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We report a systematic investigation of the electronic properties and correlation effects in a two-dimensional
magnetic surface alloy Mn/Cu�110� using a combination of spectroscopic techniques ranging from the angle-
resolved photoemission, x-ray photoelectron, and x-ray absorption spectroscopy. Our results show that increas-
ing Mn concentration surprisingly induces a progressive charge redistribution on the Cu�110� substrate, in-
creasing the electron occupancy of the Cu Shockley surface state. Furthermore, new Mn-induced surface bands

are identified at the X̄ symmetry point that are backfolded with respect to the Brillouin-zone boundary and
expose a band gap in the occupied states. Distinct satellite features in both the core-level photoemission and
absorption spectra for a wide range of Mn concentrations suggest the presence of strong electronic correlations
and increased ordering of this alloy with respect to its other known counterparts, such as Mn/Cu�100� and
Mn/Ni�110�.
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I. INTRODUCTION

Magnetically stabilized ordered surface alloys have at-
tracted increasing attention due to the possibility of tailoring
their properties for potential applications in data storage and
spin-injection devices.1,2 Materials pertaining to this class
consist of a nonmagnetic metallic surface where the atoms
with a magnetic moment arrange in superstructures. Ab initio
electronic-structure calculations show that the stability of
these surface alloys arises from the presence of a large mag-
netic moment of the constituent atoms. Mn and related com-
pounds are of particular interest in this regard due to the high
magnetic moment �5�B� expected for Mn from Hund’s rules.
For instance, in the c�2�2� Mn/Cu�100� and c�2�2� Mn/
Ni�100� surface alloys Mn magnetic moment reaches 3.75�B
and 3.5�B, respectively.3–5 Mn-Cu surface alloys deserve
special consideration as they get stabilized over wide tem-
perature ranges and are characterized by a considerable
atomic corrugation in the ordered surface layer while no or-
dered bulk Mn-Cu alloys exist.3,6,7 The stability of these two-
dimensional �2D� systems is due to the large gain in the
magnetic energy associated with an outward buckling of the
Mn atoms.3,6,7

Generally the electronic and magnetic properties of low
dimensional systems, such as ultrathin films and surface al-
loys, are expected to be significantly different from their bulk
counterparts. This is mainly because of a lower atomic coor-
dination number and chemical environment on the surface as
compared to the bulk. A reduced overlap of the electronic
wave functions leads to the reduction in the electronic band-
widths and gives rise to an enhancement of the exchange
splitting and the magnetic moments in ultrathin magnetic
films.8,9 The band width lowering also increases electronic
localization and hence the correlations effects become in-
creasingly important. In spite of such expectations, correla-
tion effects have been addressed only in a few studies of
magnetic surface alloys.5,10

The magnetically stabilized alloys have been investigated
so far mostly on �100� surfaces, with a few exceptions which
dealt with �110� surfaces.11,12 Formation of a 2D, ordered
c�2�2� Mn/Cu�110� surface alloy was studied from the
structural and magnetic point of view and it was found that
the Mn atoms buckle outward and the Cu atoms inward with
a total buckling amplitude of 0.22 Å �17.2% of the ideal
interlayer distance in Cu�110��.11 It was further suggested
that the buckling reverts the coupling between the Mn mag-
netic moments from antiparallel to parallel resulting in a
long-range ferromagnetic order. A large Mn magnetic mo-
ment of 3.82�B was predicted and proposed to be the origin
of the large electronic-structure modifications that lead to the
work-function change.11

Here we report a systematic investigation of the electronic
properties and correlation effects in Mn/Cu�110� surface al-
loy with varying Mn concentrations. Using a combination of
various spectroscopic techniques, ranging from the angle-
resolved photoemission spectroscopy �ARPES�, x-ray photo-
electron spectroscopy �XPS�, and x-ray absorption spectros-
copy �XAS�, we find that increasing Mn concentrations
induce a progressive charge redistribution on the Cu�110�
surface, resulting in an increase in the number of electrons
occupying the Cu surface state �SS�. The distinct satellite
features are observed in both the XPS and XAS spectra for a
wide range of Mn coverages, suggesting the presence of
strong electronic correlations and an increased stability of
this alloy with respect to its counterparts on Cu�100� or
Ni�110�.

