong.*!=*3 All these theoretical results
confirmed a strong polarization of the V atoms in contact
with Co and the antiparallel alignment of the magnetization
in V and Co layers. Carrillo-Cézares et al.'33-4" have per-
formed a number of theoretical calculations in order to simu-
late the V/Co and Co/V interfaces and VCo alloys and to
extract the atomic magnetic moments of Co and V atoms in
these systems. They found that the highest magnetic polar-
ization of the V atoms is achieved in a VCo alloy in which
the averaged V and Co magnetic moments** are —1.82u and
1.56up, respectively (in the first four Co layers in contact
with the VCo alloy).*’ They also performed calculations for
n monolayer (ML) Co/VCo alloy/V/Cu(001) systems (n
=1, 2, 3, and 4) in order to simulate the formation of VCo
alloy at the Co/V interface*’ and found magnetic moments
(averaged over the slabs**) of —=0.2up and 1.48uy for V and
Co, respectively, in 4 ML Co/VCo alloy/V/Cu(001). Jisang
Hong*'~* found a strong decrease of the Co magnetic mo-
ment upon adsorption of V atoms on the Co(100) face cen-
tered cubic (fcc) surface. The highest magnetic moment of
the V atoms (—1.94up) was obtained for 0.5 ML V coverage,
while for a surface alloy a magnetic moment of the V atoms
of (=1.19ug) was deduced. The corresponding averaged Co
atomic magnetic moments were respectively 1.48ug (in the
two Co layers in contact with the 0.5 ML V) and 1.38ugp
(including the alloy and the two layers below the alloy
layer). The same author predicted the existence of perpen-
dicular magnetic anisotropy for 0.5 ML V adsorbed on
Co(100) and also the vanishing atomic V moment for V cov-
erages =1 ML. It should be noted that both groups found a
rapid decrease of the V atomic magnetic moment upon in-
creasing V thickness in all the considered structures.

In this paper we present a combined x-ray magnetic cir-
cular dichroism (XMCD) and MO spectroscopic Kerr study
on 30 A Al/n A Co/m A V/MgO(100) structures, where
n=10, 20, 40, 50, and 200 and m=10, 20, 40, and 80. The
use of these two complementary dichroism techniques allows
exploring in detail the electronic structure and magnetism of
the fabricated structures. While XMCD is more sensitive to
the atomic element environment due to the nature of the
atom-specific electronic transitions probed, MO Kerr spec-
troscopy probes electronic states that are more delocalized,
yielding complementary information. Detailed crystallo-
graphic and electronic structure studies of V deposited on
MgO(100) have been reported elsewhere,*~*7 as well as the
crystallographic structure study of Co deposited on
V/MgO(100) substrates.*®
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From the element-specific hysteresis loops monitored by
XMCD we obtain direct evidence of the antiparallel magne-
tization of the V and Co layers in the systems studied. We
also show that the magnetic field at which magnetization
reversal occurs coincides for both V and Co layers. Evidence
of in-plane magnetization is also given together with results
for the trend in the V and Co atomic magnetic moments as a
function of Co and V thicknesses and V atomic volume. In
the systems investigated here, the V layers have bcc structure
and the Co layers have hexagonal close packed (hcp) struc-
ture. The results are tentatively compared with those ob-
tained by recent theoretical calculations on similar systems,
even though in the so-far published calculations, the Co in
contact with V has an fcc structure. In particular, the possible
formation of a VCo alloy is discussed in the light of the
XMCD, Kerr, and x-ray absorption spectroscopy (XAS) ex-
perimental results.

II. EXPERIMENTAL DETAILS

All samples were grown in an ultrahigh vacuum system
using both triode sputtering and laser ablation facilities. Se-
ries of samples with the same structure, i.e., 30 A Al/n A
Co/m A V/MgO(100), were grown. Prior to V deposition, a
10 nm MgO buffer layer was grown by laser ablation at
450 °C on the substrate to planarize the surface. The thin V
films were deposited at different temperatures [from room
temperature (RT) to 500 °C] and the Co films were depos-
ited at RT, both using triode sputtering. Subsequently, a 30 A
thick Al capping layer was deposited at RT to protect the
samples against oxidation. Effectiveness of the Al capping
layer was checked by polar Kerr spectroscopy with reproduc-
ible measurements performed at a 2 years interval, which
confirmed the stability of the structures. Two series of
samples were grown: in the first series all V thin layers were
grown at RT, while for the second series the thin V layers
with fixed thickness of 40 A were deposited at different tem-
peratures with the purpose to obtain different V atomic
volumes.*>*7 In all cases, V grows in bec structure, while Co
grows in hcp structure, forming two domains rotated by 90°.
The c axis of the hcp domains are located in the plane of the
deposited thin layers. A detailed description about the struc-
tural characterization of these samples can be found
elsewhere.*8

