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An extensive study of the magnetic moment and of the magnetic anisotropy of a Co monolayer(@0@ Cu
substrate capped by an additional,3td, or 5d monolayer is presented in terms of first-principles calcula-
tions. While for the magnetic moment of the Co and the cap layer systematic trends can be traced that seem to
be consistent with the Stoner model, the dependence of the magnetic anisotropy energy on the type of over-
layer is found to be less straightforward. However, in some selected cases a correlation of the magnetic
anisotropy with the specific features in the electronic structure of the Co and the cap layer can be pinpointed.
[S0163-182608)00915-1

Due to its theoretical challenge to solid state physics andKohn-RostokerlSKKR) method, which has been shown to
technological importance in magneto-optical recording magbe extremely suitable to calculate the electronic structure of
netic anisotropies in thin films and multilayers of transition surfaces and interfacés’ As in the calculations onlgspd
metals have attracted considerable effort in resehhotpar-  angular-momentum scattering channels were considered, La,
ticular, the anomalous perpendicular magnetic anisotropyhere & states contribute to the valence band, was excluded
(PMA) observed in ultrathin Co films on Au and Pt11) from the present study. In order to obtain self-consistency,
surfaces as coated by additional Ag, Cu, Au, or Pd layergnergy integrations were performed along a semicircular
seemed to indicate a close relationship between the materi§Pntour in the complex plane using 16 points according to an
specific electronic structure and the surface magneti@symmetric Gaussian sampling, and for the two-dimensional
anisotropy? By usingab initio computational techniques, it Brillouin-zone integrations 4% points in the corresponding
then was shown that indeed the anomalous PMA is a conséreducible wedgeIBZ) were used.
quence of the change in the interfacial hybridization between No attempt was made to account for surface reconstruc-
the Co and the first cap layer as the thickness of the Ca?on, relaxation, or strain, i.e., we assumed a perfect parent
varies®* cc latticé® corresponding to the experimental lattice constant

So far experimental and theoretical studies have beeff bulk copper @=6.83 a.ul. Since, as is well known, such
mainly confined to caps of noble transition meté@si, Ag,  lattice distortions do frequently occur at surfaces, the results
Au) or of Pd and Pt. In these studies the magnetic moment diresented in this paper only refer to a model study. This is
the Co monolayetultrathin film) was found to be robust and most obvious for 4 and & overlayers where large lattice
the actual value of the magnetic anisotropy enefihAE) mismatch has to be expected when comparing the corre-
resulted from a “fine tuning” of the electronic states of Co sponding bulk lattice constants to that of bulk Cu. However,
near the Fermi level. In the case of Pd and Pt the spin pola@s far as trends are concerned, we believe that the present
ization of the cap layers turned out to be also important. It isStudy represents a reliable theoretical description of the elec-
the aim of the present paper to extend systematically th&onic structure of capped Co monolayers on(IDg).

investigations of cap layers to ald34d, and & transition “According to the force theorertsee, e.g., Ref.)ahe ob-
metal elements on top of a Co monolayer on 4X00) sub-  tained self-consistent potentials were then used to calculate
strate. the band-energy differencAE,= E‘,‘J— Ep in terms of the

For each system under consideration, self-consistent cafully relativistic spin-polarized SKKR method, where the
culations have been performed within the local-spin-densitysuperscripts. and| refer to a normal and a parallel to sur-
approximationLSDA) and the atomic-sphere approximation face orientation of the effective exchange field, respectively.
(ASA) by solving the Pauli-Schdinger equatiorispin-orbit ~ Here we generally used 32§ points in the IBZ, ensuring a
coupling neglectedby means of the screened Korringa- relative accuracy of less than 10% fdEy, as was checked in
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The MAE is then given byAE=AEy+ AEyq, where AEyq ENERGY (eV)
denotes to the magnetostatic dipole-dipole interaction. ————T—T—T .
Figure 1 displays the calculated magnetic moments of the
Co and cap layers. At the end of eaghrow the magnetic
moment of Co is quite robust (Jug<mg,<1.8ug), drop-
ping, however, rapidly for Cr, Ru, and Ir in thel34d, and
5d series, respectively. Near the beginning of the r@w
Mg, decreases monotonously, while fod 4nd & caps it
reaches a local maximum for Nb and Ta, respectively. In the
case of an Os overlayer and at the very beginning of each of
thed rows (Sc, Y, and Hf the Co layer is found to be even
nonmagnetic.

