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Two-dimensional spin-polarized states of Ag on Fe(100)
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We present an experimental and theoretical investigation of the spin-dependent electronic structure of
a Ag monolayer on Fe(100). By spin- and angle-resolved photoemission we identify several spin-
polarized states of two-dimensional (2D) character and determine their band dispersion. The experimen-
tal results are compared with ab initio band-structure calculations. Three kinds of spin-polarized 2D
states could be identified along the I -X high-symmetry direction of the surface Brillouin zone: (i) 3d-
derived Fe surface states which are only weakly modified by the Ag overlayer; (ii) Fe surface states with
a substantial sp character which, upon adsorption of a Ag overlayer, hybridize with the Ag atoms and
form interface states", (iii) Ag-induced spin-polarized interface states which are shared by both of the
constituents of the interface atoms and do not have any counterpart at the clean Fe surface.

I. INTR&DUCTION

The electronic states that are localized at the interface
between two difterent materials are important in deter-
mining the magnetic properties of ultrathin films and
multilayers. ' For example, the magnetic structure of
some rare-earth —transition metal multilayers, consisting
of ferromagnetic layers alternatively ordered in opposite
directions, originates from the antiferromagnetic inter-
face coupling between the two materials. In other inter-
face systems, with only one magnetic component, the
bonding at the interface induces a moment in the non-
magnetic material through spin-dependent electronic hy-
bl idization. Ferromagnetic order is thus attained in
nonmagnetic transition-metal overlayers on Fe, primarily
through the eAect of d-d hybridization. The resulting
magnetization is often sizable but it typically decays rap-
idly away from the interface on the scale of a few atomic
layers. '

In this paper we present an investigation of the elec-
tronic structure of a Ag overlayer on Fe(100), by combin-
ing spin- and angle-resolved photoemission with ab initio
electronic-structure calculations. The moment locally in-
duced on a noble metal at the interface with a 3d fer-
romagnet is theoretically expected to be quite small, be-
cause of the limited overlap between the d states of the
two interface constituents. For instance, a magnetic mo-
ment of 0.06pn is predicted for Ag on Fe(100). For the
Fe atom underneath Ag the moment is expected to be
2.5p~, enhanced as compared to the bulk va1ue (2.2pe)
but already reduced with respect to the value for Fe at a
free surface (2.9p~ ). On the other hand, the spin polar-
ization induced on some electronic states of the noble
metal by the spin-dependent bonding at the interface can
persist over several layers. Sp-derived states in noble-

metal overlayers on a ferromagnetic substrate have been
shown to be spin polarized up to fIlm thicknesses of at
least ten atomic layers. These states can be described as
two-dimensional quantum-well states in the high cover-
age limit. Until now, the development of these polarized
states with the overlayer thickness has been studied for
Cu on Co(100) (Refs. 6 and 8) and for Ag on Fe(100).
Although these states induce only a negligible magnetic
moment in the noble metal, they are of great importance
in magnetic multilayers because they mediate the long-
range exchange interactions between the magnetic layers.

The main aim of this work is to determine the proper-
ties of the two-dimensional states initially formed at the
interface between these two materials. In particular we
examine how sp-derived Ag states contribute to form
two-dimensional magnetic bands, which eventually devel-
op into "quantum-well states" in thicker Ag Alms. By
comparing the experimental data to ab initio electronic-
structure calculations for Fe(100) and for 1 monolayer
(Ml) Ag on Fe(100) we identify "true" and spin-polarized
interface states, i.e., magnetic states which are localized
at the interface and shared by both of the constituents Fe
and Ag. These states are found to originate either from
particular Fe surface states or from the Ag overlayer. In
the latter case, these states can be described as the pre-
cursors of the spin-polarized quantum-well states which
develop in thicker Ag overlayers. Other two-dimensional
states, derived from Fe surface states, are found instead
to be only weakly modified by the presence of the over-
layer.

