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Electronic structure of two-dimensional magnetic alloys:c„232… Mn on Cu„100… and Ni„100…
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Half a monolayer~ML ! of Mn deposited above 270 K on the~100! surfaces of Cu and Ni form ordered
surface alloys ofc~232! structure. Their electronic structure is studied in a combined experimental and
theoretical work. The experimental approach, comprising angle-resolved photoemission and inverse photo-
emission, characterizes both systems as ideal cases of well-ordered magnetic surface alloys. A large atomiclike
splitting between majority- and minority-spin Mn-3d states is measured: 5.5 eV for the Cu-based system and
5.25 eV for the Ni-based system. The large splittings are direct evidence that Mn develops a high local
magnetic moment in these systems. Our first-principles band-structure calculations ofc~232! CuMn/Cu~100!
andc~232! NiMn/Ni ~100! corroborate this finding and give values of 3.75mB and 3.5mB , respectively, for the
Mn moments. We find that the measured splittings are even larger than the ones calculated from first principles.
The difference amounts to 2.7 eV and 1.7 eV for the Cu-based and Ni-based system, respectively. We suppose
that the splitting measured in photoemission and inverse photoemission is increased by a Coulomb energyU
due to the enhanced localization of the Mn-3d states in the surface alloy. This high localization can be
quantified by the small band dispersion of 110660 meV measured for the Mn minorityd band in the Cu-based
system. We also investigated the work-function change upon surface-alloy formation. By comparing our results
with our ab initio calculations we identified the magnetism as the source of the work-function change.
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I. INTRODUCTION

The systemsc~232! CuMn/Cu~100! and c~232! NiMn/
Ni~100! represent a recently discovered class of materi
i.e., ordered two-dimensional magnetic alloys.1–4 They con-
sist of a 1-ML-thick alloy film of CuMn~NiMn!, with a
checkerboard structure of Mn and Cu~Ni! sites. In this paper
we characterize the electronic structure of both alloys in
approach combining photoelectron spectroscopy for oc
pied electronic states and inverse photoemission for uno
pied states with local-density band-structure calculati
from first principles in order to decide which aspects a
dominating the electronic properties of these new surf
alloys.

One important aspect for the electronic structure of th
systems is the geometrical structure of an ordered sur
alloy. The samec~232! superstructure is also realized fo
two other surface alloys stabilized on Cu~100!, namely
c~232! CuAu/Cu~100! ~Ref. 5! andc~232! CuPd/Cu~100!,6

but the surface alloys discussed here show some unu
properties: One is that the ordered-surface-alloy struc
c~232! CuMn/Cu~100! forms although there exists no o
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dered bulk CuMn phase. Usually it is the other way arou
insofar as ordered bulk alloys often show disorder at
surface due to surface segregation. Second, low-energy
tron diffraction ~LEED! measurements showed that the M
atoms exhibit an unusually large outward relaxation of 0
60.02 Å ~14.2%! in c~232! NiMn/Ni ~100! ~Ref. 3! and 0.30
60.02 Å ~16.6%! in c~232! CuMn/Cu~100!.2 For compari-
son, the surface atom buckling of thec~232! CuAu/Cu~100!
is less than 6%~Ref. 5! although the atomic radius of Au i
larger than that of Mn. There are strong indications that
magnetism of the surface alloys is the origin of these unus
properties. These indications are based on the impac
magnetism on the structure and stability of the surface all
and come fromab initio electronic-structure calculations
Structural optimizations performed for the CuMn and NiM
surface-alloy systems showed that~i! the alloys are magnetic
with large Mn moments of 3.75mB for the c~232! CuMn/
Cu~100! alloy and 3.5mB for the c~232! NiMn/Ni ~100! al-
loy, ~ii ! only magnetism gives rise to the outward relaxatio2

and ~iii ! the large magnetic moment of Mn is the bas
source for the formation and the stability2 of the surface
alloys.7 The line shape of soft x-ray absorption spectra
5404 © 1997 The American Physical Society
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55 5405ELECTRONIC STRUCTURE OF TWO-DIMENSIONAL . . .
c~232! CuMn/Cu~100! and c~232! NiMn/Ni ~100! was
found to be in agreement with large Mn magne
moments.8,9 The systemc~232! NiMn/Ni ~100! was very re-
cently studied by magnetic circular x-ray dichroism.9,10 This
system is best described as a semi-infinite magnet wit
NiMn monolayer in the external field provided by the N
substrate, and ferromagnetic order of the Mn moments
ferromagnetic coupling to the Ni substrate was found.9,10

