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Abstract
We present spin-resolved appearance potential spectroscopy (APS)

calculations at the 2p3/2 edge of Fe in the high-moment ferromagnetic phase of
fcc Fe/Cu(001) overlayers, based on a single-particle description of the underlying
electronic structure. Within the framework of the real-space Korringa± Kohn±
Rostoker method, the spectra were calculated in a layer-resolved mode. This
allows one to investigate in detail the dependence of the total APS signalÐ a
superposition of weighted layer-signalsÐ as a function of the Fe overlayer
thickness.

§1. Introduction
During the last few years, the Fe/Cu(001) system has attracted much attention

because of its rich structural and magnetic properties (Thomassen et al. 1992, Li et
al. 1994, Detzel et al. 1995). Due to the small epitaxial mis® t, a good layer-by-layer
growth of Fe on Cu(001) was expected andÐ for room-temperature grown sam-
plesÐ experimentally found, stabilizing the ® lm in a fcc phase up to about 10 mono-
layers (Detzel et al. 1996). The magnetic structure of these samples depends strongly
on the atomic volume and, at the lattice constant of Cu, the system is at the edge of
three di� erent phases: a high-moment ferromagnetic, a low-moment ferromagnetic
and a low-moment antiferromagnetic phase. The present paper continues a previous
investigation (UjÂ falussy et al. 1996) on the ferromagnetic state.

The spin-resolved appearance potential spectroscopy (APS), which is essentially
an inverse core± valence± valence (CVV) Auger emission, was proved to be a powerful
technique to investigate surface, interface and thin-® lm magnetism (Kirschner 1984,
Ertl et al. 1993, Detzel et al. 1995). This core-level spectroscopy is element speci® c
and, owing to the mean free path of the incoming electrons, the signal is not a� ected
by that of the substrate.

A theoretical approach of the APS on the basis of a single-particle description of
the underlying electronic structure was proposed recently (Ebert and Popescu 1997)
and successfully applied to pure elements as well as compounds (Reinmuth et al.
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1997). This approach, used in a layer-resolved mode, is applied here to the ferro-
magnetically ordered system Fen/Cu(001), with n = 1, . . . ,6.

§2. Method of calculations

The work presented here was performed on the basis of density functional
theory, using the local spin density approximation (LSDA) for exchange and corre-
lation in the parametrization supplied by Vosko et al. (1980).

The ® rst step consisted of determining the self-consistent potentials, calculated
within the framework of the spin-polarized relativistic screened Korringa± Kohn±
Rostoker (KKR) method (Szunyogh et al. 1994, Zeller et al. 1995) with the magnetic
® eld pointing in each layer uniformly parallel to the (001) direction. No layer relaxa-
tion was taken into account, i.e. the crystalline structure corresponds to a fcc lattice
with the lattice parameter of bulk copper. Further details are given by UÂ jfalussy et al.
(1996).

With the self-consistent potentials available, we represent the interface region by
a ® nite cluster of potential wells. It was assumed that the sixth Cu layer counted
inward starting from the Fe/Cu interface is already identical to bulk copper. The
same assumption was made for the other direction, i.e. towards the vacuum region.
For all calculations a cluster of 12 shells containing 249 atoms has been used, and a
reasonable convergence of the density of states (DOS) was achieved.

The corresponding APS spectrum for each Fe layer has been calculated with the
non-relativistic approximation using the expressions derived by Ebert and Popescu
(1997). The spin and layer-resolved APS signal Pi

s (E) is given by a weighted self-
convolution of the local DOS above the Fermi level:

Pi
s (E) =

E+Ec- EF
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where E is the energy of the incoming electron, Ec the energy of the involved core
level (2p3 /2 in present calculations), EF is the Fermi energy and the restriction
E - EÂ = EÂ Â - Ec applies due to the conservation of energy. Furthermore,
W l s ,lÂ s Â

(E,EÂ ) is an e� ective cross-section combining the various angular matrix
elements as well as the radial Coulomb matrix elements and ni

l s (E) is the angular
momentum- and spin-resolved local DOS of layer i.

The total APS signal recorded in experiment represents a superposition of the
individual layer signals, weighted to account for electron attenuation. Hence, the
® nal expression for the total signal has the form:

Ptotal
s (E) =

1
n

n

i=1
exp - (i - 1) d /¸( )Pi

s (E) (2)

with d the layer thickness and ¸ the electron mean free path length. The layer index i
runs inward to the interface starting from the top-most layer.