II. EXPERIMENTAL RESULTS

The experiment has been performed at the storage ring
BESSY with the spin- and angle-resolved photoemission
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apparatus described elsewhere. ' As in Ref. 6 the
geometry of the experiment has been modified in order to
have a component of the electric-field vector perpendicu-
lar to the surface plane (9;=30' in normal emission con-
dition). Photoemission spectra have been measured with
photon energies between 40 and 80 eV on the TGM5-
Undulator beamline. " Epitaxial Fe films have been de-
posited in situ on a Ag(100) single crystal at room tem-
perature by e-beam evaporation.

The growth of Fe on Ag(100) has already been exten-
sively characterized. While the early stage of growth is
still somewhat controversial, it is well established that
thick Fe films (10—30 Ml) closely resemble the bcc struc-
ture of cz-Fe. '

During the growth of the Fe layer a small amount of
surface segregation of Ag takes place already at room
temperature' and can be further enhanced by annealing
the sample above 200 C. We have produced a Ag over-
layer on a IO Ml Fe film by annealing the sample at
250'C for about 40 min. The evolution of the system
during this procedure is shown in Fig. I where the fol-
lowing photoemission spectra are shown: clean Ag(100)
sample before (a) and after deposition of 10 Ml Fe at
room temperature (b) and during a sequence of five an-
nealing steps at 250'C for about 10 min each [Figs.
1(c)—1(g)]. In these spectra the Ag 4d band emission,
above 4 eV binding energy, is well separated from the Fe
3d-derived states at lower binding energy. It is worth
noticing that, at the photon energy used in this experi-
ment, the Fe 3p Auger emission is degenerate with the
Ag 4d valence emission. This Auger emission, together
with the emission from some surface segregated Ag ac-
count for the broad feature below 4 eV binding energy in
Fig. 1(b). The amount of Ag segregation depends on the

Ag/Fe/Ag(f 00)
hv=55ev
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FIG. 1. Angle-resolved photoemission spectra of clean

Ag(100) (a), 10 Ml Fe on Ag(100) (b), and after each of the sub-
sequent annealing steps of 10 min each at 250 C (c)—(g). The
spectra are measured with the sample at room temperature in
normal emission condition at a photon energy of 55 eV.

Fe film thickness, because the segregation process is
kinetically limited at room temperature. Upon anneal-
ing, the intensity of the Ag 4d emission is increased [Figs.
1(c)—1(fl] due to further segregation from the substrate.
This procedure rapidly converges to a stable
configuration where further annealing is no longer
effective [compare spectra l(f) and 1(g)].

The completion of a Ag layer on top of the Fe surface
is accompanied by substantial changes in the valence-
band region within 4 eV from the Fermi level. The nor-
mal emission spectra, at photon energies between 45 and
70 eV, show in particular the development of a new Ag-
induced structure at 1.8 eV binding energy (marked in
Fig. 1). The binding energy of this spectral feature corre-
sponds to the one obtained after evaporation of a Ag
monolayer onto an Fe(100) surface by Brookes, Chang,
and Johnson. ' Thus the system prepared in this way
consists of Ag (1 Ml) / Fe (10 Ml) / Ag(100) and is stable
upon further heating and upon cooling to room tempera-
ture. The two-dimensional character of the overlayer is
also confirmed by the absence of dispersion of the Ag 4d
states in normal emission for varying energy. At the final
stage of the sample preparation, we obtained a good low-
energy electron diffraction pattern with a signal-to-
background ratio improved with respect to the one of the
Fe layer just deposited on Ag(100) substrate.

In order to investigate the two-dimensional electronic
structure of the 1 Ml Ag/Fe/Ag(100) system we have
measured photoemission spectra varying the emission an-
gle (Fig. 2). States with parallel wave vectors (k~~) along
the I -X-I" high-symmetry direction of the surface Bril-
louin zone are sampled in these spectra. In this experi-
mental geometry dipole selection rules dictate that the in-
itial states are even with respect to reflection symmetry in
the (010) Fe plane.

