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Magnetic Interface States and Finite-Size EH'ects
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Studies of the formation of a nonmagnetic/magnetic silver/iron interface by spin-polarized photoemis-
sion identify magnetic interface states showing discrete binding energies dependent on the number of
atomic layers in the overlayer. The results for one layer of silver on iron are in good agreement with a
full-potential linearized-augmented-plane-wave calculation and tight-binding modeling allows us to
reproduce qualitatively the layer-dependent binding energies for one, two, and three layers of silver on

iron. The interface states appear to be related to a minority surface resonance on the iron surface.

PACS numbers: 79.60.Cn, 75.70.Cn

In recent years there has been considerable interest in

the properties of magnetic surfaces [1],thin films [2], and

inultilayers [3]. Much of the experimental work has been
oriented towards understanding two-dimensional magnet-
ic phenomena; testing predictions of enhanced magnetic
moments at surfaces and in thin films [4], and under-

standing the properties that determine anisotropy in these
films [5]. The technological drive for such experiments
lies in the possibility of tailoring new materials for the
recording and device industries. In early work [6] the
magnetic thin films were covered with a nonmagnetic
protective coating such as silver before making the mag-
netic measurements. Initial disagreement between exper-
iments and theory, particularly in the hyperfine splittings,
was resolved with calculations [7] showing that signifi-

cant changes in the electronic structure occur at the in-

terface. Such interfacial properties may also be impor-
tant when many repeat units of these thin-film systems
(i.e., multilayers) are grown. Indeed, recent theoretical
work [8] has emphasized the interfacial properties as a
possible explanation of the magnetic coupling in certain
transition-metal multilayer systems, examples of which
include iron/chromium [9,10] and iron/copper [11,12] su-

perlattices. In such systems it is possible to achieve either
ferromagnetic or antiferromagnetic coupling of adjacent
ferromagnetic iron layers depending on the thickness of
the intervening layer. The model is similar to a picture
[13] which has already been used to describe the magnet-
ic properties of rare-earth compounds and superlattices,
where the Coulomb exchange interaction is of paramount
importance. In the case of transition metals on the other
hand, the hybridization interaction at the interface is as-
sumed to be the dominant effect. The related giant mag-
netoresistance properties [10] of the Fe/Cr superlattices
and the large enhancement of the Kerr rotation [12] in

the Fe/Cu multilayers make these systems particularly
interesting.

In this Letter we describe spin-polarized photoemission
experiments that directly probe the electronic states at a
magnetic/nonmagnetic metal interface formed by depos-
iting silver on an iron substrate. We are able to demon-
strate that the binding energy of the interface states are
strongly layer dependent —as the silver thickness in-

creases these states move up to and probably through the
Fermi level. Spin-polarization analysis of the photoemit-
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ted electrons shows that these localized interface states
are magnetic. Thus both the electronic and the magnetic
properties of the interface may be modified by the pres
ence of the nonmagnetic thin film Su.ch effects may well

need to be taken into account when the properties of
overlayers and multilayers are being considered. By com-
paring our experiments with the results of tight-binding
calculations we are able to show that the presence of the
silver overlayers leads to the localization of a previously
identified iron surface resonance [14] into the region of
the interface. Similar observations have already been
made for the Nb/Pd interface [15] where a Nb surface
resonance again localizes in the interface and for the
Pd/Fe interface [16] where a spin-split interface state in

the Pd 4d bands has been reported. However, unlike in

those studies, the present experiment finds a discrete new

binding energy for the interface state as each layer of
silver is deposited. These observations are qualitatively
reproduced in our tight-binding modeling.

The spin-polarized photoemission experiments reported
here were carried out on an apparatus which will be de-
scribed in detail elsewhere [17]. Briefly, spin detection is
achieved with a compact low-energy spin detector [18]
and uses light provided by the U5 VUV undulator at the
National Synchrotron Light Source. The angular resolu-
tion of the hemispherical analyzer was + 1.5' and the
combined photon and analyzer energy resolution was 0.35
eV. The Fe(001) crystal was manufactured in the form
of a picture frame with each leg along a (100) direction
and magnetized using a coil wound around one leg. The
crystal was cleaned by repeated argon-ion bombardment
and annealing cycles. The surface contamination level
was monitored initially using Auger electron spectroscopy
and in the final stages using photoelectron spectroscopy.
The surface crystallographic order was examined with
low-energy electron diA'raction (LEED).

