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Abstract. The evolution of electronic properties and correlation effects in manganese-based twodimensional magnetic surface alloys are discussed. Enhanced correlations resulting from the reduced
dimensionality of the surface alloys lead to the modiﬁcation of the core level and valence band electronic structures resulting in the appearance of distinct satellite features. Apart from this, surface
alloying-induced strong modiﬁcations in the substrate surface states arising from charge reorganization and electron transfer to the surface states as well as band-gap openings are also discussed.
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1. Introduction
Magnetically stabilized ordered surface alloys, consisting of a non-magnetic metallic surface where the atoms with a large magnetic moment arrange in ordered superstructures,
have attracted increasing attention due to the possibility of tailoring their properties for
potential applications in data storage and spin injection devices [1–3]. Surprisingly, such
surface alloy formations are observed even for some metal–metal combinations which are
practically immiscible in the bulk. The stability of these surface alloys results from the
presence of a large magnetic moment of the constituent atoms as shown by ab-initio
electronic structure calculations. Among these systems, Mn and related compounds are
of particular interest due to the high magnetic moment (5 μB ) expected for Mn according to Hund’s rules. For instance, in the c(2×2) Mn/Cu(1 0 0), c(2×2) Mn/Ni(1 0 0) and
c(2×2) Mn/Cu(1 1 0) surface alloys, Mn magnetic moment reaches 3.75 μB , 3.5 μB and
3.82 μB , respectively [4–7]. Due to the nearly half-ﬁlled 3d shell, the low-coordinated
Mn has a stable high-spin ground state, whereas an itinerant low-spin ground state is
formed in Mn metal, thereby making Mn an ideal material to study the interplay between
hybridization and magnetic ordering.
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While Mn and Cu do not form stable bulk compounds, the c(2×2) surface compound
turns out to be a very stable two-dimensional system. Structural investigations suggest
that these alloys are characterized by a considerable atomic corrugation in the surface
layer during alloy formation. For example, in the case of c(2×2) Mn/Cu(1 1 0) surface
alloys, 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(1 1 0)) [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 [4,8,9]. It was further suggested that
the buckling reverts the coupling between the Mn magnetic moments from antiparallel to
parallel resulting in a long-range ferromagnetic order. A large Mn magnetic moment
of 3.82 μB was predicted and proposed to be the origin of the large electronic structure
modiﬁcations that lead to the change in work function [7]. The close relationship between
the atomic structure and the magnetic properties has made Mn–Cu surface alloys one of
the most investigated two-dimensional surface alloy systems.
Electronic and magnetic structures of transition metal atoms, when arranged in lower
dimensions, forming ultrathin ﬁlms and surface alloys, get strongly modiﬁed when compared to their bulk counterparts because the surface has a different coordination number
and chemical environment as compared to the bulk. The wave functions have smaller overlaps leading to a reduction in the electronic bandwidth giving rise to an enhancement of
the exchange splitting [10–12]. Here the d electrons exhibit much stronger correlation
which could lead to strongly enhanced magnetic moments. The reduction of the crystal
ﬁeld at the surfaces as well as the narrowing of the d bands and the enhancement of the
density-of-states at the Fermi level can modify the surface magnetic properties making
them considerably different from the bulk magnetism [3]. For example, Mn/Ag(1 0 0)
shows a magnetic moment as large as 4 μB , close to Hund’s rule ground-state value as
opposed to the itinerant low-spin ground-state formed in Mn metal [13]. The understanding of the surface magnetic properties and their origin are of utmost importance for technological applications involving phenomena such as giant magnetoresistance, oscillatory
interlayer coupling, spin injection and high-density storage devices. Lowering of bandwidth also induces increased localization of the electrons and electron correlation effects
can be strongly enhanced, as revealed by the appearance of satellite structures in the core
level or more rarely in the valence band photoemission spectra. The origin and thickness
dependence of these satellite structures in the Mn 2p core level spectra from Mn metal
ﬁlms grown on Al substrates have been reported previously where intra-atomic multiplet
effect associated with Mn atoms with large local moment plays a signiﬁcant role [14].
Hence understanding the electronic correlations arising from the reduced dimensionality become increasingly important. Here we look at the modiﬁcations of the electronic
structure of various Mn-based ordered magnetic surface alloys arising from enhanced
electronic correlations due to surface alloying.