In Fig. 2 tick marks label the most prominent features.
The Ag-induced structure, located at 1.8 eV binding en-
ergy for normal emission (I ), shifts towards lower bind-
ing energy as k

~~

approaches X, which is reached at about
20' off normal emission. Further increase of the emission
angle (k~~ in the second surface Brillouin zone X-I ')
forces this structure to shift backwards thus displaying a
symmetric dispersion with respect to the two-dimensional
zone boundary (X).

In addition to this main structure, the off-normal spec-
tra show two other interesting features. In the region
near I, the spectra display a peak at the Fermi level.
This structure rapidly vanishes when the emission angle
is increased. This behavior suggests that the state caus-
ing the peak at normal emission (I ) moves toward lower
binding energies in the off-normal spectra and eventually
crosses the Fermi level midway between I and X. A
third feature visible in the spectra is located at about 3 eV
binding energy close to the zone boundary (X). The
structure is better observed experimentaHy in the second
Brillouin zone.

A more detailed analysis of these states can be obtained
from the spin-resolved photoemission spectra. These
spectra are presented as a function of the emission angle
in Fig. 3. The measurements have been performed in
remanent magnetization after having magnetized the
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FIG. 2. Angle-resolved photoemission spectra of 1 Ml Ag/10

Ml Fe/Ag(100) as a function of the emission angle. Diferent
electronic states with parallel wave vectors along the I -X line of
the two-dimensional surface Brillouin zone are selected as a
function of the emission angle. In normal emission initial states
at I (k~~ =0}are sampled. At 52 eV photon energy for a state at
the Fermi level the first zone boundary (X,k~~

=1.09 A ) is
reached at about 20.

sample along the in-plane Fe (001) direction, which was
aligned to the spin-sensitive axis of the Mott spin detec-
tor. Several polarized features can be observed in the
spectra. The spin-up spectra (left panel) present two
rather broad structures, near 1 and 3 eV binding energy,
respectively. These spectra do not show strong changes
with varying emission angle. A much more interesting
situation is instead observed in the spin-down channel
(right panel). Here the spectra display a few features
with a dispersive behavior. A spin-down peak (shadowed
in Fig. 3), located at 1.8 eV binding energy at I, moves to
lower binding energy and reaches about 1 eV at X. Clear-
ly this feature corresponds to the two-dimensional Ag-
induced peak already mentioned in the description of the
spin-summed spectra (see Fig. 2). Another pronounced
spin-down structure appears in the normal-emission spec-
trum near the Fermi level. Its intensity decreases for oft-
normal emission angles and practically vanishes for an-
gles larger than 8. Also the third structure observed in
the spin-summed spectra turns out to be of minority
character. Indeed a weak and broad peak appears in the
spin-down channel close to X at 3 eV binding energy.

In Fig. 4 the experimentally determined band disper-
sion outlines the results presented above (upper panel:
spin-down; lower panel: spin-up). The data are presented
in the repeated zone scheme. In the figure are also
shown, as gray shadowed areas, those regions where sur-
face projected Fe bulk states are obtained by our ab initio
calculations which will be discussed in detail below. Two
observed spin-down bands, near I close to EF and near X
at 3 eV binding energy, are in the gaps of the Fe bulk
spin-down band structure. Conversely, the spin-down
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FIG. 3. Spin-resolved photoemission spectra from 1 Ml
Ag/10 Ml Fe/Ag(100) as a function of the emission angle. Left
panel: majority spectra; right panel: minority spectra. The
shadowed structure in the minority spectra is the Ag-induced
interface state discussed in the text.
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FIG. 4. Experimental determination of the energy dispersion

[Elk~I)] along the high symmetry line I -X-I ' of the 2D Bril-
louin zone for 1 Ml Ag/Fe/Ag(100). Upper panel: minority
spin; lower panel: majority spin. The open points are derived
from the spin-summed data (Fig. 2), while the closed ones are
extracted from the spin-resolved spectra (Fig. 3).
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band between 1 —2 eV induced by the Ag overlayer as
well as the experimentally observed spin-up states are de-
generate with bulk states.

An examination of the lower panel of Fig. 4 clearly
shows that all the structures that we have observed in the
majority-spin spectra are degenerate with the bulk bands
of the Fe substrate. This fact strongly complicates the in-
terpretation of these features and prevents a unique as-
signment of the majority features to the calculated bands.

