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Using x-ray magnetic circular dichrois@XMCD) the vanadium and cobalt magnetic moments at the V/Co
interface have been extracted for different V and Co thicknesses. We find a large magnetic moment induced on
the V that is coupled antiferromagnetic to the Co. For Co both the spin and orbital moments are reduced at the
interface. The evolution of the magnetic moment together with the spectral changes i $heX¥ICD upon
V deposition demonstrate the complexity of the V/Co interface as manifested in its physical properties. We
show how the hybridization at the interface between the Co and V can lead to a transfer of the exchange
interaction, resulting in the modified magnetic moments. The change in the number af RWe3, extracted
from x-ray absorption spectroscopy, shows that the charge transfer over the interface is small, indicating that it
can not be responsible for the change in the magnetic moments.

DOI: 10.1103/PhysRevB.68.174405 PACS nunider75.70.Ak, 78.70.Dm

[. INTRODUCTION the transition temperature in V/Co superconducting multilay-
ers oscillates with the Co thickne¥5This shows that not
The appearance of magnetic moments in elemental metat®ly the V/Co interface might be of importance for phenom-
that are nonmagnetic in their bulk form provides a challengena such as the giant magnetoresistd@R), but also that
ing subject for theoretical and experimental studies. The unthe thickness of the Co and V layers might play an important
derstanding and tailoring of the magnetic properties of newole in superconductivity. Surprisingly, there is no study in
magnetic materials can have a direct technological impact, ifhe literature reported for the V/Co interface, despite its im-
particular for magneto-optical and high-density data storag@ortance for the interesting phenomena mentioned above.
devices. In this context, vanadium, which is paramagnetic in In this paper we present an x-ray absorption spectroscopy
its bulk body-centered-cubicg) form, is a very interesting  (XAS) and x-ray magnetic circular dichroistdMCD) study
element and subject of intense debate and extensive researéh the V/Co interface. We show that the Co atoms induce a
It has been predicted that vanadium could become magnetfrong polarization of the V atoms. The V atoms are found to
through the modification of the electronic structure whichPe coupled antiferromagnetically with the Co film, and the
can be achieved by changing the local geometry of V atom@fluence of the Co and V film thickness on the magnetic
in surfaces, clusters, and alloys, i.e. changing coordinatiomoments of both V and Co is investigated.
number and neighbor distances.On surfaces, vanadium

has_ been pred'ictgd to be nonmagnétiterromagneti(’?,. Il. EXPERIMENT
antiferromagnetié;® and paramagneti®, whereas experi- _ o _
mental results evidence ferromagnéﬁc, antifer- The magnetic thin films were prepared and measimed

romagnetic¢>*3and nonmagneti¢*°behaviors. Also the re- situ and at room temperature. The Co evaporation was per-
sults for the magnetic properties of small V clustefd?are  formed in an ultra-high vacuurfUHV) preparation chamber
contradictory, and the magnetic properties of V compoundoperating in the low-10° mbar while the V evaporation was
and alloys are attracting considerable attention. While thelone in the UHV analysis chamber which remained in the
V/Fe system has been studied extensiv&yless is known low-10"'* mbar during measurements. Controlled evapora-
and understood about other systéttig? in particular the tion of V and Co was performed on a Q00 surface
V/Co system. In the last decade the oscillatory magnetic excleaned by standard cycles of Asputtering and annealing.
change coupling through V layers in V/Co multilayers hasThe Co evaporator was calibrated using a quartz microbal-
been studied. It was shown that, for the existence of antiferance and the thickness of the V films was determined by
romagnetic coupling, the V periadhe spacing between two comparing the intensity jump at the; edge in XAS with