XMCD characterization of the magnetic structures was
performed by measuring the XAS signal in total electron-
yield (TEY) mode on beamline IDO8 of the European Syn-
chrotron Radiation Facility (ESRF) at Grenoble, France. The
applied magnetic field (up to 7 T) was parallel to the incident
x-ray beam and its direction was reversed between succes-
sive photon-energy scans. Also, the circular polarization of
the incident light was reversed in order to correct for possible
changes in the XAS signal due to the optical elements in the
beamline or the influence of the magnetic field on the TEY.
The degree of circular polarization was 99.9+0.1% and the
absence of any contaminants was verified using XAS.

To obtain element-specific hysteresis loops the XMCD
signal was measured by scanning the magnetic field and re-
cording the intensity difference between the Co or V L; edge
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FIG. 1. Representative XMCD element-
specific hysteresis loops measured at the Co Lj

and V L edges of the 30 A Al/50 A Co/80 A
V/MgO(100) structure. The loops have been
measured with the magnetic field at 60° from the
surface normal.
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and a background reference intensity measured a few eV
below the L; absorption edge. The measurements were per-
formed by both reversing the light helicity and the magnetic
field direction. By cross-checking the obtained scans the ar-
tificial magnetic background in the dichroic spectra could be
suppressed (or at least strongly diminished) as explained
elsewhere.*>*" No additional manipulation of the experimen-
tal data was performed.

The MO properties were studied using a polar Kerr MO
spectrometer, similar to the one described elsewhere.’! For
the polar configuration, a magnetic field high enough to mag-
netically saturate the sample is applied in the direction per-
pendicular to the surface. The interaction between the light
and magnetic material results in elliptically polarized re-
flected light, with ellipticity e, and rotation of the polariza-
tion plane by an angle 6,. Polar Kerr loops were measured by
recording the Kerr rotation angle using normal-incident light
with a wavelength of 530 nm. Magnetic saturation was
achieved in all cases. The rotation and ellipticity polar Kerr
spectra obtained in the spectral range from 1.4 to 4.3 eV
were analyzed using theoretical tools, such as the transfer-
matrix formalism®>>3 with the thin film approximation,>*
which are able to describe the optical and MO response of
systems consisting of a number of continuous layers stacked
along the growth direction.

II1. RESULTS AND DISCUSSION
A. X-ray magnetic circular dichroism

XMCD has become an established technique in materials
science for the investigation of magnetic properties of thin
films and nanostructures. The element selectivity, i.e., the
possibility to probe the magnetic properties of a chosen ele-
ment in a complex material, has transformed XMCD into a
powerful and complementary technique for the unraveling of
magnetic properties of materials. In many studies, the atomic
magnetic moment values (both orbital and spin moments) are

extracted from the XMCD spectra using the sum rules.>>>° In

some studies, the element-specific hysteresis loops of the in-
vestigated systems have been extracted.*>~%37-62 The limited
number of publications originates from the difficulty of mea-
suring the hysteresis loops, which requires high photon flux
combined with high beam stability. The element selectivity
of XMCD allows separating the V and Co contributions to
the magnetic behavior in our structures. Below we expose
the results of such studies, presenting the element-specific
hysteresis loops of Co and V, as well as studies of the trend
in Co and V atomic magnetic moments as a function of V
atomic volume and the V and Co thicknesses. Since recent
theoretical results*>*3 have suggested the formation of VCo
alloy at the Co/V interface, we also discuss this issue in the
light of XAS and XMCD results together with published
crystallographic results.*®

1. Element-specific XMCD hysteresis loops

Figures 1 and 2 display some representative element-
specific hysteresis loops of selected samples. In Fig. 1 we
show the loops for 30 A A1/50 A Co/80 A V/MgO(100).
The hysteresis loop at the V L; edge provides an unambigu-
ous proof of the magnetic polarization of V in this structure,
where the V layer is much thicker that a few ML. This ex-
tends the results previously reported for very thin V layers in
contact with Co."37-%3 The opposite sign for the XMCD sig-
nals of the hysteresis loops for V and Co in Fig. 1 provide
direct evidence for the opposite magnetization of the V and
Co thin layers, also in agreement with published
results.3740-43 Furthermore, from the loops in Fig. 1 it can
be seen that the Co and V magnetizations switch at the same
magnetic field, which is close to 10 mT (100 Oe), similar to
the value measured by Kerr in the same structures*® and
indicative of the magnetic coupling between both layers.
Thus the Co and V layer magnetizations are coupled antipar-
allel. It further appears from Fig. 1 that the magnetization of
both the V and Co layers do not saturate at 100 mT. No
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FIG. 2. Representative XMCD element-specific hysteresis loops
measured at the Co L3 (top panel) and V Lj (bottom panel) edges of
the 30 A A1/20 A Co/20 A V/MgO(100) structure. The hysteresis
loops have been measured with a magnetic field at 0° and 60° to the
surface normal.