II. EXPERIMENTAL DETAILS

A clean Cu�110� surface was prepared by repeated cycles
of Ar+-ion sputtering and annealing to 750 K. The clean
surface has a sharp p�1�1� low-energy electron-diffraction
�LEED� pattern while no C 1s and O 2p signals are present
in the XPS spectra. Manganese was deposited in situ, using
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an electron-beam evaporation source, on the substrate kept at
room temperature. The deposition rate was calibrated using a
quartz thickness monitor. The pressure during the evapora-
tion never exceeded 2�10−10 mbar. After Mn deposition,
two different superstructures were observed by LEED: the
submonolayer coverages lead to the formation of a c�2�2�
superstructure characterized initially by faint and very dif-
fused spots which become sharper and more intense with
increasing coverage until a maximum order is reached at
�0.5 monolayer �ML�. Beyond 0.5 ML Mn, c�2�2� spots
get broader and decrease in intensity and vanish between 1.0
and 1.5 ML Mn. In this range, both c�2�2� and a higher
�16�1� superstructure phase coexist. Beyond 2 ML, pure
�16�1� phase remains. Our growth pattern follows the
structure and growth phase diagram reported by Ross et al.11

The presence of the representative LEED patterns and the
absence of C 1s and O 2p signals in the photoemission spec-
tra were verified for each sample preparation. All spectro-
scopic measurements were performed at the APE-INFM
beamline at the Elettra synchrotron light source, Italy.13 The
two branch lines of APE, connected through a common
sample preparation chamber, provide an ideal situation
where one may study the electronic band dispersion as well
as the core-level and absorption spectra on the very same
sample surfaces. All ARPES measurements were performed
using a linearly polarized light oriented in the storage ring
plane and coplanar with the sample surface normal and the
entrance slit of the electron energy analyzer �Scienta
SES2002�. For XPS measurements, an Omicron EA125
hemispherical electron energy analyzer was used. Mn L2,3
XAS spectra were recorded by the total electron yield
method. The base pressure in the experimental chambers was
�3�10−11 mbar and data were collected at room tempera-
ture.

III. RESULTS AND DISCUSSION

We followed the band dispersions along the two high-

symmetry directions ��̄-X̄ and �̄-Ȳ� of the 2D surface Bril-

louin zone �SBZ� for clean Cu�110� �Fig. 1�a�� and for 0.5
ML c�2�2� Mn/Cu�110� �Fig. 1�b��. In order to enhance the
features near the Fermi energy �EF� a first differential of
intensities of measured band dispersions is shown. The posi-
tion of EF was estimated by measuring a polycrystalline Au
sample in thermal and electrical contact with the Cu crystal.
A comparison of the band structures shows that the Cu 3d
and Mn 3d bands observed between 2 and 4.5 eV binding
energies overlap for almost the entire SBZ making the gross
electronic structures similar. However, already in this overall
figure it is evident that surface alloying induces important

modifications near the X̄ and Ȳ symmetry points.

Figure 2 shows a set of data collected at the Ȳ symmetry
point for clean Cu�110� and the alloys with increasing Mn
content �0.125–0.5 ML�. In Fig. 2�a�, the well-known Shock-
ley SS band of clean Cu�110� is observed, with a binding-
energy minimum at �0.49 eV, as reported previously.14

With Mn deposition, the binding-energy minimum is shifting
systematically toward higher binding energies �Figs.
2�b�–2�f�� while the diameter of the SS Fermi contour in-
creases. The percentage gain in the area enclosed by the
Fermi contour on going from clean Cu�110� to 0.5 ML c�2
�2� Mn/Cu�110� is �74% suggesting a significant increase
in the number of charge carriers in the SS. It is well known
that the presence of adsorbates modifies the electronic struc-
ture of surfaces. Different mechanisms contribute to the
modification of the surface states, such as Pauli
repulsion,15,16 mixing and hybridization of electronic
states,17–19 charge transfer,20,21 and polarization.22,23 In the
case of Mn/Cu�110�, a direct charge transfer from Mn to Cu
would have manifestations �shift in binding-energy positions/
appearance of additional peaks� in the Mn 2p �discussed later
in Fig. 4�a�� and Cu 2p core-level spectra �data not shown�
which we do not observe. Hence we speculate the possibility
of a Mn-induced charge redistribution in the Cu surface
layer. As discussed previously, the structural investigations
show that the Mn atoms induce a strong surface corrugation
with inward/outward Cu/Mn relaxation with a total buckling
amplitude of 0.22 Å �17.2% of the ideal interlayer distance