2. Sample preparation and characterization
Surface alloys are generally prepared in situ by chemical vapour deposition technique.
The surface of the metallic substrate is ﬁrst prepared by repeated cycles of Ar+ sputtering,
followed by annealing at appropriate temperatures. The cleanliness of the surface is monitored by the appearance of sharp low energy electron diffraction (LEED) patterns or by
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the absence of the core level C 1s and O 2p signals in the X-ray photoemission spectra
or the respective signals in the Auger electron spectra. The second constituent of the surface alloy is subsequently deposited by keeping the substrate at appropriate temperatures
and monitoring the rate of deposition using a quartz thickness monitor so as to carefully
follow the formation of various ordered superstructures during the alloy formation. For
example, for preparing Mn/Cu(1 1 0) surface alloy, a clean Cu(1 1 0) surface was prepared
by repeated cycles of Ar+ ion sputtering and annealing to 750 K [15]. The clean surface
shows sharp p(1×1) LEED pattern as shown in ﬁgure 1a. Manganese was deposited
in situ, using an electron beam evaporation source, by keeping the Cu(1 1 0) substrate at
room temperature. New superstructures start appearing in the LEED pattern after Mn
deposition. The sub monolayer coverages lead to the formation of c(2×2) superstructure
characterized initially by faint and very diffused spots which gain sharpness and intensity with increasing coverages. A maximum order is reached at 0.5 monolayer (ML)
as shown in ﬁgure 1b. A schematic of the c(2×2) ordered superstructure showing the
atomic corrugation is shown in ﬁgure 1c where Mn atoms are embedded in the top surface layer of Cu(1 1 0) substituting every second Cu atom forming a checker-board-like
structure with the remaining Cu surface atoms. 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) phase and a higher (16×1) superstructure phase coexist. Beyond 2 ML, pure
(16×1) phase remains [15]. Spectroscopic measurements on Mn/Cu(1 1 0) discussed here
were performed at the APE-INFM beamline at the Elettra Synchrotron Light Source, Italy,
where on the very same sample surfaces the electronic band dispersions as well as the core
level photoemission and absorption spectra were acquired. All angle-resolved photoemission spectroscopy (ARPES) measurements were performed using linearly polarized
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Figure 1. Low-energy electron diffraction patterns of (a) clean Cu(1 1 0) and (b)
c(2×2) Mn/Cu(1 1 0). (c) Schematic of c(2×2) ordered superstructure showing
atomic corrugation.
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light and recorded using Scienta SES2002 electron energy analyser. X-ray photoemission
spectroscopy (XPS) measurements were recorded using an Omicron EA125 hemispherical electron energy analyser whereas the Mn L2,3 X-ray absorption edges were recorded
by the total electron yield method. Valence band photoemission spectra from c(2×2)
CuMn/Cu(1 0 0)
systems discussed here were measured at the TGM 1 beamline for linearly polarized
synchrotron light at BESSY, Germany [12].

3. Correlation effects
Enhanced electron correlation effects and localization lead to the appearance of additional
structures in the core level photoemission spectra, the so-called correlation satellites.
Mn 2p core level photoemission spectra acquired from Mn/Cu(1 1 0) surface alloy for
0.125 ML, 0.5 ML and 5 ML Mn depositions are shown in ﬁgure 2. The spectra essentially consist of two main peaks appearing at ∼641.6 eV and ∼651.6 eV binding energy
positions corresponding to the spin-orbit split Mn 2p3/2 and 2p1/2 states, along with two
pronounced shoulders appearing at higher binding energies. The intensity of the shoulders
is almost similar for 0.125 ML and 0.5 ML depositions, whereas they practically vanish
for the 5 ML Mn coverage where the spectral features resemble that of bulk Mn. These
satellite features are the manifestations of enhanced correlations present in Mn/Cu(1 1 0)
surface alloy which originate from the reduced Mn–Mn coordination in the c(2×2) strucMn/Cu (110)
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Figure 2. Mn 2p core-level photoemission spectra of 0.125, 0.5 and 5 ML Mn on
Cu(1 1 0) substrate.