The second interesting aspect determining the electr
structure is therefore magnetism, and the Mnc~232! surface
alloys can be considered a special case of magnetic m
layers on the noble metal Cu. Transition-metal monolay
on noble metals have been investigated experimentally in
past years and are successfully described by local-den
band theory. Their key property and main reason for
experimental and theoretical interest is their enhanced m
netism. The itinerant magnetism of transition metals depe
strongly on the dimensionality of the system, or, stric
speaking, on the coordination number of the transition-m
atoms in these systems. The magnetism of single atoms
example, is governed by Hund’s rule, and the electron sp
are aligned parallel as long as the double occupancy
quantum number is not violated. This leads for a Mn atom
the largest possibled moment in the 3d series of 5mB . For
bulk metals the magnetic moments are in most cases ab
because of thed-d hybridization to neighboring atoms, an
only few transition metals~Cr,Mn,Fe,Co,Ni! remain mag-
netic. Transition metals in two dimensions should beha
between these two extremes, and therefore materials nea
middle of the transition-metal series are, in general, prom
ing candidates for the achievement of maximum magn
moments in the monolayer. Both Mn and Cr have sho
strongly enhanced magnetic exchange splittings as mono
ers on Ag~100! and Au~100!.11,12 Where majority-spin and
minority-spin states were accessible in the experiment, a
ficient description of the enhanced splitting is given
theory: For an Fe monolayer on Au~100! the exchange split-
ting from spin-resolved photoemission and inverse pho
emission, 2.7 eV~Refs. 13 and 14! compares reasonably we
with the theoretical prediction for the same pair of states,
eV.15 For a Cr monolayer on Ag~100! the splitting found
from photoemission and inverse photoemission is
eV,11,12,16the theoretical one about 3.3 eV.17 The measured
and predicted splittings for monolayers are significan
larger than the respective bulk values@1.8–2.1 eV for Fe,18

0.13 eV for Cr ~Ref. 19!#. For c~232! CuMn/Cu~100! the
theoretical expectation for the spin-split local density
states~LDOS! of Mn is displayed in Fig. 1~a!. Compared to
bulk Mn one sees an enhancement in the magnetic split
and moment. The calculations assume a ferromagn
ground-state configuration, and the majority-spin a
minority-spin states are split by 2.7 eV. As we will sho
below, our experiments lead to a splitting of 5.5 eV, th
considerably larger than the theoretical value.

We can explain this property as a result of the combi
tion of the two aspects mentioned above, i.e., firstly
surface-alloy geometry leading to a regular lattice of isola
Mn atoms and secondly the magnetism of Mn. We argue
the localization of thed states in nearly isolated Mn atom
has to be taken into account, which increases their excha
a
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Coulomb splitting. Although the hybridization ofd states is
expected to be stronger among Mn and Ni than among
and Cu@this can, e.g., be seen from the broader majority-s
density of states in Fig. 1~b! as compared to Fig. 1~a!#, we
find a similar situation for Mn inc~232! NiMn/Ni ~100!.

A good reference point for the localization of Mn-3d
states are dilute Mn atoms in noble metals where the
hancement of the magnetic splitting and moment is e
larger than in monolayers on noble metals. In such syste
large moments have been measured: For Mn impurities in
3.5460.10mB were measured by neutron scattering at 4
K;20 3.4mB was obtained from an analysis of de Haas–v
Alphen experiments.21 For Mn impurities in Ni neutron scat
tering gives 3.50mB at 4.2 K and 2.63mB at room
temperature.22 Recently, Mn impurities in Ni were also stud
ied by magnetic circular x-ray dichroism, and 2.2560.35mB
was obtained at room temperature.23

FIG. 1. Calculated spin-resolved local density of states~LDOS!
at the Mn site for~a! c~232! CuMn/Cu~100! and~b! c~232! NiMn/
Ni~100! showing the magnetic exchange splitting between mino
~negative LDOS! and majority spin~positive LDOS! states.
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II. THEORETICAL METHODS