Co layers is 9 A3° However, new studies reported contra- previous measuremerftsWe estimate the accuracy for the
dictory results giving an interlayer ferromagnetic couplingfilm thickness to be within 20%. Different types of samples
independent of the V thickness.A more recent work with monolayer thicknesses were prepared, namehL
showed that the coupling could be strongly affected by the//mML Co/Cu with n=0.15, 0.45, and 0.9 anch=4 and
structure of the Co/V multilayers and by the sharpness of th&0. The chosen Co thicknesses correspond to a film for
V/Co interfaces? This is not surprising since the interface is which the coercive field is not saturaté4-ML Co) and a
believed to play an important role in the oscillatory magneticfilm with maximum coercive field10 ML).>* Note that these
coupling. In the same way it was recently demonstrated thato thicknesses are far above the controversial low-coverage
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ST T T T T T T T T T T T tized x-rays with a degree of circular polarization of 99.9
e +0.1%. A magnetic field of-7 T was applied parallel to
::1;’ 4 — o+ the incident x-ray beam which was at normal incidence to
= — o- the sample surface. The XMCD was obtained by taking the
= difference between the XAS with opposite magnetization di-
% 37 rections. The absence of any contamingimisparticular of
£ magnetic Cr, Fe, Ni, and Gavas carefully monitored using
? 5 XAS.
g
Ez 1o Ill. RESULTS
e a) A. Co L, 3 XMCD and magnetic moments
0 AT PN SO Figure Xa) displays the typical Ct , 3 XAS measured for
02— 4MLCo/Cu opposite magnetization directions. Figure 1b shows the nor-
TTUISMLY/4ML Co/ Cu malized difference spectra, i.e., the XMCD, corresponding to
0.0 different V coverages deposited on 4-ML Co. The figure dis-
) plays for all samples the XMCD normalized to its minimum
S 024 - at the ColL; peak. As can be observed, the changes in the
£ XMCD spectra are small and can be appreciated only in the
S 04 inset showing the enhanced Cg peak.
8 The Co magnetic moments were extracted from the XAS
S 0.6 spectra with opposite magnetization using the sum rifles.
> ] The relation between the orbital momept,, spin moment,
-0.8+ oA N us, magnetic dipole termT,, and number of 8 holes,n;,
b) 7932 793.6 7940 794.4 (all per atom), in the ground state and the intensities of the
B R s e MBARRARSALS Leas san sy difference AA; 3 and sumA, ; spectra integrated over the
760 770 780 790 800 810 corresponding., ; edges is given
Photon energy (eV)
FIG. 1. (a) Typical CoL, 3 absorption spectra for opposite mag- AL L_l w (1)
netization directions(b) Reéulting difference spect(xMCD); the i 3 AztA;
displayed spectra have been normalized such that the XMCD at the
Col 4 peak is the same for all samples. The inset shows an enlarge- st 7T, AAz—2AA,
ment of the XMCD at Cd_, peak. o -z AstA, @

regime where metastable magnetic properties appedrheoretical resul€ indicate that T,/xs<0.1, hence giv-

(<1.8ML),*® and that the deposition temperature is belowing an error inus up to 10% by neglecting,. The extracted

the threshold temperature for the segregation of Cu substrat@lues for the Co magnetic moments per hole are shown in

atoms to the surfac¥. Table |. These values have been obtained assumingrthat
XAS was measured in total electron yield detection mode=0 and that the mixing of the®, and 2, states as well

on beamline ID08 of the European Synchrotron Radiatioras the contribution of thep valence band to the, 3 XMCD

Facility (ESRF at Grenoble, which provides monochroma- signal can be neglected.

TABLE |. Co orbital and spin magnetic momenjs, andug, per & hole, their ratio, the number ofd3
holes,ny,, and the Co and V total momentg,,= u, +ug, per atom for different V/Co film thicknesses
grown on C@100 as extracted from XMCD and XAS. All moments are giveruip. The V total moments
were obtained assuming a constant numberdh8les. The estimated error bars generated by the spectral
analysis(background and double-step function subtraction, integration )iraits also indicated.

