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Recentn situ polarized neutron-reflectometry and magneto-optical Kerr effect measurements have displayed
a few magnetically dead Fe layers deposited 0h19). We have performedb initio density-functional theory
calculations in order to explain thee priori unexpected results. An ideal layer-by-layer growth of Fe on the
V(110 surface leads to the ferromagnetic solution for every Fe thickness. However, if alloying is present at the
interface, a strong decrease in the Fe magnetization is found. We discuss the different magnetic configurations
and the possible mechanisms that can produce the observed magnetically dead Fe layers.
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Nawrathet al}? have investigated the magnetic proper- atomic-sphere approximation. Detailed information about the
ties of thin Fe layers epitaxially grown on gM0) substrate  method can be found elsewhérgThis ab initio method is
usingin situ polarized neutron reflectivity (PNR) comple- based on the density-functional thedrfor the exchange
mented with in-plane magneto-optical Kerr efféd M OKE) and correlation functional we use the local-density approxi-
measurementsThe samples were produced using both elecmation (LDA) in the formulation of von Barth—Hedfrbe-
tron beam evaporatiori and molecular-beam epitaXyhar-  cause with the generalized gradient approximatiGGA)
acterizing the structural quality of the samples by Augerwe obtained a strong overestimation of the V magnetization
electron spectroscopy and low-energy electron diffractionin some FeV systentsand the LDA have been used success-
For a Fe film thickness of 6 A %3 ML) the authord  fully in previous calculations for Fe/V interfacé.
found nearly negligible in-plane magnetic moment in the We modeled the structure of the samples using a seven-
samples. For thicker Fe coverages40 A) they always layer V film in the(110) orientation to mimic the V substrate.
measured valuable magnetic moment in the Fe film, almosthis is an appropriate approximation because these results
constant for a wide range of temperature. These are unexre not affected by the V thickness when considering thicker
pected resultd;® because Fe is a ferromagnetic material soV slabs in our calculations. The lattice parameters of both Fe
that magnetic ordering was expected even for very low cov{ar.=5.29 a.u.) and V §,=5.61 a.u.) bcc bulks have
erages on Y110. As an explanation for the presence of been obtained by total energy minimization. Assuming
those “dead magnetic Fe layers,” the autHopsoposed that pseudomorphic growth, the in-plane interatomic distances
their experimental technique®NR and in-plane MOKE (V-V and Fe-F¢ are chosen to be the same as the calculated
were not able to detect the component of the magnetizatiofattice parameter of bcc V, whereas the Fe-Fe out-of-plane
perpendicular to the surface. Anisotropy effects could fix thanteratomic distance is determined according to the constant
orientation of the magnetization perpendicular to the surfac&olume approximation due to the lattice mismatch between
hiding the spin polarization in the measurements. Indeed, aRe and V. This approximation is recommended by experi-
increase of the Fe coverage orf1¥0) could turn the mag- mental observations, and consists in maintaining for Fe and
netization to in-plane orientation so that it can be detected/ atoms of the samples the same volume as they have in
with the techniques employed. Very recently the same autheir respective bulks. The Fe-V interface distance is chosen
thors performed additional polar MOKE measurements oras the arithmetic mean value of the calculated Fe and V
the same sampléginding also no out-of-plane magnetic re- lattice parameters. We model the LMTO supercell by consid-
sponse, thus confirming the presence of Fe dead magnetizing enough layers of empty spheres to assure that there is
layers at least for the first 2—3 deposited ML, and excludingno interaction between the Fe surfaces of adjacent
the anisotropy effects as the cause of this behavior. supercell§' (5 ML of empty spheres were enougfThe cal-

It is the aim of this paper to analyze the possible origin ofculations are performed using an increasing numbek of
these dead “magnetic” Fe layers deposited ofl10), by  points until final convergence is obtained for at least k35
means of arab initio study. For this purpose we have simu- points in the irreducible Brillouin zone. For all Fe thick-
lated different structural scenarios for the Fe/V interface, nonesses, we have considered the ferromagriEtt) and the
only the perfect FeV interfaces, but also possible phenomenayered antiferromagnetic configuratiowith the parallel
of intermixing and interfacial roughness. Our calculationsand antiparallel couplings between Fe and V at the inte)yface
are performed using a scalar-relativistic version of the tightand also more complicated configurations like @& X 2)
binding linear muffin-tin orbitals methoLMTO) with the  solution.
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magnetic ordering of the samples, and therefore it cannot be
the origin of a quasinonmagnetic configuration consistent
with the magnetically dead layers.