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ture. As discussed previously in this checker-board-like structure, ideally no Mn–Mn nextneighbour pairs exist, and hence the overlap of the Mn 3d-derived wave functions and the
corresponding 3d bandwidth, W , are reduced considerably. In contrast to an fcc bulk site
with 12 next nearest neighbours, the Mn in the surface alloy has only eight neighbours
placed further apart. Consequently, there is a reduction in the electronic screening, due to
which the Coulomb interaction energy U increases and so the U/W ratio also increases.
Almost equal intensities of the satellite features for 0.125 ML and 0.5 ML suggest that the
ordering of Mn atoms into the c(2×2) structure starts even for small Mn depositions.
Beyond 0.5 ML Mn coverage, each Mn atom starts seeing other Mn atoms in its neighbourhood leading to an increase in the Mn 3d–3d interactions and decrease in correlations,
thereby reducing the intensity of the satellite features which eventually vanishes for higher
Mn coverages.The Mn 2p main peak at lower binding energy could be assigned to the wellscreened state described as 2p 5 3d 6 L−1 and the satellite peaks at higher binding energies
to the poorly screened state of 2p5 3d 5, where L−1 denotes the ligand hole of the surrounding
Cu 3d and Mn 3d states. It may also be noted that the average satellite-to-main peak energy
separations for 2p1/2 and 2p3/2 states are 5 eV and 3.5 eV, respectively, arising from the
atomic multiplet effects causing an apparent spin-orbit splitting that is greater for 2p5 3d 5
than for 2p5 3d 6 ﬁnal states, leading to ∼1 eV larger main line splitting for the 2p1/2 than
for the 2p3/2 lines [13,34].
By arranging Mn atoms in the two-dimensional alloy c(2×2) CuMn/Cu(1 0 0), correlation effects are enhanced to such an extent that distinct satellite structures unambiguously
appear in their valence band photoemission spectra, as shown in ﬁgure 3 [12]. In the ﬁgure,
apart from the Cu 3d emission peak appearing around 3–4 eV binding energy, which also
contains Mn 3d majority-spin emission, Cu two-hole satellite contributes at 11.8 eV and
14.6 eV binding energies, Mn 3p3d3d Auger at ﬁxed kinetic energy (noted by arrow marks)
and the new satellite features arising from enhanced correlations at 8 eV and 9.6 eV binding energies. Various observations which are characteristics of correlation satellites could
be noted here, viz. (a) the spectral features are well discernable below, at and above the
Mn 3p–3d excitation threshold which is at 50 eV, (b) no dispersions with respect to photon energy or emission angles and (c) strong enhancement of intensity at the threshold.
These features disappear with increasing Mn–Mn coordination. It has been shown that
alloying of Mn with Cu cannot as such account for the creation of the valence band satellite features. The presence of the surface must be crucial because valence band satellite
features are not observed in the photoemission studies of Mn impurities in bulk Cu, Ag
and Au for various concentrations. This suggests that the increased localization in the
surface alloy compared to an impurity site in the bulk is the origin of these additional
features. Hence, one can conclude that correlation leading to the satellite must essentially
be driven by the reduced dimensionality of the surface alloy compared to a bulk impurity
site [12].
Surface alloying-induced enhanced correlations and satellite structures are also observed in the Mn 2p core level spectra of ultrathin Mn ﬁlms on Cu(1 0 0) [6], Ni(1 1 0) [16]
and Ag(1 0 0) [17] substrates. For Mn/Ag(1 0 0) the calculated spectra using the impurity
model including full multiplet calculations could reproduce well the experimental spectra
for a whole range of systems from Mn impurities in Ag to bulk Mn. The satellite structure in the ultrathin ﬁlms is due to a ﬁnal-state charge transfer process, mainly from Mn-d
majority spin states on the neighbour atoms to the empty minority spin states of the emitter atom leading to 2p5 3d 5 and 2p5 3d 6 ﬁnal states which are separated by 4–5 eV due to
Pramana – J. Phys., Vol. 84, No. 6, June 2015
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Figure 3. Photoemission spectra of the valence band range of c(2×2) Mn/Cu(1 0 0)
for different photon energies across the Mn 3p–3d excitation threshold. Vertical bars
mark satellite structures of Cu and Mn. The arrows mark Auger emission [12]. This
ﬁgure is adopted from ref. [12].