Co Co Co Co Co V
/Ny Hs/ny HLlps Nh Mot Mot
4-ML Co/Cu 0.1211) 0.731) 0.1654) 2.0552)  1.743) -
0.15-ML V/4-ML Co/Cu 0.1061) 0.701) 0.1514) 2.0572)  1.653) -1.82)
0.45-ML V/4-ML Co/Cu 0.0901) 0.6741)  0.1343) 2.0362) 1.543) —1.51)
10-ML Co/Cu 0.1171) 0.791) 0.1503) 2.10 1.883) -
0.15-ML V/10-ML Co/Cu 0.1041) 0.791)  0.13%3)  2.11§1) 1.893) -2.1(1)
0.45-ML V/10-ML Co/Cu 0.1071) 0.741) 0.1383)  2.1091)  1.843) -1.92)
7-ML Co/1.8-ML V/Cu 0.1071)  0.691)  0.1554) 2.93q2)  2.344) —1.2(1)
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Sy signal in Fig. Zb) clearly shows that there is a magnetic
19 045ML V/4ML Co/Cu moment on the vanadium atoms. The sign of thelLy;
8.0 XMCD is opposite with respect to the g 3 XMCD in Fig.

] 1(b). Figure 2b) shows that for increasing V coverage, the
XMCD not only changes in size but also in spectral shape.
This shape contains features of both the independent particle
modef”*2as well as the multiplet structufé |t is the com-
bination of these two together that considerably complicates
65: T the explanation of the spectra. A further contribution to the

=] shape might also arise from the relatively large magnetiza-
107 b - JAML gg;g: tion of thesp band that is coupled parallel to thel 3nag-

] ML Co/Cu netic moments in V. Although the study of the evolution of
the V XMCD spectral shape goes beyond the scope of this
paper, it is interesting to note that the XMCD spectrum for
the lowest V coverage resembles those measured for V on
Fe(100) (Ref. 15 and VFe alloy'® On the other hand, upon
increasing coverage, the XMCD spectra show more structure
and become more similar to the spectra measured for Fe/V
multilayer€®3” and superlattice$-?? This is especially the

! case for the V XMCD measured for the 7-ML Co on a thick

i V film (1.8 ML) where most of the features observed for the
g‘g Fe/V multilayerd®®” and superlatticé$ are reproduced.

7.5

XAS (arb. units)

7.0

1)
=
=
<
&

XMCD (arb. units)

7ML Co/1.8ML V/Cu

XMCD (arb. units)
=
E
e

f\/g D. Extracted V magnetic moment

For V the extraction of the magnetic moment from
e — XMCD is more problematic than for Co. This is mainly due
505 510 515 520 525 530 535 to the overlap of thd_; andL, structures which are sepa-
Photon energy (eV) rated by a relatively smallf2 spin-orbit splitting. Figure @)
shows that the XAS branching ratibg/(L,+L3), is close
FIG. 2. (a) Typical V L, 5 absorption spectra for opposite mag- to 1/2. This is a rather large deviation from the statistical
netization directions for both V/Co and Co/V interfaces. Note theratio of 2/3 which is due to the23d electrostatic interac-
presence_of the satellite str_ucture Sin thg case of the 7-ML Cofjon which is mixing thej = 3/2 and 1/2 levels of thecore
1.8-MLV |r?ter.face.(b). Evolution of the resulting difference §pectra hole staté Similarly, thisjj mixing impedes the application
g(oMing):i’t';Z |2grteoa;|2fgavvczl\§ragéc) XMCD corresponding to of the second sum rule leading to large errors. To circumvent
: this, we extracted the magnetic moments following the pro-
cedure used for VCu alloyS. This procedure assumes that
B. Number of Co 3d holes the maximum of the normalized dichroic signal is propor-
Since the XMCD sum rule analysis returns the values ofiional to the magnetic moment with the scaling factor ob-
m In, andus/ng,, we have to know the number ofiholes  tained using a reference sample with known magnetic mo-
to obtain the moments per atom. A knowledgengfis also  ment. The extracted total moments are given in Table I. The
needed to evaluate the influence of the charge transfer at ti@ove procedure might cause some systematic uncertainties
interface. We cannot assume tingtwould be the same at the and a detailed discussion on the validity and limitations of
interface as in the bulk, because the Co-V hybridization caithe procedure has been presented in Ref. 25. Note however
induce a charge transfer between the two metels Sec. that it has been used successfully for alloys with very low V
IV B). Thereforen,, is expected to vary with layer thickness. concentration wherg, andT, can give large contributiofts
According to the XAS sum ruf® n,, is proportional toA; ~ Wwhile here these contributions are expected to be smaller
+A,. Following the procedure used in previous work®  since the V concentrations are higher than for thgsQ¥s 3
the XAS spectra were normalized to the intensity above th@lloy.? As with the sum rule analysigf. Egs.(1) and (2)]
L, edge and the relative change in the integrated XAS signavhere the XMCD is normalized to the XAS, we are compar-
was determined for the different systems. The 10-ML Co/Cung the magnetic moments per hole rather than per atom. In
was taken as a reference, using the value,sf2.1 from the  order to obtain the total moments we have to make an as-
literature™* The values obtained fam,, of each system are Sumption about the number of holes and we assumed that it
given in Table I. is constant. The extractey, in Co for V/Co showed that the
charge transfer is small. For V the relative change will even
C.V L. XMCD bg smaller 'sinc'e there are more holes on the V. Therefqre,
: 23 this correction is not too important for the purpose of this
Figure 2a) represents the typical I/, 3 XAS of the V/Co  study which concentrates on the trends in the V and Co mag-
measured for opposite magnetization directions. The XMCDnetic moments per hole with film thickness.