Let us explore now the situation when Fe/V intermixing
takes place. We simulate this phenomenon by considering
ordered alloyed FgoVso0, layers deposited on the(¥10
substrate. We have calculated the magnetic map for the fol-
lowing samples with ideal ordered alloying at the Fe/V in-
terface. We start witm=1-6 ML of Feyy,Vs5qy Ordered
alloy deposited on Y110). This system will be denoted as
V(110)/(Fg Vo5, and corresponds to a deposition of 1-3
pure Fe ML, where the experimental measurentérfisund

FIG. 1. Simplified modeling of some structural defects at theNO Magnetization in the samples. We also considered the or-
interface formed when Fe is deposited ofl¥0) substrate. Black dered semi-infinite alloy on thel10) orientation as the lim-
and open balls correspond to Fe and V atoms, respectively. Thi#ing situation. Then, we studn=1-4 ML of pure Fe on a
magnetic moment at each atom of the sample is reported in thglab of six Feyy,Vsee layers deposited on (£10. These
figure. Only a portion of the semi-infinite system is illustrated. systems, denoted as V(1)I0F&,V, )/Fe&y,, correspond to
[re coverages of 4-5 ML, for which the experiméntound

perfect FeV interface, analyzing the magnetic properties of flear magnetic or_derlng. The m_agnetlc maps obtalne(_j f°'f the
and 2 ML of Fe deposited pseudomorphically on tha10) most representatlve samples c_|ted above are shown in Fig. 2.
substrate. Only the ferromagnetic configuration is obtainedFnergetically, these configurations are more stable than the
as a stable solutiofall the other configurations tested con- PS€udomorphic ones. _ S
verge to the FM one in the self-consistent cyckor the Fe At the initial stage of Fe-V intermixing(i) in Fig. 2| the
overlayer on Y110 the Fe magnetic moment is a little bit Stable solution is nonmagnetic. In this case the strong V en-
reduced (1.965) as compared to the magnetic moment of Vironment “kills” the magnetic moment of Fe. If we increase
the bulk (2.1Qg within our model for the calculated lattice the alloying[(ii—v) in Fig. 2] all the samples display mag-
distance. In this system the surface effect that enhances th@etic ordering. The magnetic moment appears due to the
Fe magnetization is competing with the interaction with thechange in the local coordination of Fe and V in the mixed
V substrate that reduces the magnetic moment of the FEeV layers. Now, the Fe atoms have less V and more Fe in
overlayert® The V interface atoms exhibit an induced mag- the first-nearest-neighboring shell and this is clearly reflected
netic moment of 0.2@g antiferromagnetically coupled with in the local density of states plotted in Fig. 3. The density of
the Fe interface atoms. Similarly, for 2 Fe monolayers orstates at the Fermi level of the Fe atoms is higher in the case
V(110), the ground state corresponds to a FM configuratioryf 2 ML of ordered FeV alloy((ii) in Fig. 2]. This indicates,
for Fe, whereas th€(2X 2) input always converges to the following Stoner’s criterion, that this system should have a
FM solution. The magnetic moments at the Fe surface argtronger tendency to display magnetic ordering than 1 ML of
now higher (2.2xg) than in the case of the F_e overl_ayer, FeV ordered alloy on Y410 [(i) in Fig. 2].
due to the larger number of Fe neighbdtsss interaction The magnetic map obtained in our calculations for these
with the V substrgt)e Not|.ce that the loss of coor_dmgtlop at alloyed FeV systems seems to be in disagreement with the
the surfa}ce fgvorlng the increase of the magnetization is alsﬂegligible magnetic moment obtained by Nawrathal,'~
presept n th:s cbase. These refsults ag;hd?fzrl)é.at lodds with ths‘;r’nce, in our case, only at the beginning of the deposition, the
i)e(gﬁrlmnznt? '8I servatlor;fs 0 Naw,gd Z.I |s)§)fay|rgg_a nonmagnetic configuration is obtained as the unique solu-
y hegligible maghetic momentead fayersfor S ion 1n Table | we show the energy differences between

thickness range. magnetic and nonmagnetic configurations for the different
After excluding the anisotropy effeéfsas the cause of h@ixed FeV samplegii)—(v) on V(110 [(i) sample is not

the experimentally observed behavior, as discussed in t : > )
introduction, we went beyond the perfect Iayer-by-layer'nCIUded because only no magnetic solution is found for this

growth by considering the effect of a possible intermisihg casdq. In the estima’gion of the total energy we_have taken into
and roughness at the Fe/V interfaexperimentally reported account qnly the mixed Fe-V layers gnd the first Iay<_ars of the
by Nawrathet al'?). We simulate first the roughness at the System since below the V recovers its paramagnetic charac-
Fe/V interface by introducing in our calculation a simplified ter. We have normalized by the number of Fe atoms, which
modeling of the structural defects. Some of the calculatedre the responsible for the magnetic character of the system.
configurations are shown in Fig. 1. For all the configurationsThe energetic contribution corresponding to room tempera-
tested, we obtain ferromagnetic order at the Fe atoms witkure is about 25 meV per atom, while the energy differences
high magnetic moments. These magnetic solutions aresported in Table | are smaller than this value. This means
clearly more stable than the nonmagnetic solutions. Even ithat at room temperature both solutions, magnetic and non-
our modeling for the surface defects is very simple, frommagnetic, could coexist. This fact could be the origin of the
these results it can be inferred that the effect of these type ahagnetic behavior found for this system, but this hypothesis
roughness at the interface would not change significantly thes not consistent with some of the experimental