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the 2p–3d Coulomb interaction. The intensity ratio between these two types of ﬁnal states
essentially reﬂects the degree of Mn 3d hybridization. A progressive transfer of intensity
from the poorly screened to the well-screened component with increasing coverage can
be associated with increasing Mn 3d hybridization, faster 3d hoping and relevant charge
ﬂuctuations. While atomic multiplet effects are not directly visible as ﬁne structure, they
cause a small difference (∼1 eV) between the apparent spin-orbit splitting of 2p5 3d 5 and
2p5 3d 6 ﬁnal states [13].
Conﬁguration interaction cluster calculations performed for c(2×2) Mn/Ni(110) and
c(2×2) Mn/Cu(1 0 0) give the parameters  = 1.0 eV, U = 3.0 eV and ddσ = 1.2 eV for
the former and  = 1.5 eV, U = 3.0 eV and ddσ = 1.0 eV for the latter, respectively where
 is the Ni (Cu) 3d to Mn 3d charge transfer energy, U is the multiplet-averaged Mn 3d–3d
interaction energy and ddσ is the Slater–Koster parameter expressing the hopping matrix
elements between Mn 3d and Ni (Cu) 3d orbitals [16].A comparison of the extracted parameters for the above systems suggests that  and ddσ vary slightly with the chemical
environment (Ni and Cu, respectively), while U remains the same. The structural relaxations for c(2×2) Mn/Cu(1 0 0) and c(2×2) Mn/Ni(1 0 0) have been found to be very
similar to each other, so it is for c(2×2) Mn/Cu(110) and c(2×2) Mn/Ni(110), suggesting that similar parameters could be extended to these systems as well where  < U . This
suggests that the main peak at the lower binding energy appearing in the Mn 2p spectra
of the above systems are dominated by 2p 5 3d 6 L−1 and the satellite peaks at higher binding energies by 2p5 3d 5 as discussed previously.  << U also suggests that these surface
alloys can be characterized as charge-transfer compounds, where in practice, the metallic
conductivity of the systems will be provided by the Ni/Cu substrates [16,18].
X-ray absorption spectroscopy (XAS) is a very sensitive tool to probe the effects of 3d
orbital hybridization in the ground state. The Mn L2,3 edge XAS spectra of Mn/Cu(1 1 0)
surface alloy for various Mn concentrations are shown in ﬁgure 4. Here also, apart from
the two main absorption edges corresponding to the spin-orbit split components L3 and L2
that represent transitions into Mn 3d states that produce 2p3/2 and 2p1/2 core holes, additional ﬁne structures are observed for 0.125 ML and 0.5 ML Mn coverages. These wellresolved multiplet structures, appearing as shoulders at ∼1 eV and ∼3 eV higher energy of
the L3 peak and a doublet peak structure of the L2 component, are characteristic of an
atomic-like 3d 5 ground state [15,21]. Similar to the case of Mn 2p core level photoemission spectra, here also the satellite features vanish for 5 ML Mn coverage here. The line
shape of the 5 ML coverage without any ﬁne structures, in sharp contrast to the submonolayer coverage, is characteristic of the itinerant Mn 3d electrons. Hence a crossover from
localized to itinerant 3d electron behaviour with increasing Mn coordination is observed,
thereby reproducing the inferences from the core level photoemission spectra, conﬁrming
the role of electron correlations in dictating the electronic structure of this surface alloy.
Similar behaviour has also been observed for c(2×2) Mn/Cu(1 0 0), c(2×2) Mn/Ni(1 0 0)
[8,19] and c(2×2) Mn/Ag(1 0 0) [20] surface alloys and submonolayers of Mn on Fe(1 0 0)
[21] substrates. For Mn ﬁlms on Ni and Fe substrates, the electron correlation effects in
a localized ground state with a nearly half-ﬁlled 3d shell were found to cause antiferromagnetic alignment between the substrate and the overlayer, which eventually switches
to ferromagnetic order for an itinerant system.