(a) (b)

XY ΓXY Γ

(b)(a)

FIG. 1. �Color online� Band dispersions along the high-symmetry directions �̄-X̄ and �̄-Ȳ of the surface Brillouin zone for �a� clean

Cu�110� and �b� 0.5 ML c�2�2� Mn/Cu�110� collected at 35 eV; note that an apparent mismatch at �̄ between the features along �̄-X̄ and

�̄-Ȳ is due to the matrix element effects and the consequent intensity reduction/enhancement as the experimental geometry changes for the
two high-symmetry directions.
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in Cu�110��.11 Surface relaxation has already been pinpointed
as a source of the local charge redistribution in Be�0001�.24,25

In the case of Mn/Cu�110�, the corrugation might cause a
local Cu charge transfer from the bulklike to the surface
states.

Besides the increase in the SS Fermi contour, we also note
the apparent change in the left-right asymmetry �with respect

to Ȳ� of the SS intensity with increasing Mn coverage. In the
recent work by Mulazzi et al.,26 it was found that such pho-
toemission intensity variation for sp-based Cu�111� surface
state is directly linked to a change in the weight of the d-like
final states available for the SS emission. In our case, it may
imply that the p component of the sp originating Cu�110�
surface state �which is linked to the transitions to d final
states� changes due to hybridization with other symmetry
components that “spill in” new charge in the SS. Quantitative
understanding of the Mn-induced charge redistribution and
of the associated photoemission intensity redistribution
would require further theoretical calculations. It would be
particularly challenging to understand the involvement of the
above-mentioned phenomena in the large work-function
change and hence the magnetism of the system.

Another impact of the Mn deposition on the electronic

band structure are new bands formed around the X̄ symmetry

point of the Cu�110� SBZ as shown in Fig. 3. Experiments
were performed by varying photon energies between 20 and
90 eV so as to optimize the cross-section ratio between the
Mn- and Cu-induced bands. The set of data shown in Fig. 3
was collected using 46 eV, where the intensity of the Cu bulk
bands is almost completely suppressed as shown in Fig. 3�a�.
Figure 3�b� shows the additional bands near the X̄ symmetry
point that appear at the coverage as low as 0.125 ML.
Photon-energy-dependent measurements confirmed these
bands to be of 2D character arising from surface alloying.
For increasing Mn concentration, the bands gain in sharpness
and intensity while remaining at the same k point and same
binding energies in all the cases �Figs. 3�c�–3�e��. Figure 3�f�
shows that the bands are missing for 2.5 ML deposition
where the �16�1� superstructure sets in. Therefore, these
bands are pertinent to the c�2�2� superstructure uniquely.
The results of Fig. 3 demonstrate that the Mn atoms start
ordering into the c�2�2� structure even for very small Mn
concentrations and that the overall local geometry and local
interactions are not changing if some c�2�2� sites are left

empty. Such Mn-derived bands around the X̄ point have been
reported previously in the band structures of single-layer
MnN/MnCu/Cu�001� and 1 ML Mn/Cu�001�. Similar to our
case, the authors link their origin to the formation of an

FIG. 2. �Color online� Shockley surface state around the Ȳ symmetry point of the surface Brillouin zone for �a� clean Cu�110� and its

evolution with increasing Mn concentration �b�–�f�. The position of Ȳ symmetry point is indicated by black dashed lines.

FIG. 3. �Color online� New electronic bands around the X̄ symmetry point of the surface Brillouin zone for various Mn depositions: �a�
clean Cu�110�; �b�–�e� 0.125–0.5 ML Mn with c�2�2� arrangement; �f� 2.5 ML Mn coverage with �16�1� superstructure. �g�: an expanded

view of the EDCs for 0.5 ML c�2�2� Mn/Cu�110� near the X̄ point indicating a possible band gap of �100 meV.
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ordered single c�2�2� Mn/Cu�100� alloy layer at the
interface.1,27

An expanded view of the energy distribution curves for

0.5 ML c�2�2� Mn/Cu�110� near the X̄ point is shown in
Fig. 3�g�. One may clearly see from the figure that these new

Mn-induced surface bands are backfolded with respect to X̄,
exposing a gap in the occupied states �at �0.5 eV below
EF�. Typically, introducing a �new� periodic potential leads to
the band-gap opening at the �new� Brillouin-zone boundary.

