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Induced spin polarization in V:Fe,V, superlattices and thin V films on Fe substrates
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The spin polarization at th€l00) and (110 Fe/V interfaces is investigated using the tight-binding linear
muffin-tin orbital method. For both E¥,, superlattices and thin ) flms on Fe substrates we consider
epitaxial growth of V with in-plane interatomic distance equal to that of Fe and out-of-plane interatomic
distance fitted to recover the volume of V bulk. We obtain a short-range induced spin polarization in V, as well
as reduced Fe polarization at the Fe/V interface. IgMgesuperlattices, V couples always antiferromagneti-
cally with Fe. For thin V films grown on F&00) the V polarization presents oscillatioflayered antiferro-
magnetic configuration The magnetic moments of V and Fe depend on the crystallographic orientation of the
sample. Our results are compared with the existing experimental observé86i63-1829)03521-3

[. INTRODUCTION slab, and that this behavior seems to be independent on the
orientation of the sample. These experimental data are in
Metallic V is known to be nonmagnetic, but magnetic total contradiction with all previous theoretical studies about
susceptibility measurements showed a magnetic response tinese Fe/V system$;'® which indicate that the induced
V particles? Several calculations in the 197@spredicted magnetization of V decays very quickly as increasing V
that slight structural changgselaxations, reduction in the thickness, and show that the magnetic profiles of these su-
coordination may induce magnetic ordering in V systems. perlattices should depend on the epitaxial orientation.
Nevertheless, later studies of magnetism in different V sys- In the case of V overlayers on Fe substrate, experimental
tems(V bulk, surface, and V overlayers on noble metalisl works?®~?®have found evidence of a net magnetic moment at
not get a clear answer to this questfthAt that point the  the V interface, which couples antiferromagnetically with Fe.
research work was concentrated on Fe-V systems, due to tWalker and Hopstéf observed that the surface of a 2-ML V
fact that the hybridization between V and a strong magnetioverlayer on FE.00 is aligned parallel to the Fe interface,
element like Fe could induce magnetic ordering in V. Bothwhile Fuchs, Totland, and Land&lfound oscillatory behav-
neutron-diffraction studids  and first-principles ior for thicker coverage&§3—4 ML). On the contrary, Finazzi
calculation$® displayed sizeable magnetization on V atomset al? did not find this oscillation and showed that for dif-
in disordered FeV alloys. Also Korringa-Kohn-Rostoker ferent V coverage$l-25 ML) the V was always antiferro-
Green-function(KKRGF) studies for V impurities in F&'°  magnetically coupled with the Fe substrate, claiming that
and adsorbate V atoms on Fe subsffagave significant “only the first interface V layer has magnetic alignment due
magnetization for V. This induced spin polarization of V hasto direct exchange interactions with the Fe surface atoms.”
been also predicted for Fe/V interface systems by severdlhe available theoretical calculatidig®!’ about these
theoretical workg?~17 samples predicted fa V ML on Fg100 and induced mag-
Fe/V interfaces can be produced easily using differenhetic moment antiparallel to Fe magnetization, but as they
techniques like molecular beam epitaxy or sputtetfig®  are relatively restricted to one ML of Yand only in the 100
These systems are quite interesting, not only from the funerientation they could not investigate this oscillatory behav-
damental point of view but also for their possible applica-ior of the V overlayers which has been found experimentally.
tions. The analysis of these Fe/V interfaces is delicate. The- From all these studies on Fe/V interfaces, it is clear that
oretical and experimental works concerning the same sampbbere exists an induced magnetization at V interfacdues
have led sometimes to contradictory results. Even among thieom 0.3ug to 1.5ug) antiferromagnetically coupled with
different theoretical calculations as well as among the existthe Fe substrate, and a decre&se20% in the magnetiza-
ing experimental studies one can see important discrepanion at the Fe interface atoms. However, there remains a
cies. Let us briefly summarize the state of the art for both thestrong controversy in two pointsi) the short- or long-range
superlattices and the overlayers. induced spin polarization in V an@) the dependence of the
For Fe/V superlattices, all studies have found that Vmagnetic profile of the Fe/V interfaces on the crystallo-
couples antiferromagnetically with the Fe interface and thergraphic orientation.
exists an induced magnetization in V interface atoms due to In order to clarify those points and also to investigate the
Fe. Recent x-ray magnetic circular dichroig®¥MCD) ex-  oscillatory behavior of the V magnetic moments in V over-
periments by Tomaet al!® and Schwickeret all® pointed  layers on Fe, it is neccesary to perform a systematic study of
out that the magnetization of V decreases monotonically anthese Fe/V interface systems as a function of the V thickness,
slowly as going from the interface to inner layers of the V epitaxial orientation, and possible intermixing, within the
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same theoretical model. It is the aim of the present work to (100) (110)