We have conductedab initio electronic-structure calcula
tions. These calculations are based on the density-functi
theory in the local-spin-density approximation.24 The equa-
tions are solved using the full-potential linearized-augmen
plane-wave method for thin-film geometry.25 Self-consistent
calculations of thec~232! CuMn/Cu~100! system were per-
formed for a seven-layer film consisting of five layers of C
with 2 Cu atoms per layer representing thec~232! Cu~100!
substrate and on top of each Cu surface one Mn and one
atom arranged in a checkerboard structure simulating
c~232! surface alloy. The positions of the Mn and C
surface-alloy atoms with respect to the substrate atoms w
obtained from the structural optimization by total-energymi
mization.2,26 For c~232! NiMn/Ni ~100! essentially the same
arrangement was used. Here, seven Ni layers were used
ing up to a total thickness of a nine-layer slab to model
c~232! NiMn/Ni ~100! surface alloy. A structure optimiza
tion was also performed for this system.26 The local densities
of states of Mn in c~232! CuMn/Cu~100! and c~232!
NiMn/Ni ~100! are shown in Fig. 1. The magnetic momen
of the Mn surface alloy atoms on the Cu~100! substrate were
determined to 3.75mB and to 3.5mB on the Ni~100! substrate.
While the film thickness used so far is sufficient to provi
converged results on the layer dependent potentials and
grated quantities such as the magnetic moments, this
thickness makes it difficult to distinguish the states wh
belong to the bulk-projected bands of the substrate, the b
band gaps and the Mn-derived states. Therefore, the b
structures shown below originate from thick films of 19 la
ers for the Cu-based system and 21 layers for the Ni-ba
system. We find that the substrate bands of these fi
clearly approach the continuous spectrum of states of
projected-bulk bands describing the semi-infinite substr
The potentials and densities for these thick films were ta
from the thinner films applying a stretching technique.27 In
addition, we carried out self-consistent calculations
Cu~100! and Ni~100! surfaces in order to determine th
work-function change due to alloying and magnetism.

III. EXPERIMENTAL SETUP AND SAMPLE
PREPARATION

In this study two different experimental setups were us
for ~i! inverse photoemission and~ii ! spin- and angle-
resolved photoemission.~i! The inverse photoemission ex
periments were performed at the IBM Thomas J. Wats
Research Center with the spectrograph described in Ref
The polarization geometry was such that for normal-incid
electrons the electric-field vector parallel to the surface w
weighted three times as much as the perpendicular com
nent. This emphasizes states withdxz,yz symmetry as op-
posed to those withdz2 symmetry.~ii ! The angle-resolved
photoemission experiments were performed at the BES
synchrotron light source with the spectrometer described
Ref. 29. Linearly polarized light from the TGM 1 beamline30

was used to excite photoelectrons. In normal electr
emission geometry two light-polarization conditions we
used: One in which the electric-field vector was entirely
the surface plane, basically used for the CuMn surface a
@Figs. 2~a!, 5~a!, and 6~a!#, and one with both parallel an
al
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perpendicular components, used for the NiMn surface a
@Fig. 3~a!#, with the component parallel to the surface larg
by a factor of 1.7. The first geometry selects thedxz,yz states,
the second a mixture ofdxz,yz anddz2.

The Cu~100! and Ni~100! crystal surfaces were elec
tropolished and preparedin situ by cycles of Ar sputtering
and annealing at 700–1000 K. This procedure yielded sh
~131! LEED patterns and contaminant-free Auger electr
spectra. The base pressure was 2310210 mbar in the photo-
emission chamber and 1310210 mbar in the inverse photo
emission chamber. Mn was evaporated by means of elec
bombardment from 99.98% pure pieces. A water-coo
jacket was used to reduce outgassing of the vacuum ch
ber. The Mn oven was repeatedly calibrated by an oscillat
quartz thickness monitor on the basis of lattice constant
density of bulka-Mn. Outgassing of the oven was conduct
until Mn could be evaporated in the 10210 mbar pressure
range at a rate of typically 0.3 ML per min.

The c~232! CuMn/Cu~100! and c~232! NiMn/Ni ~100!
surface alloys were prepared according to the recipes g
by Wuttiget al. @CuMn;1,2,4NiMn ~Refs. 3 and 4!# by evapo-
ration of nominally 0.5 ML Mn onto the Cu sample held
ambient temperature and onto the Ni sample held at ab
450 K. Postannealing thec~232! NiMn/Ni ~100! was occa-
sionally found to improve thec~232! LEED pattern.