remanence could be observed when applying the magnetic
field parallel to the surface normal (not shown here), there-
fore indicating the existence of an easy axis of magnetization
in the thin film planes, consistent with Kerr measurements.*®

Additional information about the magnetization process
has been obtained by measuring XMCD hysteresis loops of
both V and Co for a wider range of the magnetic field
strengths and orientations along different directions. The cor-
responding hysteresis loops, presented in Fig. 2, clearly show
that for a fixed field orientation, both Co and V layers reach
the saturation magnetization at the same field strength. For a
field oriented parallel to the surface normal (0° off normal)
the magnetization is saturated at ~1 T, while for the hyster-
esis loops measured with a magnetic field oriented at 60° off
normal, saturation of the magnetization is reached at much
lower fields.

Therefore the element-specific hysteresis loops measured
at low and high magnetic fields (Figs. 1 and 2, respectively)
clearly show that the V and Co layers are exchange coupled
and that the V layer is magnetically polarized antiparallel to
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the Co thin film. Their behavior under external magnetic
field is opposite although both layers display the same coer-
cive field and orientation of the easy axis of magnetization
which lies in the plane of the thin films, following the easy
axis of magnetization of the hcp Co (the ¢ axes of the hcp
domains are in the plane of the thin films*?) in agreement
with transverse*® and polar Kerr measurements (see Sec.
11 B).

2. Atomic magnetic moments: Effect of V atomic volume

The atomic magnetic moments are expected to be quite
dependent on the atomic structure and the corresponding
electronic structure that can be altered by tiny changes in the
surrounding environment.*’ These expectations have moti-
vated, e.g., the search of magnetic properties of V surface
layers and small clusters as discussed in the Introduction.
Here we present the study of the trend in the atomic mag-
netic moments of Co and V in the fabricated structures as a
function of the V deposition temperature which is directly
correlated to the V atomic volume. A series of samples with
the structure 30 A A1/20 A Co/40 A V/MgO(100) were
measured with XMCD. In these samples the Al capping lay-
ers and Co layers were grown at RT, while the thin V layers
were grown at different temperatures, favoring the expansion
or compression of the V atomic volume depending on the
growth temperature. In fact, we recently showed that the
growth temperature of V thin layers is a key parameter that
can be used to control the V atomic volume.**’ In a 4 nm
thick layer deposited on MgO(100), V grows under in-plane
compression, having a coherent interface with the MgO, as
the 45° in-plane lattice rotation implies an almost perfect
match with the MgO lattice. On the other hand, the out-of-
plane V lattice parameter for films deposited at RT, 100 °C,
and 200 °C appears expanded with the highest value for RT
deposition, adopting the bulk value for samples grown at
300, 400, and 500 °C. As a consequence of the evolution of
the in- and out-of-plane lattice parameters, the V atomic vol-
ume displays a continuous dependence on deposition tem-
perature. In particular, the V atomic volume has a maximum
expansion when the deposition is performed at RT (~1.6%
compared to the V atomic bulk volume) and it continuously
decreases as the deposition temperature increases.*>*’ The
maximum compression (~2.8% compared to the V atomic
bulk volume) is reached for the 400 °C deposition tempera-
ture. Therefore depending on deposition temperature, the V
atomic volume can be tuned over nearly a 4.5% range around
the V atomic bulk volume, which might modify the atomic
Co and V magnetic moments at the Co/V interface. We used
this flexibility in the V atomic volume of the 30 A A1/20 A
Co/40 A V/MgO(100) system to investigate the effect of
the atomic structure on the magnetic properties of the Co/V
interface.