III. THEORETICAL RESULTS

In order to clarify the origin of the various spectral
features we have performed first-principles calculations
on the basis of the density-functional theory in the local-
spin density approximation using the functional form of
von Barth and Hedin' with parameters after Moruzzi,
Janak, and Williams. ' The density-functional equations
are solved by the full-potential linearized augmented-
plane-wave (FLAPW) method, ' which is known to be
precise for open structures such as surfaces containing
transition-metal atoms. Self-consistent calculations have
been carried out for a nine-layer thick Fe(100) film, and a
nine-layer thick 1 Ml Ag/Fe(100) film consisting of a
seven-layer Fe(100) film covered with one layer of Ag on
each side of the Fe surface. The position of the Ag atoms
were chosen in perfect registry with the substrate Fe
atoms. The Ag-Fe interlayer spacing was chosen to be
the average of their bulk lattice spacings and for the Fe-
Fe interlayer spacings the bulk lattice spacing was used.
The lattice parameters was chosen according to Ref. 16.

Although the film thickness taken into account is
sufficient to determine the work function and structure
reliably, the distinction of surface states or interface
states from bulk projected bands or the observation of
partial gaps in the band structure remain difficult. There-
fore, we use thick films of 27 and 29 layers for Fe(100)
and Ag/Fe(100), respectively, to analyze the band struc-
ture. The potential and density for the thick films were
obtained by a stretching technique that makes use of the
thinner slabs and bulk results. Although the calculations
are not self-consistent enough for total energy purposes
the bands are stable. The stability has been tested for
various systems, among them Fe(100). We have started
with a self-consistent nine-layer Fe(100) film, which has
been stretched to a 15-layer slab. For this slab and for a
self-consistently determined 15-layer slab the band struc-
tures have been compared. They turned out to be indis-
tinguishable.

In Fig. 5 we present the results of the spin-polarized
calculation for the 1 Ml Ag/Fe(100) 29-layer slab [left
panels: (a) and (b)] and for the Fe(100) 27-layer slab [right
panels: (c) and (d)], respectively (upper panels: minority-
spin; lower panels: majority-spin). To facilitate the com-
parison with the experimental results, only states with
even symmetry are shown in these pictures. In Figs. 5(a)
and 5(b) we have marked (with di6'erent symbols, whose
meaning will be discussed below) the states, whose expec-
tation value for the electron charge on the interface Ag
and Fe atoms is more than 50%.

A first comparison between the experimental disper-

sion (Fig. 4: repeated-zone scheme) and the theoretical
calculation [Fig. 5(a): reduced-zone scheme] reveals that
all of the three minority features observed in the photo-
emission spectra are well reproduced in the calculated
electronic structure. Indeed in the symmetry projected
minority gap across the Fermi level there is a surface
band which, starting at I at about 0.5 eV binding energy,
moves towards EF and crosses it midway from I to X
[squares in Fig. 5(a)]. Clearly this band can be identified
with the peak experimentally observed near the Fermi
level for small emission angles (Fig. 4). In Fig. 5(a), de-
generate with the Fe projected bulk states, we found
another minority band which at I is located at 1.8 eV
below the Fermi level [empty squares in Fig. 5(a)]. Obvi-
ously this band corresponds to the Ag-induced states.
Also in this case the dispersion experimentally observed
for this minority structure along the I -X high-symmetry
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FIG. 5. Band-structure calculation for a 27-layer Fe(100) film

covered on both sides with a Ag monolayer arranged in the
pseudomorphic p (1 X 1) geometry (a) and (b) and for a 27-layer
Fe(100) film (c) and (d) along I -X. Only states along I -X and

with even symmetry with respect to the (010) Fe plane are
shown in the pictures. Upper panel: minority bands; lower

panel: majority bands. In both calculations various states are
marked [Ag/Fe(100) full squares: Fe states; empty squares: in-