In the photoemission experiment a thick~25 ML! epitax-
ial Ni film on Cu~100! was prepared as substrate. The e
taxial growth of thinner~6 ML! Ni on Cu~100! by annealing
after the Ni deposition and its stability against the heat
were reported in Ref. 31. We grew thick Ni layers o
Cu~100! in two steps with annealing to about 550 K after t
first 10 ML and after completion of the film. The Ni thick
ness was such that no Cu-3d signal was observed in photo
emission before and after the annealing. During and after
subsequent Mn deposition the sample was heated less
the Ni film before to ensure that no Cu interdiffusion wou
obscure the NiMn spectra.

The presence of a sharp and intensec~232! LEED pattern
was verified prior to each photoemission measurement of
alloys with the exception of the photoemission experim
where thec~232! NiMn was grown on Ni/Cu~100!. Here the
superstructure was less sharp and less intense.

Moreover, we used a 100 keV Mott-type spin detecto29

attached to our photoemission setup in order to pro
whether long-range ferromagnetic order exists inc~232!
CuMn/Cu~100! at liquid-nitrogen temperature. The spin
detector geometry is sensitive to a sample magnetization
ing in the surface plane, but no long-range ferromagne
order was found at liquid-nitrogen temperature. Forc~232!
NiMn/Ni ~100!, for which ferromagnetic alignment of Mn
moments has already been confirmed,9 we did not perform
spin analysis of the photoelectrons. The reason is that s
ciently thick films~here 25 ML! of Ni on Cu~100! had to be
used in order to suppress Cu-3d emission in the spectra
However, for thicknesses larger than about 7 ML the m
netization lies in the@100# direction perpendicular to the
surface,32 to which our spin detector is not sensitive.

IV. MAJORITY AND MINORITY SPIN Mn 3 d STATES

Photoemission and inverse photoemission spectra at
parallel momentum are compared in Figs. 2~a! and 2~b! to
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FIG. 2. Photoemission~a! and inverse photoemission~b! spectra forc~232! CuMn/Cu~100! at zero parallel momentum. The frames
the bottom show difference spectra after subtracting the substrate signal. Majority- and minority-spin Mn-3d states are seen at23.7 eV and
1.85 eV. Image states in the inverse-photoemission spectra track the work function.
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obtain the complete electronic structure of thec~232!
CuMn/Cu~100!. Figure 2~b! shows the inverse photoemis
sion spectrum ofc~232! CuMn/Cu~100! ~filled circles! and
clean Cu~100! ~open circles!. The Mn-3d states show up
very clearly as a peak at 1.85 eV in inverse photoemiss
since there is no 3d background from the substrate. Th
shape of the spectrum between the 1.85-eV peak and
Fermi level appears unchanged with respect to that of the
substrate and is just attenuated by the Mn overlayer. Th
fore, we conclude that the prevailing part of the Mn-3d
emission is contained in the peak at 1.85 eV. This corra
rates our theoretical prediction of a sharp minority-spin d
sity of states far above the Fermi energy and thus an alm
complete separation of unoccupied minority-spin states fr
occupied majority-spin states. The solitary Mn peak is the
fore readily identified as minority spin. Its energy positio
can be compared to the result found for 0.2–1 ML of Mn
Ag~111! ~Ref. 33!. In that system Mn-3d emission is indeed
found at a high energy of 1.8 eV,33 however, accompanied
by emission around 0.9 eV already at 0.2-ML coverage.
submonolayers Mn on Ag~100! ~Ref. 11! a single peak was
found, centered at 1.4 eV. In this case a broadening of
n
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Mn-3d structure was observed for 1-ML nominal covera
and above.11 The Mn-3d peak forc~232! CuMn/Cu~100! at
1.85 eV is very intense and sharper than its counterpart
complete 3d-metal monolayers and submonolayers
Ag~100!, Au~100!, and Cu~100!.11,12 The sharpness of this
structure indicates the high crystalline order in the pres
system, which is confirmed by the image-state intensity~see
below!.