The Co atomic magnetic moments were extracted from
XAS spectra with opposite alignment of magnetization direc-
tion and light helicity vector by using the sum rules.’>° The
relation between the orbital moment w; spin moment g,
magnetic dipole term T, and number of 3d holes n,, (all per
atom) in the ground state and the intensities of the difference
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AA, 5 and sum A, 3 spectra integrated over the corresponding
L, 5 edges is given as>%

ﬂ iAA3+AA2

= —_—, 1
ny 3 A3 +A2 ( )
+ 7T, AA;-2AA
Hs 1o _p20 2 )
ny A3 +A2

Theoretical results® indicate that 77,/ ug<0.1, so that ne-
glecting T, gives an error in ug up to 10%. Here, we have
extracted the Co magnetic moments by assuming that 7,=0
and that the mixing of the 2p;,, and 2p,,, core levels as well
as transitions to the sp valence band states can be neglected
in the L, 3 XMCD spectrum. In very thin Co layers deposited
on V, the Co-V hybridization can induce a charge transfer
between the two metals and as a consequence, n;, can vary
with layer thickness.’” However, here the thicknesses of the
layers allow us to use a standard n, value, where we have
chosen n,=2.49, which is the value of hcp Co.*%* For the
Co and V layer thicknesses considered here, saturation ef-
fects might affect the determination of the atomic magnetic
moment values. Saturation effects are difficult to calculate in
multilayered structures such as those studied here. In fact,
they involve several photon-energy dependent parameters
such as the x-ray absorption coefficients of the various layers
in the structures and the mean-free paths of the photoelec-
trons traveling through the various elements (Co, V, Al, and
aluminium oxide of the capping layer) and the corresponding
interfaces before escaping into the vacuum. According to Na-
kajima and co-workers,%% saturation effects become in-
creasingly important for increasing thickness and at grazing
angles of the incident light. In order to reduce the saturation
effects, all quantitative analysis has been performed here on
data acquired with normal-incident light. Furthermore, a ref-
erence sample with 30 A A1/200 A Co/MgO(100) structure
was measured in order to evaluate the impact of the satura-
tion effects on the Co atomic magnetic moment determina-
tion. The magnetic moments extracted from the experimental
data for this bulk hcp Co were 1.57ug and 0.13 up for ug and
My, respectively, giving a total Co magnetic moment of
1.70 £0.04up per atom, which is very close to the expected
value of 1.77uz.% Since the sample with 30 A A1/200 A
Co/MgO(100) structure is the one with the thickest Co layer
studied here and the extracted magnetic moment is very
close the expected value for a bulk hcp Co, we assumed that
saturation effects were not relevant in our determination of
the Co atomic magnetic moments.

Extraction of the V atomic magnetic moment from
XMCD is more problematic than that of Co due to the satu-
ration effects and overlap between the L; and L, peaks,
which are separated by a relatively small 2p spin-orbit split-
ting. In the case of V, saturation effects are expected to be
more relevant than for Co because the x-ray absorption co-
efficient of V is approximately twice that of Co,®” and also
the mean free path of the photoelectrons extracted from the
V layers is slightly lower than that from the Co layers.®® The
combined effect of both variables artificially enhances the
signal from the V layers that are in contact with the Co
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FIG. 3. (Color online) V and Co atomic magnetic moments as a
function of V deposition temperature, which is correlated with V
atomic volume expansion, in the 30 A Al/20 A Co/40 A
V/MgO(100) structure. Lines are guides to the eye.

layers. Consequently, the extracted V magnetic moments
should only be considered to determine the trends in the
moments and not their absolute value. The magnetic mo-
ments have been extracted following the procedure used for
VCu alloys,'® where we assumed that the maximum of the
normalized dichroic signal is proportional to the magnetic
moment with the scaling factor obtained using a reference
sample with known magnetic moment. Although this proce-
dure might give a systematic uncertainty (a detailed discus-
sion on the validity and limitations of the procedure has been
presented in Ref. 18), it has been successfully used for alloys
with very low V concentration where u; and 7, can give
large contributions,®” while here these contributions are ex-
pected to be smaller since the V concentrations are higher
than for the Cu0'967V0'033 alloy.ls

The atomic magnetic moments of V and Co extracted for
the 30 A A1/20 A Co/40 A V/MgO(100) structures, where
the V layers are grown at different temperatures, are col-
lected in Fig. 3. It can be clearly observed that the V depo-
sition temperature does not induce major changes in the
atomic magnetic moments of V and Co. Despite a difference
in the V atomic volume expansion of nearly 4.5° between V
layers grown at RT and 400 °C, it appears that there are no
changes in the atomic magnetic moments of V and Co.

Note that in this case saturation effects will not modify
the trends in the atomic magnetic moments of Co and V
because the Co and V layer thicknesses are kept constant.
Furthermore, the above mentioned sensitivity to V layers in
contact with Co layers should increase the sensitivity to the
changes in the V atomic magnetic moments. Therefore the
trends in the Co and V magnetic moments are a clear indi-
cation that the atomic volume of V is not of relevance for the
magnetic properties of the studied systems. As we shall see
below, the situation is rather different concerning the V and
Co layer thicknesses.