5] i
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IV. DISCUSSION 22 E @~ Co atomic moment (nV/10ML Co/Cu)

A M . d ] ¥V atomic moment (nV/10ML Co/Cu)
- Magnetic moment trends ] &> Co atomic moment (nV/4ML Co/Cu)

VvV atomic moment {(nV/4ML Co/Cu}

The magnetic moments obtained for the pure Co films
(without V interface are slightly higher than those reported
for face-centered cubidcc) bulk Co?® However, as reported
elsewhere, the Co spin and orbital magnetic moments for the
Co/Cy100 system show a non-trivial behavior depending
on the thickness of the Co lay®.*8 The discussion of this
behavior is however beyond the scope of the present contri
bution.

As can be seen in Table I, upon V deposition the Co
ms/ny andu /ny, are both decreasing and the raip/ g is
going down. This effect is more pronounced for the thinnest
Co film, indicating that the effect is confined to the interface.
On the other hand, the V moment decreases with increasini
V coverage, as already reported for V(E@0)." This is 4] 1
probably due to the quenching of the V moments because o UL S LA AR AR R AL LR AE) EAALLEARRY

the increase in V neighbors and decrease of the average V- 0.0 0.1 02 . 0.3 0.4 0.5 0.6
distance. Vanadium coverage (ML)

The V moments are exceptionally high although overall FIG. 3. Evolution of the V and Co atomic magnetic moments,

they compare reasonably Wg" with previous studies per,, “\ith the thickness of the Co and V films as extracted from
formed on V/Fe superlattices®(~1.5ug and~1.1ug, &= Taple I. The V moments are shown with opposite sign.
spectively, hyperfine V particle¥ (~1.25u4z) in the dilute
V limit, in VCu alloys®® and the calculated value for the
VAu, alloy*® (~1.7ug). The largest V atomic moment
found here (2.4g) is far from those reported for the FeV ~ The reduced spin moment for the Co, the induced spin
system; however, it is not incompatible with the values pre-moment for the V, as well as their antiparallel coupling, can
dicted for free and supported V clustér¥ Large V atomic  all be understood as a direct consequence of the Co-V hy-
magnetic moments are favored in our case since the V atonkidization across the interface. In bulk Co, the Band is

are strongly polarized by the Co atoms while the V-V dis-spjit into an almost filled spin-ugmajority) band and a
tance is increased due to the very low V coverage. It is inpartly filled spin-down(minority) band. In bulk V, the partly
teresting to note that like for V/Fe superlattices, the magneti¢jeq 3d bands are degenerate in spin and located in energy