Cu s,p states form the weak background that is visible
Fig. 2~b! from the Fermi level to 1.8 eV above it, where
band gap in the Cus,p states begins.34 In the band gap there
is an image-potential surface state that represents elec
trapped outside the surface by the image charge and
away from the solid by Bragg reflection. Since the energy
the image state is tied to the vacuum level and since
reference level is the Fermi level, the image-state posit
tracks the work-function changes at the surface. For
ample, the image state shifts from 4.1 eV for clean Cu
0.45-eV lower energy upon alloy formation with Mn. Ou
ferromagnetic first-principles calculations yield a lowering
the work function in the same energy range~0.31 eV! going
from Cu~100! to c~232! CuMn/Cu~100!. With calculations
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FIG. 3. Same as Fig. 2 forc~232! NiMn/Ni ~100!. Mn-3d states occur at23.2 eV and 2.05 eV.
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for a hypothetical nonmagnetic CuMn/Cu~100! surface alloy
the work-function lowering amounts to only 0.05 eV. W
observe further in the experiment that the image state
mains about as intense as on the clean surface. The im
state emission has been found to be a sensitive indicato
the quality of the overlayer formation11,12 and means here
very high degree of order inc~232! CuMn/Cu~100!.

The complementary photoemission spectra of the oc
pied states are difficult to separate into contributions fr
Mn and Cu, since the clean Cu spectra are dominated
Cu-3d emission in the energy range from22 eV to24 eV.
The spectra measured before and after Mn deposition ar
general, of a similar shape, however shifted relative to e
other.35 We have therefore selectively excited states loc
ized at the Mn atoms by resonant photoemission. The re
nant process can briefly be described as follows: For pho
energies above 50 eV, the 3p excitation threshold of Mn, a
Mn-3p electron can be excited into states above the Fe
level. The remaining 3p core hole can decay via a supe
Coster-Kronig process giving rise to emission of a valen
electron. The final state is identical to the one of dire
valence-band photoemission and interferes with it. This
terference leads to an enhancement of Mn-3d emission
above the threshold of 50 eV. We measured spectra for p
e-
ge-
or

u-

by

in
h
l-
o-
n

i

e
t
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ton energies between 20 eV and 59 eV,36 and we observe a
50 eV photon energy and above it a strongly enhanced e
sion in the binding-energy range around the Cu-3d emission.
From these spectra can readily be concluded that signifi
Mn-3d emission does not occur between22 eV and the
Fermi level because the spectra do not show strong emis
there. The small enhancement in emission between22 eV
andEF is probably due to a resonant enhancement of
s,p-derived states. A precise determination of the bind
energy of Mn-3d emission from resonant photoemissio
spectra around 50 eV is obstructed by a strong contribu
from incoherent 3p3d3d Auger emission in the valenc
band. We can spectroscopically separate this Auger emis
from the resonant photoemission described above bec
the Auger peak appears at constant kinetic energy. We no
that several eV above the threshold resonant Mn photoe
sion is sufficiently strong so that the energy position of M
3d emission can be determined without Auger emission
perimposed. In Fig. 2~a! we show, therefore, the resona
photoemission spectra measured at 58 eV, thus 8 eV ab
the threshold. Taking the difference resonance spectrum
Fig. 2~a! as a measure of the Mn contribution we find t
Mn-3d majority-spin states around23.760.3 eV.37

We have also measured photoemission spectra forc~232!
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FIG. 4. ~a! Two-dimensional band structure for states of even symmetry from the calculation of Fig. 1@c~232! CuMn/Cu~100!#. The
labels of high-symmetry points in the surface Brillouin zone are with respect to thec~232! superstructure. Left: Majority spin. Right
minority spin. The squares mark states the associated charge density of which is more than 60% at the Mn atoms in the surface-a
~b! Same as~a! for c~232! NiMn/Ni ~100!. Here the criterion is.50% for minority-spin states and.30% for majority spin.
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NiMn/Ni ~100! and clean Ni~100!. As for the same structure
on Cu~100! there is overlap of Mn 3d with substrate 3d
states. We have measured spectra for photon energies
tween 20 and 45 eV. The Mn-3d contribution is always
present at constant energy of23 eV but can best be ex
tracted from the spectrum taken at 27 eV that is shown
Fig. 3~a!. The broader width of the Mn emission is possib
due to the geometrical order of the superstructure, whic
worse than for the Cu-based system. From the differe
spectra we determine23.2 eV as the energy position of th
Mn-3d states. The inverse photoemission data forc~232!
NiMn/Ni ~100! are shown in Fig. 3~b!. As the Ni-3d orbital is
not fully occupied, it contributes a narrow peak at the Fer
level to the inverse photoemission spectrum. A Mn-3d state
be-