3. Atomic magnetic moments: Effect of V and Co thicknesses

For the V/Co/Cu(100) system, the effect of the V and Co
thicknesses on the atomic magnetic moment values has been
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FIG. 4. (Color online) V and Co atomic magnetic moments as a
function of Co thickness. The magnetic moments have been mea-
sured in the 30 A Al/n A Co/40 A V/MgO(100) structures,
where n=10, 20, and 40. Lines are guides to the eye.

found to be mandatory.’” In our previous work, the V and Co
thicknesses were restricted to a few ML (see Ref. 37) and the
magnetic polarization of the V was found to be an interface
effect. Hence the effect of the V or Co thicknesses on the
measured values of the V and Co magnetic moments was
found to be very important. Also the theoretical results from
Carrillo-Cézares et al.'38-40 and Jisang Hong*'~* have high-
lighted the strong interface character of the V magnetic po-
larization. In particular, these authors have predicted a very
low (nearly zero) averaged magnetic moment of the V atoms
in thick V layers (>1 ML thick) due to the predicted high
magnetic moment of the V atoms in the V layer in contact
with the Co layers and the rapidly vanishing V atomic mag-
netic moment for the other V layers. This implies that the
contribution of the V layers, not in contact with the Co layer,
to the averaged V atomic moment should be very low, reduc-
ing drastically the averaged V atomic magnetic moment in
the slabs used in the calculations.

Here we extend our previous study?’ performed on very
thin V and Co layers to structures involving thicker V and Co
layers and investigate the trend in the atomic magnetic mo-
ments as a function of V and Co thicknesses. Figure 4 dis-
plays the trend as a function of Co layer thickness. The mag-
netic moment values displayed in Fig. 4 were measured in
the 30 A Al/n A Co/40 A V/MgO(100) structures, where
n=10, 20, and 40, and extracted using the procedure de-
scribed in Sec. IIT A 2. The Co thickness (in ML) in the top
scale of the figure has been calculated assuming hcp atomic
arrangement of the Co deposited on the V layer with the ¢
axis in the plane of the Co layer and the [1120] direction
parallel to the sample surface normal, in agreement with re-
cent results.*®

As can be seen from Fig. 4, both Co and V magnetic
moments are strongly dependent on the thickness of the Co
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TABLE I. Co and V total atomic magnetic moments (in ug) for
the structures 30 A Al/20 A Co/n A V/MgO(100) with n=10, 20,
and 40. Numbers in brackets are the experimental uncertainties of
the last digit of each number.

n 10 20 40
Co 1.3(1) 1.32(6) 1.29(3)
v —-0.83(2) -0.74(2) -0.67(3)

layer. The increase in the Co atomic magnetic moment upon
increasing Co thickness is mainly due to the increase of the
spin magnetic moment. It can be observed that both Co and
V magnetic moments increase by a factor close to 3 when the
Co thickness goes from 10A (=7 MLs) to 40 A (
=28 MLs). These trends in the magnetic moments upon in-
creasing Co thickness are in agreement with our previous
results on thinner Co and V films.?’

The present results suggest that the magnetic polarization
of the V layer and the reduction of the Co magnetic moments
are not strictly limited to the Co/V interface and that more
Co and V layers are involved in the mechanism than just the
very first layers at the interface. In fact, if only the first Co
layer at the Co/V interface would be affected by the inter-
face, as suggested by theoretical results,!*8~* additional Co
layers would induce only a small change in the magnetic
moments. This is particularly true for thicknesses explored
here which are much larger than the thicknesses required to
saturate the effect of the interface on the averaged magnetic
moments of Co and V, as expected from recent theoretical
results.!38-43 Note that even extremely strong saturation ef-
fects in the order of 10-20 % (Refs. 65 and 66) would not
modify the observed trends in the Co and V atomic magnetic
moments. Also the suggested formation of an interface alloy
located at the V/Co interface33~*3 is not likely to explain
the observed trend in the magnetic moments upon increasing
Co layer thickness. A more profound discussion on the pres-
ence or absence of a VCo alloy is presented in (Sec. IIT A 4).