do such a systematic study by performialy initio calcula-

tions of the magnetic behavior at Fe/V superlattices and thin 2f + ]
V films deposited on Fe substrate by using the TBLMTO 1 b III III 1 III III ]
method. We have studied Bé, superlattices fi=1-11) 0 I

simulating the experimental samples of Tonezl 8, con- il -

-1

sidering only ferromagnetic Fe-Fe exchange coupling be-
tween Fg slabs because Schwickeittal1° have shown only 2t T

this coupling for this range of V thickness. For V overlayers r I I T I I
on Fe we have calculated the magnetic moments at different o | oo 1 o

V coverageg1-4 ML). In order to analyze the dependence ~

of the magnetic behavior of these systems with the crystal- 3, , | i ]
lographic orientation, we have performed calculations for 2 0 II 1 1
two different faces(100) and(110), in both the superlattices @ I I

and the overlayers. g of o0 T == ]

The paper is organized as follows: in Sec. Il we briefly g -1
comment on the theoretical model. In Sec. Ill our results for © 2} T
the superlattices and thin V films on Fe are presented and¥% 4| III III I III
discussed. The main conclusions of the present study are§, 0 -
]

summarized at the end. 1

Il. THEORETICAL MODEL 2r III

The calculations are performed using a scalar-relativistic

version of the k-space TBLMTO methdd?® with the o O ] = = 1
atomic-sphere approximation. This method is based on the -1

local spin-density approximatiéhof the density-functional 2t T ]
theory®® We have taken F#/, superlattices and overlayers 1f I I I I 1 III III :
for n=5 ML, but it turned out that the results were not of WU _ T A—

affected by the Fe thickness, when we take five or more Fe  _,
layers. Therefore E¥,, superlattices fi=1-11 ML) and
FeV, overlayers (=1-4 ML) have been finally consid-  FIG. 1. Magnetic profiles(in units of ug) of F&Vp (m
ered in our work. The lattice parameters of both Bg( = 1:3.57.9,11) superlattices f¢200 and (110 crystallographic
=529 a.u.) and V &,=5.61 a.u.) bcc bulks have been orientationgleft and nght_panels, respectivglyDark bars represent
obtained by total-energy minimization. Assuming pseudo-the values of the magnetic moments of Fe layers whereas open bars
morphic growth, the in-plane interatomic distance of V j correspond to V.
chosen to be the same as the calculated lattice parameter of )
bce Fe, whereas the V-V out-of-plane interatomic distance ig? V for both the(100) and (110 crystallographic faces. In
determined according to the constant volume approximatiorf:i9- 1 we report the magnetic profiles for=1,3,5,7,9,11.
The Fe-V interface distance is chosen as the arithmetic medrPr m=7,9,11 the spin polarization at the third V layer start-
value of the calculated Fe and V lattice parameters. The callg from the Fe interface, as well as at inner V layers, is
culations are performed using an increasing numbek of nearly zeraas itis the case at the central layer of¥e: see
points, until final convergence is obtained for at least k35 Fig- D. _
points in the irreducible Brillouin zone. In the case of thin v In the left panel of Fig. 1, we show the results for the
films on Fe we consider enough layers of empty spheres t6L00 orientation. We see that V is coupled antiferromagneti-
assure that there is no interaction between the V surfaces 6flly with Fe for all thicknesses The induced spin polariza-
adjacent superceft(five monolayers of empty spheres were tion at the V interface has a sizeable value varying from
enough. 0.65up for FeV, to 0.35ug for m=3. It is also clear the
For all V thicknesses, we have considered the ferromagstrong decrease of the V polarization as going from the in-
netic (FM) and the layered antiferromagneti&FM) con- terface to the inner layers of the V slab, the second V layer
figurations, with the parallel and antiparallel couplings be-having less than Odg . Another relevant trend is the reduc-
tween Fe and V at the interface. Ind%, superlattices, for tion of the magnetization at the Fe interface atoms as com-
V thicknessm=1,3, we have also considered the in plane-Pared to the bulk, while at inner Fe layers the magnetic mo-
AFM configuration, namely(2x 2). This magnetic solution ments slightly oscillate around the bulk value. .
has not been found and thus for higher V thickness it was not The right panel of Fig. 1 reports the magnetic profiles for
considered. For thin V films on Fe we have taken g2  the same V thicknesses as in ti®0) crystallographic ori-