n

is
e

i

appears at 2.05 eV above the Fermi level, which is not
far from the same state on Cu~1.85 eV!. Its absolute inten-
sity is comparable, but appears smaller in Fig. 3~b! compared
to Fig. 2~b! due to a change in scale. As withc~232! CuMn/
Cu~100! the inverse photoemission spectrum permits
conclusion that the density of states is completely spin sp
so that we identify 2.05 eV with minority spin and23.2 eV
with majority spin. Also the intensity of the image state
comparable to the Cu-based system. As on Cu, a downw
shift of the image state due to lowering of the work functi
by Mn is observed, i.e., from 4.62–4.02 eV, which is in go
agreement with our calculated work-function shift of 0.5
eV.
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FIG. 5. Angle-resolved photoemission~a! and inverse photoemission~b! spectra forc~232! CuMn/Cu~100!, probing the band dispersion
of the Mn-3d states. A small upwards dispersion of 70 meV is found betweenki50 and 0.70 Å21. The inset shows the Brillouin zones o
the p~131! Cu and thec~232! Mn structures.
th
es
sp

ow
ys

-
a

n

r

e.

-
the
x-
The
the

es

s
.7
e

ibed
of

ex-
rv-
V. MAGNETIC-EXCHANGE SPLITTING

We readily obtain the magnetic-exchange splittings at
Brillouin-zone center from the majority and minority stat
discussed in the preceding section. We get an exchange
ting of 5.5 eV for thec~232! CuMn/Cu~100! system and an
exchange splitting of 5.25 eV for thec~232! NiMn/Ni ~100!
system, both collected in Table I. The large splittings sh
directly that Mn bears a high magnetic moment in both s
tems. This is in agreement with a conclusion forc~232!
CuMn/Cu~100! from absorption measurements8 at the Mn
2p threshold. Somewhat contrasting results were found
Refs. 38 and 39. In photoemission38 of Mn/Cu~100! it was
found that Cu-3d emission is affected by Mn-Cu hybridiza
tion in agreement with our results. In addition, a virtu
bound state at21.33 eV was found38 for low coverages
~0.18–0.25 ML! Mn on Cu~100!, which the authors found to
be in agreement with the Mn majority-spin state at21.44 eV
calculated40 for Mn impuries in Cu. In a photoemissio
study39 of Mn on Ag~100! a prominent feature at23.2 eV is
found for low Mn coverages~0.15 ML!, which grows for
higher coverage and moves towards the Fermi energy~22.7
eV at 3.5 ML!.

As the present experiments were performed angle
e
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in
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solved, we compare them to our calculated band structur41

Figures 4~a! and 4~b! represent thec~232! CuMn/Cu~100!
and c~232! NiMn/Ni ~100! band structures in two dimen
sions. The left panels contain the majority-spin bands,
right panels the minority ones. For comparison with the e
periment only the even-symmetry states are shown.
squares in Fig. 4 mark states localized at the Mn atom in
surface alloy layer.42 For thec~232! CuMn/Cu~100! system
we found for both spin-split bands two distinct Mn stat
at the center of the surface Brillouin-zoneḠ ~ki50!: the
dxz,yz ~Ḡ5 andD5 in different notations! states and the one
of dx22y2d ~Ḡ4! symmetry, which are found to be about 0
eV higher in energy than thedxz,yz states. The exchang
splitting of the states withdxz,yz symmetry, and only they
can be measured with our experimental set-up as descr
in Sec. III, is then determined from the energy difference
thedxz,yz state in the majority-spin band at21.55 eV and in
the minority-spin band at 1.13 eV. Thus, the predicted
change splitting at the Brillouin-zone center for the obse
abledxz,yz ~Ḡ5! states is 2.7 eV. Forc~232! NiMn/Ni ~100!
@Fig. 4~b!# we determined thedxz,yz ~Ḡ5! minority-spin state
to 1.68 eV, and its majority counterpart is found at21.73
eV. This amounts for thedxz,yz states at the Brillouin-zone
center to a
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FIG. 6. Thickness dependence of photoemission~a! and inverse photoemission~b! spectra forki50. As soon as the Mn amount excee
that needed for the formation of an optimalc~232! superstructure, the intensity at the Fermi level increases rapidly in photoemissio
inverse photoemission indicating the formation of a bulk band with small magnetic splitting. The shift of the image state shows a s
of the work-function change at thec~232! structure.
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predicted exchange splitting of 3.4 eV. However, the hybr
ization of the Mn majority states with the Ni states is stro
ger than with the Cu states as can be seen from Fig. 1.
mixing leads for Mn on Ni to the fact that thedz2 ~Ḡ1! state
at21.99 eV is much stronger localized on the Mn atom th
the dxz,yz ~Ḡ5! state, and thedz2 state is in fact the one
marked at the Brillouin-zone center in Fig. 4~b!. As said in
Sec. III, for NiMn the particular geometry of the photoem
sion experiment was such that we are sensitive to thedz2
state as well, i.e., we measure a mixture of both states. W
thedz2 ~Ḡ1! minority state calculated at 1.55 eV we obtain
theoretical exchange splitting of 3.5 eV for thedz2 ~Ḡ1! states
and, as said above, of 3.4 eV for thedxz,yz ~Ḡ5! states.
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If we compare the experimental and theoretical values
the exchange splitting~see also Table I!, we find that the
experimental ones are significantly larger. The simplest
gument for the reduced splitting between the majority a
-
-
is