As to be expected, B elements with a well-localized,
opend shell (Mn, Fe, Co, and Nihave large magnetic mo-
ments as overlayers, reaching a maximum ofu3.%or Mn.
Concomitantly to the abrupt decreasemg, for Cr, in the
3d row the magnetic moments of the corresponding caps are
in turn strongly reduced below Mn. It should be noted that
Cr shows a tendency for antiferromagnetic coupling with Co,
a possible formation of an in-plane antiferromagnetism
within the Cr layer, however, was not investigated. In tlie 4
and & rows much smaller maxima for the moment of the £ 5 calculated paramagnetic local densities of states

cap layer are present for Rh and Pt, respectively. Most of thg pos's) for the Co(solid lineg and the cagidashed lineslayer in

tendencies observed for the magnetic moments of the cafi;co/cu100 systems. M: 8 (upper panéland 5 (lower panel
layers can be related to those af,34d, and 5 monolayers  transition metals. The zero of energy corresponds to the Fermi

on Ag or Au substrate’, which in turn fit fairly well the  |evel. In each entry the label denotes the corresponding cap.
simple Stoner criterion.

For the cases of thed3and & overlayer systems the local since AE 4= —0.022 me\X (m3,+ miap) (see, e.g., the Ap-
densities of state. DOS) of the Co and the corresponding pendix of Ref. 10, AE  is only larger in magnitude than 0.1
cap layer as derived from self-consistent paramagnetic cameV for Mn, Fe, and Co overlayers. Therefore, in what fol-
culations are shown in Fig. 2. In both cases,dHgand of the  lows we focus on the analysis AfE,,. The calculatedAE,'s
overlayer moves gradually up in the energy as its filling in-for the Co and cap layers as well as the total Méeluding
creases, and since concomitantly the atomic number dexso AE,y) are shown in Fig. 3. It is important to mention
creases, the overlayertsband gets more and more delocal- that for an uncovered Co monolayer we obtained a value of
ized. Since 8 bands are obviously more delocalized than the—0.38 meV forAE,, which is in excellent agreement with
3d bands, especially around the Fermi le#®l, they give  previous theoretical results.
rise to a different kind of hybridization with the Gbstates. Apparently, the variation of the MAE upon changing the
The variation of the LDOS of Co & can well be corre- element forming the cap is much more complicated than that
lated with the variation ofng, in Fig. 1. In particular, for @ of the magnetic moments. As can be seen from Fig. 3, in
caps, the minimum ofnc, for Os and the subsequent maxi- most cases a cap enhances the MAE as compared to
mum for W and Ta are clearly mapped in a correspondingCo/Cu100), although within a particular row of transition-
minimum and maximum in the LDOS of Co & . metal elements the MAE changes sign several times. The

Turning now to the results for the MAE, we first note that anomalous PMA mentioned in the Introduction shows up as
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AE=AEp+AEy. Solid lines serve as guide for the eye. N . L . .
b a g y As seen in Fig. 4, the situation is remarkably different in