Complementary information can be obtained from Table
I, where both the Co and V magnetic moment values are
given as a function of V layer thickness for the 30 A
Al/20 A Co/n A V/MgO(100) structures, where n=10, 20,
and 40. From Table I it can be seen that the Co atomic
moment is nearly constant while the V atomic magnetic mo-
ment suffers a reduction of nearly 20% from —0.83up to
—0.67 up for V thicknesses of 10 and 40 A, respectively. As-
suming that the magnetically polarized V atoms are located
in the first V layers (forming either or not an alloy) and
taking into account that XMCD with sum rule analysis gives
the average value of the magnetic moment (averaged over all
V layers probed) and a magnetic moment value that is nor-
malized to the number of V atoms, we would expect a strong
decrease of the magnetic moment value with increasing V
thickness. Let us now give a simple estimation by consider-
ing that the V magnetic moment extracted from the 20 A
Co/10 A V sample corresponds to a system where the first
two layers of V in contact with Co are magnetically polar-
ized and the remaining five layers are not polarized. The V
magnetic moment for 20 A Co/20 A V would therefore cor-
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FIG. 5. (Color online) Co atomic magnetic moments as a func-
tion of Co thickness. Experimental results for the total atomic mag-
netic moment are displayed with and without taking into account
saturation effect corrections for the purpose of comparison. Also
theoretical results from Ref. 40 are represented for comparison (see
text for details). Lines are guides to the eye.

respond to a system where the first 2 MLs of V are magneti-
cally polarized and the other 13 MLs are not polarized. Since
the XMCD gives a magnetic moment normalized to the num-
ber of V atoms, this means that the magnetic moment value
should be reduced by a factor of 2 since with the above
assumption, the number of magnetically polarized V atoms is
the same while the total number of V atoms is doubled. Fol-
lowing the same reasoning, we deduce that for 20 A
Co/40 AV, the V magnetic moment should be reduced by a
factor of 4, or by 75%, which is far from the observed 20%
reduction. The above results clearly show that the magnetic
properties of the Co/V system are not driven only by the first
Co and V layers located at the interface. The V and Co layers
far away from the interface also modify the magnetic mo-
ment values of V and Co in the Co/V system independent of
the possible formation of an interface alloy that has been
proposed in the case of the V/Co fcc/Cu(100) system. This
is further illustrated in Fig. 5, which shows the trend in the
Co atomic magnetic moments as a function of Co thickness
for a wider range of Co thicknesses.

The experimental results have been displayed with and
without correcting for saturation effects, together with the
theoretical results obtained for the V/Co fcc/Cu(100)
system.!3%40 The saturation effects®>® have been considered
here to illustrate their rather limited impact on the extracted
magnetic moments and to clearly show the lack of impact of
these effects on the trends of the magnetic moments upon
increasing Co thickness. The experimental results have been
tentatively compared to very recent theoretical results.* We
have chosen to display only the most recent theoretical re-
sults and more specifically those that consider the presence
of a CoV alloy at the Co/V interface and the best fit to
previously published experimental results.>” Apart from the
fact that theoretical results have been performed only (as far
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as we know) for VCo systems, where the Co layers have fcc
structure, we have assumed that in the comparison between
theory and experiment, the difference in Co crystalline struc-
ture (fcc in the theoretical case and hep for the present study)
is not a major issue. This is partially supported by the dis-
cussion in Sec. III A 2, where we have shown that an expan-
sion of the V atomic volume does not induce changes in the
Co and V magnetic moments, and we argue that, in a more
general sense, the atomic order or atomic structure is not
very relevant in the process of magnetization reduction of the
Co atoms and magnetic polarization of V atoms at the Co/V
interface. The theoretical Co magnetic moment values dis-
played in Fig. 5 have been extracted from Table 4 of Ref. 40
in the following way: the 2 Co/CoV/V, 3 Co/CoV/V, and
4 Co/CoV/V systems have been considered as being similar
to 3 ML Co/V, 4 ML Co/V, and 5 ML Co/V, respectively.
The magnetic moment of the Co atoms from the different
layers have been averaged in order to be comparable to the
XMCD results. For thicker Co layers, i.e., n ML Co/V with
n>5, the averaged Co magnetic moments have been ob-
tained by considering a system with the first layers identical
to the 5 ML Co/V case with additional Co layers on top, all
with Co atoms having a magnetic moment equal to 1.91ug.
The trend in the experimental Co atomic magnetic moments
vs Co thickness clearly shows that the reduction of the Co
magnetic moments propagates into the Co layers and is not
only limited to the first Co layer in contact with the V layers.

The above results strongly suggest a long-range reduction
of the magnetic moment for the Co atoms as well as a long-
range magnetic polarization of the V atoms. On the other
hand, the formation of a VCo alloy at the V/Co
interface**~*3 has been recently suggested, a topic discussed
in Sec. IIT A 4.