X 2) configuration as a valid input in all cases. entation. V at the interface couples antiferromagnetically
with Fe, as in(100 superlattices, but the absolute values of
Ill. RESULTS AND DISCUSSION the induced spin polarization are lower than those corre-

sponding to thg100) orientation. The V moments are also

strongly reduced as going from the interface to the inner V
The results obtained in the case ofs¥g for m layers. In summary, we obtain a short-range induced spin

=1,3,5,7,9,11 show a short-range induced spin polarizatiopolarization in V due to Fe for Fe/V superlattices grown on

A. FesV,, superlattices
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(100) (110) convergence towards the V bulk limit is clear as increasing
‘ - : - the number of V layers, but small differences between the
20 b | il : _ LDOS of the two orientations remain as a consequence of
the slightly distorted different V bulks for thet00) and the
10 r T i . (110 faces.
o Our calculations are in very good agreement with previ-

ous theoretical results that show a short-range polarization of

V in Fe/V superlattice$~® and orientation dependence of
Fe.V, ! Fe.V, E the magnetic behavior. Our results, however, are not in good
20 ; ; , ; | , agreement with the x-ray magnetic circular dichroism

(XMCD) measurements of Tomaat al*® and Schwickert
et al!® In these experiments the reduction in V magnetic

. 1 . moments as going away from the interface seems to be
' slower, supporting the existence of a longer range induced V
0.0 ‘ :

polarization in Fe/V superlattices. They also find the same

20 -

magnetic behavior independent of the crystallographic orien-

Density of States (eV ")

For the superlattice with one V monolayer they find more

10l 1 than twice our calculated value (g as compared to
: 0.65ug), and for all V thicknesses they find much higher
0.0 ! values than in all previous work@é which V polarization at

the interface never reachul). In order to explain the dis-
T Fev crepancies between theoretical and experimental results, the

authord®*® pointed out that the presence of interdiffusion or

-0 Fe,V, | Fe, ! i tation, while we obtain measurable differences between the
20 ‘ | : magnetization at th€100 and(110) interfaces. Concerning
20 | : the absolute values, they obtain very large V magnetization.

50 -100 50 00 50 intermixing at the Fe/V interface could be the origin of the
Energy (eV) enhancement of V magnetic moments. However, various ex-
perimental studies concerning the growth of Fe-V
system$'?2have reported good epitaxial growth up to 7 ML
(Ref. 22 and 9 ML (Ref. 21 of V and find that V deposition

on the F¢100 surface induces the formation of an abrupt
interface without any diffusion in the Fe substrate. Even as-
suming the intermixing at the interface, experimental and

both the (100 and (110 crystallographic orientations. For theoretical works for ‘?‘"03%8 and for V impurities in Fe
the (110 superlattices, the reduction of the Fe interface mag{Refs. 9 and 1Dnever find such a large magnetization for V.
netization with respect to the bulk is less important than fove have also perfqrmeq a CE.llculatl_()r_] for the
the (100 superlatticegsee Fig. 1 F%/F%,5V0_5/V1 sgperlatt]ce(wnh Fe-V mtermlxmg at the