We remind here, however that X̄ is the symmetry point of the
Cu�110� substrate and not of the c�2�2� reconstruction and
therefore this reasoning cannot be applied to our case. Simi-
lar band-gap opening has been reported in the electronic
structure of Pb-Cu alloys where a considerable buckling of
�0.2 Å in the Pb layer and an even larger, but inverted,
corrugation of the first substrate �Cu� layers exists.28 The
buckling of the Pb layer is considered to be the driving force
for the “repulsion” of the bands at the crossing points and a
gap opening. It has been suggested that this could provide a
way for the adlayer to gain electronic energy, compensating
the enhanced elastic energy of the reconstruction.29 Compar-
ing our data with these results, we could speculate that the
band gap observed in Mn/Cu�110� alloy might be a conse-
quence of the large buckling of the Mn and Cu layers as
observed from the structural studies.11 This is the first obser-
vation of such a band-gap opening observed in Mn-Cu al-
loys.

Figure 4�a� shows the Mn 2p core-level spectra for Mn
deposition ranging from 0.125 to 5 ML. All spectra are char-
acterized by two main peaks appearing at �641.6 eV and
�651.6 eV binding energies corresponding to the spin-orbit
split Mn 2p3/2 and 2p1/2 states, along with two pronounced
shoulders, satellite peaks, appearing at higher binding ener-
gies. The intensity of these satellite features is almost equal
up to 0.5 ML beyond which it drops systematically and prac-
tically vanishes for 5 ML coverage with the spectra resem-
bling that of bulk Mn. These satellite features are manifesta-

tions of enhanced electron correlations in Mn/Cu�110� and
were found also in Mn/Cu�100� �Ref. 10� and Mn/Ni�110�.12

The reduced Mn-Mn coordination in the c�2�2� structure,
where ideally no Mn-Mn next-neighbor pairs exist, reduces
considerably the overlap of the Mn 3d-derived wave func-
tions and thus the 3d bandwidth W. Also, in contrast to an
fcc bulk site with 12 next-nearest neighbors, the Mn in the
surface alloy has only eight neighbors placed further apart.
Consequently, the electronic screening is reduced, resulting
in the increase in the Coulomb correlation energy U and the
U /W ratio. Beyond 0.5 ML, each Mn atom starts seeing
other Mn atoms in its neighborhood. This results in the in-
crease in Mn 3d-3d interactions, decrease in correlations,
and hence reduced intensity of the satellite features. It was
reported earlier that the satellite features disappear already
for 1 ML in Mn/Cu�100� �Ref. 30� and 1.1 ML in
Mn/Ni�110�,12 suggesting that the alloy ordering vanishes be-
yond those values �1–1.1 ML�. In our case, the persistence of
the satellite features even for 2.5 ML Mn goes along with the
idea that the alloy order is maintained up to this high cover-
age. Furthermore, almost equal intensities of the satellite fea-
tures for 0.125–0.5 ML suggest that the ordering of Mn at-
oms into the c�2�2� structure starts even for small Mn
depositions, in agreement with the band-structure data of
Fig. 3.

We notice further that the average satellite-to-main peak
energy separations for 2p1/2 and 2p3/2 states are 5 eV and 3.5
eV, respectively, similar to what was found on Mn/Ag�001�
�Ref. 31� and Mn/Cu�001�.30 Krüger and Kotani32 demon-
strated that the satellite structure is due to the presence of
2p53d5 and 2p53d6L−1 final states �where the ligand hole L−1

is mainly in the majority-spin Mn band of the neighboring
atoms� and that atomic multiplet effects cause an apparent
spin-orbit splitting that is greater for 3d5 than for 3d6 final
states, leading to �1 eV larger main line splitting for the
2p1/2 than for the 2p3/2 lines. Similar analysis for Mn/
Cu�001� estimates an energy splitting of 3.5 eV and 5 eV for
2p3/2 and 2p1/2 components, respectively.28 This exactly re-
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FIG. 4. �a� Mn 2p core-level photoemission spectra and �b� Mn L2,3 x-ray absorption spectra for 0.125–5 ML Mn/Cu�110�.
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produces our values for Mn/Cu�110�. We may therefore con-
clude that the Mn 2p main peak is assigned to the well-
screened state described as 2p53d6L−1 and the satellite
structure to the poorly screened state of 2p53d5, where L−1

denotes the ligand hole on the neighboring Cu 3d and Mn 3d
sites.