4. On the formation of a VCo alloy

As mentioned above, in this case the assumption of the
formation of a VCo alloy does not permit us to recover the
experimental values of the Co and V atomic magnetic mo-
ments. This is because a better agreement between theoreti-
cal and experimental V and Co atomic magnetic moment
values and trends could only be obtained by assuming V
and/or Co diffusion in most of the sample volume. Such a
diffusion necessarily implies very high diffusion factors at
RT, which is probably not the case due to the rather similar
atomic radii of V and Co. On the other hand, crystallographic
studies*® have clearly identified the presence of hcp Co on
top of bcc V and therefore it should be assumed that the
strong diffusion of V and/or Co proceeds without the de-
struction of crystallographic order, which is also unlikely to
occur. Finally, direct experimental evidence of the formation
of a VCo alloy could not be found from the XAS spectra,
which also contradict the formation of a VCo alloy.

XAS is in fact a very sensitive technique to detect
changes in the electronic structure (expected on alloy forma-
tion) since it involves x ray excited electronic transitions
from V 2p and Co 2p core levels to unoccupied valence
states. The latter are strongly affected by electronic structure
changes as a consequence of chemical bonding or atomic
environment modifications. For example, changes in the Co
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FIG. 6. (Color online) Isotropic Co L, 3 XAS spectra as a func-
tion of Co thickness (top panel) and V L, ; XAS spectra as a func-
tion of V thickness (bottom panel). All the measured structures were
deposited on an MgO(100) substrate and capped with a 30 A thick
Al layer.

L, 5 edges have been clearly observed in Co,MnSi Heusler
alloys,”®’! Co-doped ZnO,”> Zn,_,Co,0 nanorods,”®> and
Co/CoO interfaces,’* depending on the atomic environment
of the Co atoms. Also changes in the spectral shape of the V
L, 5 edges have been clearly observed in VCu alloys,'® and it
has been emphasized by XAS studies that Co atoms in cata-
lysts significantly disturb the different V environments.”
Hence the formation of a VCo alloy should be clearly ob-
servable in the Co L, 5 and V L, 3 XAS spectra. In Fig. 6 we
show the XAS spectra measured from reference Co and V
thin films and in structures where the Co or V layer thickness
has been intentionally reduced in order to highlight the pres-
ence of such a possible alloy. As can be observed in Fig. 6,
there is no evidence of any change in the electronic structure.
XAS spectra of thin Co layers (5 and 10 A thick) in contact
with 40 A thick V layer do not display significant differ-
ences when compared with a 200 A thick Co reference thin-
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FIG. 7. (Color online) Polar Kerr rotation and ellipticity spectra
from the 30 A Al/m A Co/40 A V/MgO(100) structures, where
m=10, 20, and 40.

film layer. The lack of evidence of the formation of a VCo
alloy is further evidenced by the XAS measured at the V L, 5
edges (bottom panel of Fig. 6) where no changes in the spec-
tral shape can be observed when comparing a pure V layer
(40 A thick) and a thinner V layer (10 A thick) in contact
with a Co layer. Since a strong diffusion (at RT) of the V
and/or Co would induce the formation of an alloy, and as a
consequence strong changes in the electronic structure of the
systems with the corresponding modification in the spectral
shape of the Co and V L,; XAS, we instead suggest the
presence of long-range spin polarization of the V in contact
with Co, which in addition would explain the measured Co
and V atomic magnetic moments.

B. Magneto-optical properties

Figure 7 displays the complex Kerr rotation and ellipticity
spectra measured from the 30 A Al/m A Co/40 A
V/MgO(100) systems with m=10, 20, and 40. A progressive
reduction in rotation and ellipticity intensities over the entire
spectral range is observed with decreasing Co thickness.

Additionally, the spectra measured from the 30 A
A1/20 A Co/n A V/MgO(100) structures, where n=10, 20,
and 40, are shown in Fig. 8. In this case, despite that the Co
thickness is kept constant, a progressive increase in rotation
and ellipticity intensity is observed for decreasing V thick-
ness, with the rotation spectra even undergoing a sign
change.

In order to understand the contributions that determine the
MO activity of these systems, we developed, as a first step,
simulations of the rotation and ellipticity spectra by consid-
ering only the contribution from the Co layers. These simu-
lations were performed by means of the transfer-matrix
formalism>>°3 where the MO constants of Co were obtained
from a reference 1.2 nm thick Co film’® grown under iden-
tical conditions as the Co/V samples. The agreement be-
tween the simulated spectra and the experimental data was
not satisfactory, even when taking into account the reduction
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spectra of the Co/V samples, and by using the transfer-
matrix formalism we can extract the MO constants of polar-
ized V. The results are presented in Fig. 9, where the MO
constants have been obtained assuming a homogeneous mag-
netic moment distribution in both the Co and V layers. More-
over, according to the XMCD results, the average magnetic
moments of Co and V depend on the sample, and therefore
the MO constants of the Co and V films in each system have
been associated to a unique set of reference MO constants for
Co and V, by using

£ Lsref (3)

Xy = Xy ’
ref

where €, and &"" are the MO constants of the magnetic film
and reference material (Co or V), respectively, and u and
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FIG. 9. (Color online) Reference MO constants for V extracted
from the rotation and ellipticity spectra (dashed line) together with
the reference MO constants for Co (drawn line).