a large positive value for a Cu and Ag cap. Surprisinglythe presence of a Cu or Ag cap. While the previously men-
enough, in the case of a Au cap the MAE is negative. In thajoned maximum at—0.9 eV moves up in energy and is
3d and 4d rows, when going from the en@Cu and Ag to  considerably smaller than in the uncapped case, the subse-
roughly the middle(Fe and Ru the contribution of Coto quent maximum located at 0.2 eV abod for the
B e o o vy "COICUI00 systeis enhanced an sied by caus
Iaggr whilgthe only noticer:ble contribution from a cap Iayering thus a strong positive MAE in these two cases. Recalling
' again the arguments of perturbation theory, this enhancement
refers to Rh. f the MAE is due to the hybridization of Co states with
In the following, AE,, is analyzed by considering the fol- ' "€ 1S due To the hybricization of Lo states wi
lowing quantity: sp states of the cap layer, which result_s ina onvermg of the
. Cod, states arounér, and also the minimum in th,, ,
AEb(S):f de’An(e’)-(e'—¢g), (1)  states belovEg disappears.
&p The case of a Au cap, however, is much more similar to
where e, andn(e) denote the bottom of the valence band that of the uncovered system, since a minimum ofdhg,,
and the LDOS, respectively, and which has frequently beestates is located just belof and thereforeAE(z) drops
used to show the band filling properties of the MAE.In  rapidly for —0.5 eV <e< —0.3 eV. Although eventually
Fig. 4, for some selected casA&,(¢) is plotted together Vvanishing atEg, the contribution of the Au layer tAE(¢)
with its Co and cap contributions roughly in the regime ofis generally larger than that of Cu or Ag, which in turn can
the Co minority band. be related to the larger spin-orbit coupling. In Fig. 4 we also
In the uncovered case&\E,(e) reaches a maximum of show the cases of a Rh and a Pt cap. Apparently, in these
more than 1.5 meV at about0.9 eV and then drops rapidly cases the cap layers contribute as muchAfgy(e) as the Co
to negative values, being negative alsccat AboveEg, a  layer. This might be a consequence of the enhanced spin
maximum and a minimum iAEy(e) are found at about 0.2 polarization in the cap layers which, especially for Pt, is
eV and 0.4 eV, respectively. In terms of perturbationaccompanied by a large spin-orbit coupling, causing thus the
theory?2 this characteristic curve akEy(e) can mainly be giant values ofAE,(¢) seen in the corresponding entry of
attributed to the distribution of minoritgl,, ,, andd,2 states:  Fig. 4.
dy,y, States have a pronounced minimum just belGw, Finally, it is interesting to note that the variation i,
while d,2 states are located well arouiig .1 with respect to the cap layer as seen in Fig. 2 can hardly be
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correlated with the corresponding variation®E, of Co in  only studies based aab initio techniques are able to predict
Fig. 4. This is, in particular, obvious for the series of Cu, Ni, correctly the MAE of technologically important materials.
Co, and Fe as well as for that of Ag, Pd, and Rh, whegg ~ This is even more compulsory if, as in fact is necessary, one
first slightly increases and then decreases, remaining, hov@@ms to include also structural and/or compositional anoma-
ever, roughly of the same size, whiteE,, of Co remarkably lies related to surfaces and interfaces, which may affect con-
drops. Although the main qualitative reasoning for these>d€rably the value of the MAE in these systehtrogress

variations can be deduced from the overlap of the Co and th! research to include these effects is currently under way.

cap states, a detailed investigation of such an argumentation This paper resulted from a collaboration within the TMR
in terms of perturbation theory and of spin-orbit inducedNetwork on “Ab initio calculations of magnetic properties
coupling for each of the different cases shown, lies beyon@f surfaces, interfaces and multilayers(Contract No.
the purpose of the present paper. ERB4061PL951423 In addition, financial support by the

The trends found in the size of the magnetic moment®ustrian Ministry of ScienceGZ 308.941/2-1V/3/9% and
follow closely the Stoner model of ferromagnetism. Accord-the Hungarian National Scientific Research Foundation
ing to our results the MAE depends in a rather complicatedOTKA Nos. T022609 and T021228s kindly acknowl-
manner on the material of the cap, indicating that ultimatelyedged.
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