terface states; empty circles: Ag states. Fe(100), full squares in-

dicate surface states. For a precise definition see text].
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direction fits to the one determined from the first-
principles calculations. Finally, in the second minority
gap located at about 3 eV binding energy close to X lies a
surface band [empty squares in Fig. 5(a)]. These states
closely correspond to the broad minority structure exper-
imentally observed at 3 eV binding energy in the region
across the surface-zone boundary (X). Notice that close
to X, in correspondence with the appearance in the
minority spectra of the new peak, the majority spectra
also display some minor changes in the structure at about
3 eV (see Fig. 3). This is probably related to the coming
out, at higher binding energy, of the exchange-split ma-
jority counterpart of the minority peak located at 3 eV.
Unfortunately, due to the short lifetime of the high bind-
ing energy features, the majority spectra at X do not
show clearly a new peak, at higher binding energy,
separate from the one originating from the Fe majority
bulk bands.

A deeper insight into the nature of these states can be
gained by comparing the electronic structure of the sys-
tem 1 Ml Ag/Fe(100) [Figs. 5(a) and 5(b)] with the one
for the bare Fe substrate [Figs. 5(c) and 5(d)]. In the Fe
calculations surface related states are extracted according
to the criteria that at least 50% of their weight must be
distributed on the surface topmost layer (full squares).
Already in the case of the uncovered substrate both Fe
minority gaps mentioned before are filled with surface
bands and upon absorption of the Ag monolayer both
bands survive with only minor modifications in their en-

ergy dispersion. The minority surface band, which on the
clean Fe(100) surface remains just below the Fermi level
along all I -X, is only slightly pushed up in the
Ag/Fe(100) system and eventually crosses the Fermi level
in the middle of the zone. Analogous considerations can
be done for the minority band found in the calculation at
about 3 eV binding energy close to X in the s-d hybridiza-
tion gap. Also in this case the energy dispersion of the
corresponding Fe surface states is only weakly modified
by the Ag overlayer. In spite of this close similarity in
the behavior of these two surface bands, a more quantita-
tive analysis of the calculation reveals some interesting
differences.

For this purpose, the various 2D states already selected
(i.e. , more than 50% on the two Fe and Ag outermost
atomic layers) have been divided according to one of the
following additional criteria which define:

(i) Fe states: if 90%%uo or more of their interface charge
(i.e., the part of their charge which is distributed on the
two Fe and Ag interface species) is located on the Fe lay-
er [full squares in Figs. 5(a) and 5(b)].

(ii) Ag states: if 90%%uo or more of their interface charge
is located on the Ag layer [empty circles in Figs. 5(a) and
5(b)].

(iii) Interface states: if their charge distributed on the
two Fe and Ag interface species is comparable, having a
difference less than 10% [empty squares in Figs. 5(a) and
5(b) (Ref. 18)].

On the clean Fe surface [Fig. 5(c)], the minority states
just below the Fermi level have a very high degree of lo-
calization on the topmost Fe surface layer (more than
70% of the total electronic density), i.e., these states have

a pronounced d character. Consequently, we find a very
weak interaction in with the Ag overlayer [full squares in
Fig. 5(a): 2D-Fe states]. The direct comparison between
Figs. 5(a) and 5(c) clearly shows that the main effect of
the Ag overlayer is that of producing an entirely new
minority band that we have therefore mentioned before
as Ag-induced. The energy position of this band indi-
cates that it derives from the Ag sp bands. Moreover we
can now see that this band verifies the criteria for inter-
face states [empty squares in Fig. 5(a): Fe-Ag interface
states] so that a state belonging to this band is substan-
tially shared between the two interface layers. This result
is in good agreement with a previous analysis by Brookes,
Chang, and Johnson'" on the basis of a FLAP& calcula-
tion. ' They find that these states are localized at the in-
terface for more than 67%. From Fig. 5(a) it appears
that also the other minority states in the s-d hybridiza-
tion gap centered at about 3 eV close to X are interface
states. An examination of the corresponding Fe surface
states reveals that these states are quite delocalized al-
ready in the case of the clean Fe(100) surface (only about
60% of their total electronic density is located on the sur-
face layer), i.e., they have a substantial sp character.
Upon Ag adsorption these states are then modified and
transform into interface states [empty squares in Fig.
5(a): Fe-Ag interface state).