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4. Charge transfer effects
Apart from the correlation satellites, surface alloying also induces other important modiﬁcations in the valence band structures. For example, near-valence band spectra acquired
using angle-resolved photoemission spectroscopy (ARPES) from the Ȳ symmetry point for
clean Cu(1 1 0) and Mn/Cu(1 1 0) surface alloys with increasing Mn content are shown in
ﬁgure 5. The well-known Shockley surface state (SS) band of clean Cu(1 1 0) with a binding energy minimum at ∼0.49 eV is shown in ﬁgure 5a. Upon alloying, with Mn deposition, the binding energy minimum shifts towards higher binding energies and the diameter
of the SS Fermi contour increases (ﬁgures 5b and 5c). This suggests an increase in the
number of charge carriers occupying the surface state. It is well known that several mechanisms contribute to the modiﬁcation of the surface states like Pauli repulsion [22,23],
mixing and hybridization of electronic states [24–26], charge transfer [27,28], polarization [29,30] and surface relaxation [31,32]. Here, Mn-induced charge redistribution in the
Cu surface layer is proposed. The structural investigation of Mn/Cu(1 1 0) surface alloy
suggests that the Mn atoms induce a strong surface corrugation with total inward/outward
Cu/Mn relaxation which might cause local charge transfer from the bulk to surface states.
Along with the increase in SS Fermi contour, apparent change in the left–right asymmetry
(with respect to Ȳ symmetry point) of the SS intensity with increasing Mn coverage can
also be noted with the implication that the p component of the sp originating Cu(1 1 0)
Shockley 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 [15,33].
Besides the modiﬁcations at the Ȳ symmetry point, new Mn-induced surface bands are
identiﬁed at the X̄ symmetry point of the surface Brillouin zone as shown in ﬁgure 6. Twodimensional character of the bands has been conﬁrmed from their nondispersive nature
with varying photon energies, conﬁrming that these bands arise from surface alloying.
The bands gain in sharpness and intensity, while remaining at the same k point and same
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Figure 4. Mn L2,3 X-ray absorption spectra of 0.125, 0.5 and 5 ML Mn on Cu(1 1 0)
substrate.
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Figure 5. Shockley surface state around the Ȳ symmetry point of the surface Brillouin
zone for (a) clean Cu(1 1 0) and its evolution with increasing Mn concentration
(b)–(c). The position of Ȳ symmetry point is indicated by black dashed lines. (d)
Shift in binding energy position of the Shockley SS for various Mn coverages.

binding energies, with increasing Mn concentration till the c(2×2) superstructure persists
and vanishes when the (16×1) superstructure sets in for 2.5 ML Mn deposition suggesting
that these bands are pertinent uniquely to the c(2×2) superstructure [15]. Also, these bands
are backfolded with respect to X̄ at ∼0.5 eV below EF opening up a band gap in the occupied states. In the electronic structure of Pb–Cu alloys, buckling of the Pb layer leads to the
repulsion of the bands at the crossing points leading to a band-gap opening, as this could
Pramana – J. Phys., Vol. 84, No. 6, June 2015
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Figure 6. New electronic bands around the X̄ symmetry point of the surface Brillouin
zone arising from Mn deposition. (a) Clean Cu(1 1 0) showing that the intensity of the
Cu bulk bands is almost completely suppressed. (b) 0.5 ML c(2×2) Mn/Cu(1 1 0)
and (c) an expanded view of the energy distribution curves for 0.5 ML c(2×2)
Mn/Cu(1 1 0) near the X̄ point indicating a possible band gap of 100 meV.

provide a way for the adlayer to gain electronic energy, thereby compensating the enhanced
elastic energy of the surface reconstruction [34,35]. Along the same lines this band-gap
opening in Mn/Cu(1 1 0) is speculated to be a direct consequence of the large buckling of
the Mn and Cu layers as observed from their structural studies.
Similar modiﬁcations in the valence band electronic structures have also been observed
in the case of Mn/Cu(1 0 0) surface alloys where the Tamm-surface state at the M̄ symmetry point of Cu(1 0 0) disappears completely upon the formation of the c(2×2) Mn/
Cu(1 0 0) surface alloy and the electronic structure near the X̄ symmetry point changes
dramatically with the formation of new interface states [2,36]. One of these interface states
has strong Shockley-type surface state characteristics and appear at a distinct binding
energy position which shifts with increasing Mn coverage and work function changes.
Theoretical analysis indicates a spin splitting of the surface state with the minority spin
part unoccupied. The second interface state shows a stronger localization conﬁrming a
partly occupied Mn-derived spin minority band.
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