FIG. 10. (Color online) (a) Magnetic moment distribution con-
sidered in simulation 1, in which films with homogeneous magnetic
moments were assumed. A more realistic model was considered in
simulation 2 (b) with an exponential decay (increase) of the mag-
netic moment of Co (V) as the distance to the interface decreases.
(c) Polar Kerr rotation and ellipticity spectra data and simulations
performed according to the models described.

M are the average magnetic moment per atom (measured
using XMCD) of the homogeneous film and the reference
material, respectively. In the case of Co, the MO constants
extracted from the 1.2 nm Co film’® were fixed as reference
MO constants (Fig. 9), assuming a magnetic moment value
of u<0=1.77 ug/atom.*® For V we arbitrarily set the reference
magnetic moment to ,u,:;fz 1 ug/atom.

As can be observed, the absolute values of the MO con-
stants of polarized V are lower than those of Co. Moreover,
the sign is opposite to that of Co, which is in agreement with
the antiferromagnetic coupling between the Co and polarized
V films.

As a second step, we have explored the influence of the
magnetic moment distribution within the films on the MO
activity of a selected representative system, [30 A A1/20 A
Co/20 A V/MgO(100)]. This was done by comparing the
results obtained within the previous approximation, in which
the atomic moments were considered to be constant inside
the films [simulation 1, Fig. 10(a)], and with a more realistic
configuration considering an exponential decay (rise) of the
Co (V) magnetic moments as a function of the distance from
the Co/V interface [simulation 2, Fig. 10(b)]. In both cases
the total magnetization values were adjusted to those mea-
sured by XMCD. For this purpose, the rotation and ellipticity
spectra were calculated using the transfer-matrix formalism,
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considering both models and the reference MO constants
shown in Fig. 9. As can be observed in Fig. 10(c), very
similar results were obtained within both approximations and
also an excellent agreement with the experimental measure-
ments was achieved. This result shows that for the investi-
gated thickness range the MO optical activity does not
strongly depend on the distribution of the magnetic moments
inside the Co and V films, and therefore the results obtained
in the first step of the analysis, in which homogeneous films
were considered, remain still valid. This implies that the ex-
istence of homogeneous magnetization in the V and Co lay-
ers or the presence of exponential decay (rise) of the magne-
tization as a function of the distance from the Co/V interface
cannot be inferred directly from the MO experimental results
and simulations. However, it is worth noticing the need to
consider in both models a large amount of polarization in the
V films in order to obtain a satisfactory agreement with the
experimental spectra. Such a large amount of polarization in
the V films would be more compatible with the formation of
a CoV alloy, as long as the alloy has propagated through
most of the structures. However, no spectroscopic evidence
of alloy formation could be found from XAS (cf. Sec.
IIIA4) or from crystallographic studies.*® Therefore a
model that includes a gradual decay (rise) of the magnetiza-
tions as a function of the distance from the Co/V interface is
favored.

IV. CONCLUSIONS

We have presented a study of the magnetic and magneto-
optical (MO) properties of multilayered
Al/Co/V/MgO(100) structures. The experimental XMCD
results have provided direct evidence of the magnetic polar-
ization of the V atoms through element-specific hysteresis
loops measured at the V L; edge. Also the antiparallel align-
ment of the magnetization between the V and Co layers was
evidenced. A careful investigation of the influence of the V
atomic volume and the Co and V layer thicknesses on the
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atomic Co and V magnetic moment values has been reported.
While—contrary to expectations—no effect of the V atomic
volume on the atomic Co and V magnetic moments could be
observed, a clear effect of the Co and V layer thicknesses on
the magnetic moments has been found. In particular, it has
been shown that the reduction of the Co magnetic moments
propagates into the Co layers and that more than one layer of
V is magnetically polarized, in contrast to recent results from
theoretical calculations. Also the formation of VCo alloy has
been found to be very unlikely for the V,../Coy, system.
The MO experimental results and simulations clearly show
the strong influence of the polarized V layers in the MO
properties of the multilayers. In all MO simulations a large
amount of polarization in the V films has been found, in
agreement with the XMCD results. The combined XMCD
and MO results suggest a long-range magnetization of the V
atoms and a reduction of the Co atomic magnetic moments.
We hope that the present experimental work will stimulate
theoretical studies.
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