Finally, one should note that for a comparison with the experiment the results
based on equation (1) have to be broadened to account for the various intrinsic and
apparative broadening mechanisms as described by Ertl et al. (1993). In addition, the
APS signal is recorded using the modulation technique which improves the signal-to-
noise ratio and for this reason the energy derivative of Ps (E) is usually used.
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§3. Results and discussion

In our previous calculations for the ferromagnetic phase (UÂ jfalussy et al. 1996) a
strong charge depletion was found to characterize the Fe top-most layer. This fea-
ture, as well as the enhancement of the spin magnetic moments compared to those
for buried Fe layers, is a general property of ferromagnetic surfaces and is attributed
to the band narrowing at the surface (Ebert et al. 1998). Such behaviour is also
re¯ ected by the calculated APS spectra for the Fe top-most layer. The upper panel
of ® gure 1 shows the APS signal of this layer (majority channel on the left, the
minority on the right) for di� erent numbers of Fe layers n compared with the spectra
for the Fe interface layer (lower panel). One should note that for n = 1 the interface
and top-most layers are identical. For all the other calculated systems (n = 2, . . . ,6)
the top-most layer related spectra present a narrower shape. Also the spin asym-
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Figure 1. Spin-resolved APS spectra at the 2p3/2 edge for Fe top-most layer (upper panel)
and Fe interface layer (lower panel) of the Fen/Cu(001) overlayer system.



metry, de® ned as A = (I­ - Ī ) /(I­ + Ī ) , is higher for these spectra, as a direct
consequence of the corresponding stronger spin polarization (UÂ jfalussy et al. 1996).

The total Fe-APS spectra computed according to equation (2) for an increasing
number of Fe layers are plotted in the upper panel of ® gure 2. For both spin channels
the main peak tends to become broader and the second positive peak moves towards
higher energies and gets smoother. However, for n ³ 4, the changes are rather small
indicating a kind of saturation. The spin asymmetry decreases as the number of Fe
layers increases, although it is still too high, 45% for n = 6, compared to the experi-
mental one (Detzel et al. 1996) which is about 30%. In order to investigate the origin
of this discrepancy, layer-resolved APS spectra for n = 6 are presented in the lower
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Figure 2. The total spin-resolved APS spectra at the 2p3/2 edge of Fe in Fen/Cu(001),
calculated using equation (2) (upper panel) and the total and layer-resolved spectra
of Fe in Fe6/Cu(001) (lower panel). Fe(1) denotes the top-most layer and the counting
runs inward to the interface.



panel of ® gure 2. For a better comparison of their relative magnitude, the individual
layer spectra are plotted without any weighting factor. The main peak of the total
signal near the energy zero is strongly broadened because of the di� erent position of
this peak in each individual layer spectrum. One sees that the spectra for the inner
layers (i = 2, . . . ,5) exhibit the same features and clearly di� er from those of the
outer layers (i = 1,6) . Compared to the latter ones, the band widths of the inner
layers are larger and their spin polarizationÐ re¯ ected in the spin asymmetry of the
spectraÐ is smaller. However, due to the slowly decreasing attenuation factor in
equation (2), their role in the shape of the total signal is still important; namely,
the spectra are close to a typical fcc-bulk behaviour and modulate the total signal.

The question of exaggerated predicted spin asymmetry still remains. The high-
moment antiferromagnetic phase was recently investigated (Szunyogh et al. 1997)
and certain antiferromagnetic con® gurations were found to be energetically more
favourable. From the APS point of view, such a con® guration would lead to a
redistribution of the partial signals stemming from the two spin channels. As a result,
a signi® cant change in the spin asymmetry should occur. Investigations in this line
that could open a better understanding of the magnetic properties of the system
discussed are in progress.
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Ìnterface Magnetism’. One of us (L.S.) also acknowledges the ® nancial support
from the Hungarian National Scienti® c Research Foundation (OTKA T024137).
Financial support by the European Science Foundation (ESF) within the pro-
gramme `Relativistic E� ects in Heavy Element Chemistry and Physics’ during the
early stages of the project is also gratefully acknowledged.