The Mn L2,3 edge XAS spectra for various Mn concentra-
tions are shown in Fig. 4�b�. Besides the two pronounced
edges corresponding to the spin-orbit split components L3
and L2, for Mn coverages �2.5 ML additional fine struc-
tures are observed: two shoulders at �1 eV and �3 eV
higher energy of the L3 peak and a doublet peak structure of
the L2 component. These well-resolved multiplet structures
are again signatures of a localized ground state. The line
shape of the present spectra coincides well with that reported
for 0.2 ML Mn/Cu�110� previously.33 The satellite features
vanish at 5 ML, as in the case of the core-level photoemis-
sion spectra in Fig. 4�a�, suggesting a crossover from a lo-
calized to an itinerant 3d electron behavior with increasing
Mn coordination. Thus the Mn 2p absorption spectra repro-
duce our inferences from the core-level photoemission spec-
tra confirming the role of electron correlations in dictating
the electronic structure of this surface alloy.

Configuration-interaction cluster calculations of Mn 2p
core-level spectra of analogous surface alloys c�2�2� Mn/
Ni�110� and c�2�2� Mn/Cu�100� gives the parameters �
=1.0 eV, U=3.0 eV, and dd�=1.2 eV �Ref. 12� for the
former and �=1.5 eV, U=3.0 eV, and dd�=1.0 eV �Ref.
12� for the later, respectively, where � is the Ni �Cu� 3d to
Mn 3d charge-transfer energy, U is the multiplet-averaged
Mn 3d-3d interaction energy, and dd� is the Slater-Koster
parameter expressing the hopping matrix elements between
Mn 3d and Ni �Cu� 3d orbitals. Comparison of the above-
mentioned two systems suggests that � and dd�, but not U,
vary slightly with the chemical environment �Ni and Cu,

respectively�. Keeping in mind that the structural relaxations
for c�2�2� Mn/Cu�100� and c�2�2� Mn/Ni�100� have been
found to be very similar to each other, a Mn relaxation of
0.06a, where a is the lattice constant of Cu�110�, as obtained
from the structural analysis of Mn/Cu�110� has been used in
the above-mentioned calculations for Mn/Ni�110�. This sug-
gests that the above approach is valid for our present case of
Mn/Cu�110� also and will yield similar results. ��U sug-
gests that in the Mn 2p XPS spectra, the main peak at lower
binding energy is rather dominated by 2p53d6L−1 and the
satellite at higher binding energy by 2p53d5 configurations as
we have discussed previously. ��U also suggests that these
surface alloys, c�2�2� Mn/Cu�110�, c�2�2� Mn/Cu�100�,
c�2�2� Mn/Ni�110�, etc., can be characterized as charge-
transfer compounds, where in practice metallic conductivity
of the systems will be provided by the Cu/Ni substrates.12,34

IV. CONCLUSIONS

To conclude, we investigated the evolution of the elec-
tronic structure and correlation effects in the Mn/Cu�110�
surface alloy with increasing Mn concentration. We found
that the Shockley surface state of Cu�110� gets strongly
modified with Mn deposition, shifting systematically to
higher binding energies with increasing Mn. The increase in
the diameter of the surface-state Fermi contour suggests that
Mn induces Cu charge reorganization and charge transfer
into the surface state. This is accompanied by the appearance

of new electronic bands at X̄ that expose a gap of
�100 meV in the occupied states. The persistence of the
correlation satellites in the Mn 2p core-level photoemission
and absorption spectra over a wide range of Mn concentra-
tions suggests an increased ordering of this alloy with respect
to its counterparts on Cu�100� or Ni�110�.
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