The silver films were evaporated at room temperature
and at a rate of approximately 0.25 monolayer (ML) per
minute. The iron and silver Auger ratios were measured
as an estimate of the coverage and the evaporations were
monitored using a quadrupole mass spectrometer. LEED
measurements showed a good sharp p(lx 1) pattern at
all coverages up to approximately 3 ML, after which the
patterns became less sharp. As a result, in the following
discussion we restrict our observations to the first three
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monolayers.
The tight-binding calculations [19] were carried out for

thirteen layers of iron and with one to four layers of silver
(a total of 21 layers for the thickest films). A two-center
nonorthogonal basis set was used, the parameters being
taken from Papaconstantopoulos [20]. The silver-iron in-
teraction parameters were taken as the mean of the iron
and silver parameters [21] and where required the scaling
scheme of Andersen and co-workers [20-22] was used.
The on-site silver energies were also adjusted to align the
silver and iron Fermi levels. The iron and silver lattice
constants were taken as the bulk values and for the inter-
facial separation the mean of the iron and silver inter-
layer spacings was used following Fu and Freeman [23].
The calculations for a thirteen-layer iron film and the
same film with a silver monolayer were compared with
the results of a full-potential linearized-augmented-
plane-wave (FLAPW) calculation [7,24] and found to be
in good agreement. No attempt was made to adjust the
parameters so as to fit the experimental observations as
the principle aim was to examine trends.

Figure 1 shows the evolution of the spin-integrated
angle-resolved photoemission spectra at normal emission
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FIG. 1. Normal-emission angle-resolved photoemission spec-
tra at a photon energy (hv) of 52 eV and p-polarized light

(p; =70'), showing the evolution of the spectra with increasing
silver overlayer thickness (6) in monolayers (ML) for (a) the
low coverage regime 0.0-0.4 ML and (b) coverages up to —3

ML.

and 52-eV photon energy with increasing silver coverage.
(For clarity the number of spectra shown has been limit-
ed, data were collected for every 0. 1 ML of silver. ) The
region within the first 4 eV of the Fermi level includes the
iron d bands and the silver s-p bands. For the bulk ma-
terials the photoemission spectra are characterized by a
peaked structure near the Fermi level for iron and for
silver by structureless intensity stretching from the Fermi
level to the start of the silver d bands at —4-eV binding
energy. The feature at 2.4-eV binding energy on the
clean Fe(001) surface [Fig. 1(a)] has previously been
identified as a minority-spin surface resonance [14]. As
the silver coverage is increased this feature attenuates
and is no longer observable at -0.4-ML silver coverage.
However, after only —0.2-ML silver deposition a new

feature at 1.7-eV binding energy is seen to coexist with
the surface resonance. This new feature continues to in-

crease in magnitude, maximizing at approximately 1-ML
coverage [Fig. 1(b)]. As the second monolayer starts to
form, the peak decreases in intensity and from 1.2 ML
another feature at 1-eV binding energy is observed. The
1.7-eV peak, which we associate with a single monolayer
film, continues to decrease in intensity. The peak at 1 eV
we correlate with the 2-ML film since it peaks in intensity
at 2-ML coverage and then decreases in intensity as the
third layer is deposited. Although the features in succes-
sive layers are getting weaker, a new feature at approxi-
mately 0.3-eV binding energy is still seen to grow in and
we associate this with the three-layer silver film. We as-
sume that for higher coverages the peak would move
through the Fermi level.

It is evident that for each silver/iron overlayer system,
1, 2, or 3 ML, there is a distinct electronic state associat-
ed with it. The attenuation of the intensity of the peaks
as a function of coverage is consistent with their being
states at the iron/silver interface, which is continuously
buried. Since all these states have the same symmetry
(as determined by their dependence on the polarization of
the incident light) and the minority-spin surface reso-
nance is attenuated [see Fig. 1(a)] on depositing silver

rather than extinguished as in the case of oxygen absorp-
tion, we look for a common origin by investigating their
spin character. Figure 2 shows that a dip in the spin po-
larization corresponding to the position of each of the
overlayer states is observed; this is as a result of all the
states being of minority character. The corresponding
majority states are broader, weaker, and not so easily
resolved from the substrate features. Consequently, in

the following we will concentrate on the minority states.
With increasing silver deposition the overall level of spin
polarization is diminished and in a manner which is con-
sistent with covering a magnetic substrate with a non-

magnetic overlayer. Further, the observation that the
states are magnetic lends support to the proposal that
they are located in the interface rather than in the silver

layer.
It should be noted that the iron d bands (Fig. 1) ap-
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FIG. 2. Spin-polarization spectra taken at normal emission,

hv=52 eV and p; =70' for (a) clean Fe(001) and with silver

overlayers, (h) 1 ML, (c) 2 ML, and (d) 3 ML thick. The ar-
rows mark the positions of the peaks in the photoemission spec-
tra shown in Fig. 1 for each coverage.

pear to attenuate much more rapidly than one would ex-
pect for small silver coverages. This is largely due to the
substantial surface contribution to the iron spectrum un-

der these experimental conditions. For instance, a 0.1-L
oxygen dose (1 L =10 Torrs) decreases the iron spec-
tral intensity by —50%. At photon energies (e.g. , hv
=37 eV) where the spectra are less dominated by surface
features, the d bands are more prominent and the interfa-
cial features are relatively weaker.