We can understand the quantitative differences obtainetiterface and we did not find a high magnetic moment for vV
for the two orientations by analyzing the different local &t the |nte£face, in good agreement with a previous works by
chemical environment. In th€l00) orientation, V has more Coehoorfi’ for a similar system. Another disagreement be-
Fe nearest neighbors at the interface than in(14€) orien- tween all thgoretlcallgyork$|ncludlng OL_|r$ and the cited
tation and thus larger Fe-V hybridization takes place. Therez(M_CD.expenme_nt%S ~“is that no reduction of the Fe mag-
fore the induced magnetization in V due to Fe results |arge_pet|zat|on at the interface is observed, SO that Fe at.oms at the
in the (100 superlattices than in th@ 10 ones. For the same interface should h'ave the same magnetization as in Fe bulk.
reason, Fe is more influenced by V in @0 superlattices Morezcgver, experl_mental measurements of P_oulopoulos
than in the(110) ones, leading to a stronger reduction in the€t & found this sizeable decrease in Fe magnetic moments
Fe magnetization at th@00) interface than at théL10). All at the Fe/V interface in good agreement with the theoretical
this is illustrated in Fig. 2, where we plot the local density of "eSults.
electronic stateg DOS) at the central V layer of the super-
lattices FeV,, (m=1,3,5). The Fe-V hybridization effects
are evident for Rg¢/,, particularly through the splitting of
the majority and minority spin components. The hybridiza- Concerning V thin films on Fe substrates, the experimen-
tion is more important for the occupied states than for theal result$®~2° do not coincide in some significant trends.
states above the Fermi level in both crystallographic orientawalker and Hopstéf reported an oscillatory behavior in the
tions (due to the fact that thd band of Fe is more than half magnetization of V overlayers on @&0), finding that 1 ML
filled and thed band of V is less than half filled The hy- of V couples antiferromagnetically with the Fe substrate
bridization is also more important for tH&@00) than for the  while the surface of a 2-ML V film is coupled ferromagneti-
(110 and it reduces very fast as the V spacer increases. Atally with the Fe interface. These oscillations have been
Fe;Vs no spin splitting exists for thél10) orientation and a  found also by Fuchs, Totland, and Landolut for different
very small one is still appreciable for th&@00) face. The V coverages(3—4 ML of V). In contrast, Finazzet al?3

FIG. 2. Local density of electronic statdsDOS) at the central
V layer of FgV,, (m=1,3,5) superlattices fof100 and (110
crystallographic orientationgleft and right panels, respectivgly
The vertical dashed line corresponds to the Fermi level.

B. V overlayers on Fe
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£ 11 T 1 In the case of th¢110) crystallographic orientatiofright
§ 0 = ol ] panel of Fig. 3, our calculations give quite surprising but

also interesting results. For all V coverages the local mag-
netic moment of V at the interface is antiparallel to that of

L 21 - the Fe substrate, but for a single V ML on(E&0 we obtain
a surprisingly small V magnetization (0,058). We have
T ] tested, as input, the in-plane AFM configuration, namely

c(2X%2). However, we could not converge it in our calcula-
tions. For 2, 3, and 4 ML, the magnetic behavior is similar to
-1 1 the one observed in tH&00) orientation, with oscillations in

FIG. 3. Magnetic profilegin units of ug) of V,, overlayers Fhe V magnetization as well as the_ short-range V polarization
(m=1,2,3,4) on FELOO) and F€110) (left and right panels, respec- induced by the Fe substrate. As in the case of the superlat-
tively): dark and open bars as in Fig. 1. tices, the V magnetization is larger for tE00) orientation
than for the(110) and the reduction of the magnetization at
the Fe interface is larger fgd00) overlayers than fof110)

. . . ones. These trends can be explained, as for the superlattices,
have observed antiferromagnetic coupling between V' layerg, yorms of the different local chemical environment at the
and the Fe substrate for all coverages investigdtee?5 1,4 orientations.

ML), that is, no oscillations have been observed. All these The effect of Fe-V intermixing on the magnetic properties

experimental groups have obtained a fast decrease of thg the overlayers has been also analyzed at the first stage of

magnetization at the surface of the V films as increasing thene growth in the(100) direction, that is for the simplest

V thickness, flndlng that for more than 4 or 5 ML, the V ordered surface a||oy EéFQ)SVOS The results, shown in

surface is nonmagnetic. Fig. 4, display a very enhanced magnetic moment in V. This
In Fig. 3 we present the magnetic profiles for 1, 2, 3, andresult is in good agreement witlab initio KKRGF

4 ML of V on Fg(100 and on FéL10 obtained in our cal- calculation$®*! for V impurities in F&100) surface layer.

culations. For the(100) crystallographic orientatior(left

panel of Fig. 3 the V interface has a significant magnetic

moment induced by the Fe substrate independently of the V

coverage. In the case of a single V. monolayer of1B6) the We have performed TBLMTO calculations of the elec-
magnetic moment of V is=0.7ug . This value is in excellent  tronic structure and magnetic properties of two different
agreement with previousb initio calculations by Handschuh Fe/V interface systems: superlattices and V overlayers on Fe
and Bligel,"® and also with the experimental work of Walker substrate. We have tested the dependence of the magnetism
and Hopste? in which they find that the magnetization of with the crystallographic orientation by studi@00) and

the V overlayer on RA00) must be less thatdg. As V (110 faces.