moment of r\}/_increa;es with dhgclr(easing \I/ thickneis ;”0,' IN3hove the Co bands. The centroids of the spin-up bands of
creases with increasing F€o) thickness. Also remarkable is Co and V are energetically well separated so that the hybrid-

the S‘F‘.’”g rgductlon of the Co magnenc mo.ment upon Vization (mixing) at the interface will be small. On the other
deposition like for Fe magnetic moment in the V/Fe

systen??2These trends are illustrated in Fig. 3 showing thenand, the centroids of spin-down bands of Co and V bands
evolution of the V and Co atomic magnetic moments with&'€ .ene_rgetlcally close together so that a relatively I-arge hy-
the thickness of the Co and V films. Calculations for VFebr|Q|z_at|on b_etween these band_s develops at the interface.
indicate that the V orbital moment contributes ori2% of 1 1iS iS pushing down the Co spin-down band, thereby nar-
the V total moment’ Assuming that this is also true for the OWing the distance to the Co spin-up band. In other words,
VCo system, the strong reduction of the V moment upon ythe exchange 'Sp!lttlng decreases, and the f|II|ng.of the spin-
deposition of 10—15% is likely to indicate that the V spin down band will increase at the cost of the spin-up band,
moment is drastically reduced upon increasing doses of V. hence the Co spin moment will decrease. For V the hybrid-
Without extracting the absolute moments, it is alreadyization results in a splitting of the spin bands with the
possible to deduce from the overall spectral distribution ofspin-up band having a lower energy. Since thed/tfand is
the V L, 3 XMCD that the V spin and orbital moments are less than half filled this results in a V spin moment that is
coupled antiparallé? Comparing the signs of the XMCD coupled antiparallel to the Co spin moment. It can be envis-
shows us that V and Co have the orbital moments parallehged that this model of exchange-splitting transfer due to
and the spin moments antiparallel. Hence, the total momentsybridization should apply generally at the interface of two
of these metals are coupled antiparallel. metals. The effect is very large when one metal has a more
than half-filledd band and the other a less than half-filled
S band> The experimental observation of a reduction in Co
B. Influence of the hybridization ws/ny, and the presence of an antiparallel spin moment on V
We shall now place the above quantitative results for theupon interface formation is a clear proof of the hybridization
magnetic moments, as obtained from XMCD, in the “biggereffect. Furthermore, the decrease of the spin moments with V
picture” emphasizing the important role of the Co-V hybrid- deposition clearly shows that the effect is restricted to the
ization at the interface. interface.

(mp)
[\

>
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tic moment

ic magne

Atom

1. Spin moments
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2. Orbital moment for coverages above 1 ML, V grows in four domains of
54
Compared to the spin moment, the decrease in the C?Cdllo) on CU100™ and that Co grown on QW00 has a

5-57 H
orbital moment per hole at the interface is less straightfor!Ct structure;* there is—to our knowledge—no structural
ward to understand. The orbital moment depends strongly off’ €lectronic study reporting on the properties of V/Co or

the orbital symmetry of the spin-split states near the Fermfc0/V interfaces. A forthcoming contributidhwill address

level within a typical energy range determined by the effec-1€S€ Specific issues. _ _
Interestingly, we observed a strong satellite structure in

tive d spin-orbit interactio?? Similar to the exchange- ) 2
splitting transferSec. IV B 1), the hybridization will cause a the VL2 zabsorption spectruiifabeled S in Fig. @] for the
transfer of the spin-orbit splitting at the interface between thé-0/V/CU100) interface that was not observed for the V/Co/

two metals. For instance. it has been shown that at the FepyU(100 interface. This satellite structure is located at a simi-

interface, where the W & spin-orbit interaction is much '@ energy position as for the V/Fe systéfMore investiga-

larger than that of the Fed3 there is an enhancement of the tion is needed in order to understand the origin of such a