In Fig. 6 we compare the layer-resolved charge distri-
bution of three particular states of the minority bands
discussed above. The Fe state at 0.3 eV binding energy is
extremely localized on the Fe-interface layer, its intensity
decreasing abruptly both inside the Fe substrate and in
the Ag overlayer [Fig. 6(a)]. Instead, the Ag-induced
state is more delocalized. At 1 Ml Ag coverage, it forms
an interface state which considerably extends in the Fe
substrate. Nevertheless a significant part of this state is
also distributed into the vacuum region [Fig. 6(b)]. This
fact suggests that its nature could be profoundly modified
by further Ag deposition. Finally, the third state con-
sidered at 2.8 eV binding energy at X is a clear interface
state derived from the corresponding Fe surface state.
This state is in fact more concentrated at the interface
[Fig. 6(c)]. Further support to this view comes from the
observation that bulk Ag also has a symmetry projected
gap very close to this band so that presumably these
states will remain interface states also for thicker Ag lay-
ers.

As already mentioned, the Ag-induced interface states
are particularly interesting due to their role in the mag-
netic coupling of Ag-based magnetic multilayers. In this
case it is also interesting to analyze their layer distribu-
tion in other points along the I -X line. Our calculations
prove that in the region near I, these states are nearly
equally distributed between the top Fe layer and the Ag
overlayer. Moving from I towards X (or also towards M,
not shown in Fig. 5) the center of the electron density re-
lated to these states moves away from the interface. In
the second half of I -X (or I -M) these states acquire the
character of Fe resonances with increasing weight inside
the Fe layers.

Moreover, it can be noticed in Fig. 5 that the two-
dimensional Ag monolayer states are confined at binding
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To conclude the analysis of our calculations, we men-
tion that another interesting feature is observed in the
empty part of the electronic states. On the Fe surface in
the gap close to X there are also Fe surface states. These
states have a considerably high exchange splitting so that
a majority state at about 3.2 eV above EF at X is visible
in Fig. 5(d) but its minority counterpart is not [Fig. S(c)j.
Upon Ag deposition this Fe surface band is replaced by a
Ag surface band. The exchange splitting of these Ag
states is much reduced (bE,„=0.21 eV at X) and corre-
spondingly we find that indeed these states are highly lo-
calized on the Ag layer [empty circles in Figs. 5(a) and
5(b)].
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FIG. 6. Layer-resolved charge distribution for three
representative minority states of the 1 Ml Ag/Fe(100). The Fe
layers are shown in black, the Ag in gray, and the vacuum in
white.

energies between 3.5 and 6 eV (empty circles: Ag states).
Similar calculations of the band structure for bulk Ag
determine the position of the Ag d bands at binding ener-
gies between 3.2 and 6.5 eV. ' The reduction of the d-
band width is attributed to the reduced coordination
number of the Ag atoms in the monolayer. As a final re-
mark we would like to point out that there is an excellent
agreement between the calculation and the experiment in
the first 3.5 eV binding energy region. This suggests that
the system Ag/Fe(100) should be one in which the ideal
geometry postulated in the calculations is to a great ex-

In conclusion, we have shown how sp-derived Ag states
contribute to form two-dimensional magnetic bands. By
comparing the experimental data to FLAPW calculations
for thin films of Fe(100) and 1 Ml Ag on Fe(100), we have
identified various types of 2D and spin-polarized elec-
tronic states, among them, Ag-induced magnetic states
which are localized at the interface and shared by both of
the constituent interface atoms. These states have no
counterpart on the clean Fe surface and can be described
as the precursors of the polarized quantum-well states
which eventually develop in thicker Ag films. Other
two-dimensional states, derived from Fe surface states,
are instead found either negligibly modified or changed
into interface states by the presence of the Ag overlayer.
The distinct behavior of these states is traced back to
their different degree of localization at the Fe surface.
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