Several earlier experimental studies of thin-film growth
have identified layer-dependent states in both silver [25]
and alkali-metal overlayers [26]. The results of these ex-
periments have been interpreted in terms of a phase mod-
el analogous to that used in the discussion of surface-state
formation [27]. Thus the analysis involves a phase shift
of 2kd within the thin film, or potential well, where d is
the thickness of the film and k is the free electron wave
number representing the state within the well. Although
not included in the phase model the periodic structure
within the well is reflected in the thicker silver films in

that eventually the allowed states map the band states of
the overlayer [251. In the present study the films are still
within the ultrathin regime where it is less obvious that
the "bulk" band structure of the overlayer will play a
role. However, it may be anticipated that the periodic
structure of the film will still result in quantization eAects
dependent on the film thickness [28]. This could then

356

lead to states moving to or away from the Fermi level de-
pending on the individual case. The initial iron surface
resonance from which these states are derived involves d
states as well as s and p states and does not therefore lend
itself to a rigorous treatment within the phase analysis,
which was originally demonstrated for s-p-derived states
[27]. We therefore chose to compare our results with
thin-film calculations and use a tight-binding description
to discuss the layer dependence of the interface states.

The interfacial nature of the observed state for 1 ML
of silver on iron can be confirmed by comparison with a
FLAPW thin-film calculation [7,241. A minority inter-
face state (more than 67% of the character being in the
silver and iron interfacial layers) is found; it has the
correct symmetry and is at a binding energy of —1.6 eV,
which correlates well with the observed feature at —1.7-
eV binding energy (Fig. 1). The FLAPW calculations
for the uncoated iron surface find a minority surface reso-
nance [14] localized in the outer two iron layers() 55%); the Ag/Fe interface state can be thought of as
arising from a hybridization of the iron surface reso-
nance, which is of s-p, -d, character, with the silver bands
of the same symmetry —the s-p band at a similar binding
energy and the silver 4d bands at deeper binding energies.
For the thicker silver coverages no first-principles calcula-
tion is available. However, our tight-binding results for
one layer of silver on iron show qualitatively similar re-
sults to the FLAPW calculations; we find a state localized
at the interface and at —2-eV binding energy. The
tight-binding method allows us to extend our calculations
to thicker silver films without carrying out prohibitively
large first-principles calculations. The results for two lay-
ers of silver show an interfacial feature closer to the Fer-
mi level than for 1 ML, as is observed experimentally;
however, the calculated shift of -0.3 eV is less than that
observed (—0.7 eV). The difference probably refiects the
increased importance of the s-p band in the thicker films
and the poor treatment of these states in the tight-binding
model. The two-layer state, although predominantly cen-
tered at the interface, is slightly less localized than for
one layer, its weight extending into the outer (second)
silver layer. This can be seen in Fig. 3 which shows the
layer-resolved charge density for the interface states as
determined from the tight-binding calculations. The cal-
culations for three and four layers of silver show a similar
trend, states with substantial weight at the interface are
found and they successively move closer to the Fermi lev-
el. Beyond two layers significant intensity also develops
in the outer silver layer (Fig. 3). This is most clearly ob-
served for the four-layer film and reflects the formation of
a silver surface band. The latter's orbital character is
predominantly p, and it appears to be related to the s-p,
surface resonance on silver which occurs approximately 1

eV above the Fermi level, as determined from a thirteen-
layer silver tight-binding calculation [29] and from the
application of the phase model [27].

In summary, both the experimental and theoretical
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work are consistent with the conclusion that we have ob-
served magnetic interface states. Their binding energy
strongly depends on the thickness of the nonmagnetic
overlayers and further they appear to be related to the
surface properties of iron. The tight-binding modeling is

qualitatively in agreement with the measurements, the
movement of the interface states towards the Fermi level
being reproduced. In addition, since there is appreciable
intensity in the silver layers, for these minority-spin
states, we can conclude that there are spin-dependent
states on the silver sites. The observation that the inter-
facial electronic structure is related to the surface proper-
ties and that there are distinct size eAects is of import to
theoretical models which depend on the electronic struc-
ture at the interface.
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concerning the tight-binding calculations and Andrew
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U.S. Department of Energy Contract No. DE-AC02-
76CH00016 and National Science Foundation Materials
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