Fe orbital moment! Therefore, we can expect a reduction of satellite structure, and in particular to correlate it to the pres-

the Co orbital moment at the Co/V interface, since the spinENCe(0r absenceof a van Hove singularity at thi point of

orbit interaction of the V 8 is about three times smaller than th€ bec Brillouin zone, as recently suggested for the V/Fe
that of the Co 3. systent’ If the satellite is due to a van Hove singularity, its

appearance could indicate a strong change in the electronic
3. Charge transfer structure that can modify the charge transfer and, conse-

. quently, the magnetic moments.
Apart from a transfer of electrons from the spin-up to

spin-down band in Co and a reversed transfer between the
spin bands in V, we should also consider the possibility of a
charge transfer between V and Co. Such a charge transfer Summarizing, we have presented iansitu study of the
could be expected from the difference in electronegativitymagnetic moments at the V/Co interface using XMCD. We
between both metals that can lead to a transfer of electrofgund for submonolayer coverages that the Co induces a
over the interface from V to Co. The excess nuclear charggarge magnetic moment on the V atoms. The evolution of the
displaces locally the mobile electrons close to the Fermco and V magnetic moments are in agreement with the ex-
level, until the displaced charges screen out the nuclegsectations from a general model where the hybridization in-
charge exactly. This effect occurs at the interface over disduces a transfer of the exchange splitting between the two
tances in the order of a few interatomic distances, i.e. thénetals. The reduced exchange splitting at the Co interface
screening is strongly localized. The resulting change in théeads to an increase in the filling of spin-dowminority)
density of states near the Fermi |é?é3 can give a further states at the cost of the occupied Spin(m[ajority) states,
modification of the spin and orbital magnetic moments in thenence reducing the Co spin moment per hole. The induced
magnetic layers. In Co with only few spin-umajority) 3d  exchange splitting at the V results in an induced spin mo-
electrons close to the Fermi level, the screening is almostent that is coupled antiparallel to the Co moment. The de-
uniquely due to spin-dowfminority) 3d electrons. Relativ-  crease in both the Cas/n;, and V u,; with V deposition is
istic local spin density calculationistypically give a value a clear proof that this is an interface effect. The changes in
for the charge transfer of 0.1 electron for the first interfacethe spectral shape of the IV, 3 XMCD with Co and V thick-
ML. This would correspond to a changemy of —4% for  nesses are highlighting the complexity of the Co/V interface.
Co and+2% for V. In reality, these numbers could be much The V L, 3 XMCD spectrum m|ght also show a noticeable
larger as was evidenced for the Ni/Co interface, where thenfluence from the the spin polarizep band, which would
experimentally observed charigén ny, largely exceeds the merit further study. Certainly, further experimental and the-
theoretically predicted valu®. oretical work is required to obtain full understanding of these
The experimentally obtained number of Cd 8oles for  systems where we hope that the present study has contrib-
the different V on Co systems extracted from XAS areyted to the understanding of the Co/V interface and superlat-
shown in Table I. Compared to 10-ML Co/Cu, we find atices that are of interest for GMR and superconducting phe-
slight decrease inn,, for 4-ML Co (—2%), 0.15-ML  nomena.
V/I4-ML Co (—2%) and 0.45-ML V/4-ML Co 3%),
whereas no significant changes are observed for both 0.15- ACKNOWLEDGMENTS
and 0.45-ML V on 10-ML Co. On the other hand, there is a
strong increase for 7-ML Co/1.8-ML V40%). These results We acknowledge the European Synchrotron Radiation Fa-
indicate that the charge transfer from V to Co is very smallcility for provision of synchrotron radiation facilities and we
when V is deposited on Co thin films but considerably largemwould like to thank K. Larsson and N. B. Brookes for the
in the opposite case, i.e., when Co is deposited on a relasupport on beamline ID08. Y.H. acknowledges the Spanish
tively thick V film. This behavior could be due to structural “Ministerio de Ciencia y Tecnolog,” “Comision Intermin-
effects of the V film(roughness, structural defecthat are isterial para la Ciencia Y la Tecnol@yCICYT,” “Consejo
known to modify significantly the electronic structure and Superior de Investigaciones Ciditas—CSIC,” and Ramo
magnetic propertie$*® Whereas it is well established that y Cajal program.
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