References
Detzel, Th., Vonbank, M., Donath, M., and Dose, V., 1995, J. Magn. magn. Mater., 147,

L1.
Detzel, Th., Vonbank, M., Donath, M., Memmel, N., and Dose, V., 1996, J. Magn.

magn. Mater., 156, 287.
Ebert, H., and Popescu, V., 1997, Phys. Rev. B, 56, 10165.
Ebert, H., Popescu, V., Nonas, B., and Dederichs, P. H., 1998, Phys. Rev. B (submitted).
Ertl, K., Vonbank, M., Dose, V., and Noffke, J., 1993, Solid State Commun., 88, 557.
Li, D., Freitag, M., Pearson, J., Qiu, Z. Q., and Bader, S. D., 1994, Phys. Rev. L ett., 72,

3112.
Kirschner, J., 1984, Solid State Commun., 49, 39.
Reinmuth, J., Passek, F., Petrov, V. N., Donath, M., Popescu, V., and Ebert, H., 1997,

Phys. Rev. B, 56, 12893.
Szunyogh, L., Uí jfalussy, B., and Weinberger, P., 1997, Phys. Rev. B, 55, 14392.
Szunyogh, L., Uí jfalussy, B., Weinberger, P., and Kollaír, J., 1994, Phys. Rev. B, 49,

2721.
Thomassen, J., May, F., Feldmann, B., Wuttig, M., and Ibach, H., 1992, Phys. Rev. L ett.,

69, 3831.
Uí jfalussy, B., Szunyogh, L., and Weinberger, P., 1996, Phys. Rev. B, 54, 9883.
Vosko, S. H., Wilk, L., and Nusair, M., 1980, Can. J. Phys., 58, 1200.
Zeller, R., Dederichs, P. H., Uí jfalussy, B., Szunyogh, L., and Weinberger, P., 1995,

Phys. Rev. B, 52, 8807.

APS on Fe/Cu(001) overlayers 501

http://haly.catchword.com/nw=1/rpsv/0304-8853^28^29156L.287[aid=647059,doi=10.1016/0304-8853^2895^2900871-3]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2956L.10165[aid=647060,doi=10.1103/PhysRevB.56.10165]
http://haly.catchword.com/nw=1/rpsv/0038-1098^28^2988L.557[aid=647061,csa=0038-1098^26vol=88^26iss=7^26firstpage=557]
http://haly.catchword.com/nw=1/rpsv/0031-9007^28^2972L.3112[aid=570542,csa=0031-9007^26vol=72^26iss=19^26firstpage=3112,doi=10.1103/PhysRevLett.72.3112,nlm=10056070]
http://haly.catchword.com/nw=1/rpsv/0038-1098^28^2949L.39[aid=647062]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2956L.12893[aid=647063,doi=10.1103/PhysRevB.56.12893]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2955L.14392[aid=647064,doi=10.1103/PhysRevB.55.14392]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2949L.2721[aid=647065,doi=10.1103/PhysRevB.49.2721,nlm=10011105]
http://haly.catchword.com/nw=1/rpsv/0031-9007^28^2969L.3831[aid=647066,csa=0031-9007^26vol=69^26iss=26^26firstpage=3831,doi=10.1103/PhysRevLett.69.3831,nlm=10046925]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2954L.9883[aid=647067,doi=10.1103/PhysRevB.54.9883,nlm=9984723]
http://haly.catchword.com/nw=1/rpsv/0008-4204^28^2958L.1200[aid=601800]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2952L.8807[aid=647068,doi=10.1103/PhysRevB.52.8807,nlm=9979871]
http://haly.catchword.com/nw=1/rpsv/0304-8853^28^29156L.287[aid=647059,doi=10.1016/0304-8853^2895^2900871-3]
http://haly.catchword.com/nw=1/rpsv/0031-9007^28^2972L.3112[aid=570542,csa=0031-9007^26vol=72^26iss=19^26firstpage=3112,doi=10.1103/PhysRevLett.72.3112,nlm=10056070]
http://haly.catchword.com/nw=1/rpsv/0163-1829^28^2949L.2721[aid=647065,doi=10.1103/PhysRevB.49.2721,nlm=10011105]
http://haly.catchword.com/nw=1/rpsv/0031-9007^28^2969L.3831[aid=647066,csa=0031-9007^26vol=69^26iss=26^26firstpage=3831,doi=10.1103/PhysRevLett.69.3831,nlm=10046925]