In our first attempt to study the system we considered
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FIG. 2. Magnetic momentdn units of ug) at
the inequivalent sites of V(1)0(Fe:sVos)n
samples withn=1,2,3,4[panels(i)—(iv)]; semi-
infinite alloy FegeVs00, 0N the(110) orientation
[panel(v)]; (vi) V(110)/(FesVo.5)s/Fe, sample
with m=1 [panel(vi)]. Black balls correspond to
Fe atoms while open balls correspond to V atoms.
Only a portion of the semi-infinite system is il-
lustrated.
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measurementghat were performed at very low temperaturesaccount not only for the magnetization of the deposited Fe
(80 K) and did not show appreciable magnetization for Featoms but also for the contribution of V atonBNR mea-
coverages of less than 3 ML. surements detect the total magnetization of the sample and
The PNR and MOKE techniques used by NawrathMOKE measurements have a typical penetration of
et al,? to characterize the magnetic behavior of the sample®0-100 A in the samp)e In Fig. 4 we have plotted the
average magnetic moment per Fe at@unsidering the Fe
and V contributionsas a function of the Fe coverage depos-
ited on M(110 substrate for the different systems simulated
in our calculations, that is, considering both ideal or mixed
Fe/V interfaces. Also the experimental data obtained by
Nawrathet all are included in the figure for comparison.
As can be observed in Fig. 4, the only mechanism consis-
tent with the experimental results is based on the intermixing
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TABLE I. Energy differences per Fe atom between the magnetic
ground states and the metastable nonmagnetic configurations for 2,
3, and 4 mixed FeV ML on V110 substrate]corresponding to
(ii—iv) in Fig. 2. The energy difference associated with the ordered
alloy FeyqVs500, With the lattice parameter of bce V bulk is also

Density of states v

-6

4

Energy (eV) included in the table (%).
FIG. 3. Paramagnetic density of states of Fe and V surface atSystem ii iii iv v*
oms for 1 mixed FeV ML(solid line) on V(110 and 2 mixed FeV ~ AE (meV) 18.7 18.2 22.7 32

ML (dashed lingon V(110 [(i) and(ii) in Fig. 2, respectively
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2 . . . can be clearly seen in Fig. 6 of Ref) hdicating the pres-
§$ ence of a residual magnetization of 0.15—g@er atom:2
15 i ] Taking into account this last point, our results are in qualita-

tive agreement with the experiments even for low Fe cover-
ages, and the intermixing at the Fe/V interface could explain
the origin of the unexpected magnetic behavior found by
Nawrathet al1? for these systems.
8 In summary, we have explored the magnetic behavior of
] Fe deposited on 10 substrate in order to understand the

. . . . unexpected experimental measurements of Naweatd 2

4 .. 6 8 10 that found a nearly negligible magnetic moment for low cov-
Fe Deposition (ML) erages of Fe. After performing a systematic study consider-

FIG. 4. Average magnetic moment per atom as a function of théng different structural approaches to the probléperfect

Fe coverage on the(¥10 substrate. Ballsopen and blackcorre- and mlx_ed Interfel_ces, a“?' interfacial defeptse pr_opose a
spond to the experimental PNBpen and MOKE (black measure- Mechanism consistent with the magnetic behavior reported
ments by Nawrattet al. (Refs. 1 and 2 Squares are the results experimentally” based on the intermixing at the Fe/V inter-
obtained in our calculation for 1 and 2 pure Fe ML ofl¥0) fora  face. For intermixed samples corresponding to low cover-
perfect Fe/V interface. Triangléspen and blackcorrespond to the ages of Fe, the average magnetization is low. For thicker Fe
simulations including intermixing at the Fe/V interface. Black tri- coverages where a pure Fe slab starts to develop, the samples
angles are the results obtained at the beginning of the growth pradisplay a high magnetic moment, as is observed experimen-
cess: V(11/(FesVogn(n=1-6) samples, whereas open tri- tally, The present study gives further support to the strong
angles correspond to the subsequent deposition of pure Felation between the structural and magnetic properties of
monolayers: V(11 (F&sVose/Fén (M=1-4) samples. The transition metal systems. More detailed information about
lines are for eye guide. the structural characterization of the Fe/V interface in these
systems is necessary in order to test the validity of the
echanism proposed here.
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phenomena at the Fe/V interface. If we assume that Fe ato
diffuse into the V substrate up to a deposition of 3 ML of Fe
(corresponding to 6 ML of mixed FeMand for thicker cov- This work was supported by Acciones Integradas
erages a pure Fe film starts to develop on top of the mixedHispano-Francesa@HF1999-004), Junta de Castilla-Leo
slab, our results are in qualitative agreement with the experitGrant VA 70/99, DGICYT (Project PB98-0368-C0Q2and
mental data. For low coverages we obtain a small averagkilateral agreement between University Louis Pasteur and
magnetic moment £0.5ug per Fe atom!* Although we  the University Mouloud Mammeri. Two of ug.l. and R.R.
slightly overestimate the experimental values at low coveracknowledge the F.P.U. grant from M.E.C. of Spain. We
ages, it is important to take into account that in the PNRwould like to thank Professor H. Maletta, Dr. H. Fritzsche,
measurements the authors detected a slight asymnibay and Dr. J. Hauschild for fruitful discussions.
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