coverage increases, the V. moments at the interface decreaseln Fe,V,, superlattices, we find that the V interface has a
up to a value of=0.35up (see Fig. 2 This value is consis- sizeable magnetic moment coupled antiferromagnetically to
tent with the experimental measurements at the V interfacéhe Fe substrate. We obtain a reduction in the magnetization
(0.3ug) reported by Fuchs, Totland, and Landdlfor a  of the Fe interface atoms as compared to the bulk. V mag-
similar system. We obtain the oscillatory behavior reportechetic moments decrease very quickly from the interface to
in part of the experiment$® for 3 ML of V on Fg100. inner layers of the V slab, so we conclude that there is an
Moreover, for coverages thicker than 4 ML, the V surface isinduced short-range polarization of V due to Fe substrate.
nonmagnetic, in agreement with the experimentalThe magnetic behavior of the system depends on the crystal-
studies™~?® Finally we obtain a decrease in the magnetiza-lographic orientation. The V interface in tH&00) orienta-

tion of the Fe interfacdabout 20% which is also in good tion is more magnetic than in ti&10). At the same time, Fe
qualitative agreement with the experiments. interface shows smaller magnetic moments in (th@0) ori-

I
-
LN

N

-
T

or O— %% =TT

IV. SUMMARY
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entation than in(110). This fact is explained in terms of the coincides with the measurements of Fuchs, Totland, and
different local chemical environment of Fe and V for theseLandolt?® For coverages thicker than 4 ML, the V surface
two orientations. Our results are in very good agreemenpresents no magnetic ordering. As in the superlattices we
with previous theoretical studi€s'* and some experimental find a reduction in the Fe interface magnetization as com-
data?® but not in good agreement with the experimental re-pared to the bulk value. F6L10) direction, our results seem
portS of Tomazt a|.18 and Schwickeret al.lg More Specifi- to be more Compncated_ We have found a near'y nonmag_
cally, the long-range polarization of the V spacer is at oddhetic solution for a single V overlayer on @40, but we
with the present resultand all previousab initio calcula-  think that this may not be the more stable configuration,
tions) displaying for FgV, superlattices a short-range polar- being necessary the search of more complex magnetic con-
ization. One way to explain this long-range polarization is ¢ \rations. This possibility has been also pointed out by
introduce pinholes, i.e., an Fe bridge connecting two Fe Slabﬁawrathet al®for ultrathin epitaxial Fe layers on(¢10) in

through V spacer. Up to now only semiempirical-type calcu-, . they find that a 3-ML Fe film has no in-plane magne-
lations were suitable to solve this type of problem, as per-

. ; tization. For thicker coverages, the trends are similar to those
I?ilr;ni?sb)t/n:{[zt?wlg ZQdeIrDir’igr?tggg%“nn(t)rt]?‘i:(?Seevi(zifeigéctr)/flztiisObtained for thg100) orientation, but the values of the mag-
Yers, P netic moments of V are smaller. The reduction of the mag-

kind of defects in these FeV sampf¥s. netization at the Fe interface is also smaller. As in the super-

finént;g(ta ML g; Y/ t::]nljgrgsac:in E:dfﬁgO)a?;‘fé]t\?vti't%”t'h"geFe lattices this effect can be explained in terms of the different
9 P local chemical environment in the two orientations.

substrate, and has a measurable magnetic moment @§0.7

wich is in very good agreement with previowb initio This work was supported by NATGCRG 960975,
calculation$® and also with experimental data.we find  TMR-Network (FMRX-CT96-0089, and Junta de Castilla-
also the oscillations in the V magnetization for 3 ML of V, in Leon (Grant No. VA 70/99. One of ug(J..) acknowledges a
good qualitatively agrement with experimental d&t& The  F.P.l. grant from M.E.C. of Spain. We would like to thank
magnetization at the V interface decreases as we consid&r. M. A. Khan, Dr. W. Grange, and Dr. G. Harp for fruitful
thicker coverages of V to a limit of about 0,85, which  discussions.
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