n

th

r

r-
d

minority states in local-density calculations comes from
observation that local-density band theory provides eigen
ues for the neutral ground state. In an actual photoemis
or inverse photoemission experiment one produces a pos
and negative ion state. Therefore, an additional Coulomb
ergyU splits the states apart, pulling down hole states by
positive potential and electron states up by the negative
tential. This effect becomes strong for increased localizat
of the hole and electron.44

Fortunately, for Mn impurities in Cu and Ag there exi
experimental studies as well as first-principles local-den
calculations. For Mn in Cu the calculation by Braspenni
et al.45 predicts the majority-spin state at about21.7 eV and
the minority state at about 0.7 eV.46 Van der Marelet al.47

saw experimentally no clear peak for the Mn majority stat
but found the minority state at 1.760.2 eV, thus about 1 eV
higher than the theory. In the case of Mn in Ag, where t
s
TABLE I. Energy positions~in eV with respect toEF! of spin-split Mn states in the surface alloy
measured at the center of the surface Brillouin zone (Ḡ) are compared to eigenvalues fordxz,yz ~Ḡ5! states
calculated from first principles. In addition, the calculated magnetic moments~in mB! are given.

Experiment Theory
E↑ E↓ DE E↑ E↓ DE m

c~232! CuMn/Cu~100! 23.760.3 1.8560.1 5.560.3 21.55 1.13 2.68 3.75
c~232! NiMn/Ni ~100! 23.260.2 2.0560.1 5.2560.2 21.73 1.68 3.41 3.5
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host d band lies deeper than in Cu, van der Marelet al.
observe experimentally both majority and minority peaks
23.160.2 eV and 2.160.2 eV, respectively. Another exper
ment, performed angle resolved and at higher resolution
Jordanet al. yields on Ag85Mn15~111! 23.060.1 eV ~Ref.
48! and 1.760.1 eV.49 These experimental values for th
splitting, 5.2 eV by van der Marelet al. and 4.7 eV by Jor-
danet al., can be compared to the local-density calculat
of Muñoz, Gyorffy, and Verhuyck50 for AgxMn12x ~x50.9
and 0.8! that yields a splitting of 3.4 eV. An even smalle
value was calculated by Podloucky, Zeller, and Dederich40

However, their result of 3.02 eV is expected to increase
to a more refined calculation as did the splitting of Mn in C
~from 2.08 eV in Ref. 40 to about 2.4 eV in Ref. 45!. We
conclude that the exchange/Coulomb splitting measure
photoemission and inverse photoemission from dilute Mn
Cu and Ag is almost as large as the one measured forc~232!
CuMn/Cu~100!, and that it is consistently underestimated
local-density calculations. It should be noted on the ot
hand that the calculated magnetic moments were, in gen
found to be in agreement with the experiment.40,45,50 This
fact is consistent with the expectation that density-functio
theory has a high predictive power for ground-state prop
ties such as the local-magnetic moment, but is insuffici
for properties involving electron excitations such as the
change splitting of localized states. Comparing just the m
netic moment, our calculation gives 3.75mB for c~232!
CuMn/Cu~100!, which is significantly larger than the valu
3.4mB calculated recently for Mn impurities in Cu.51 For
c~232! NiMn/Ni ~100! we calculate 3.5mB whereas the im-
purity calculation for Mn in Ni gives only 2.8mB .

52

The measured splitting of Mn on Ni~5.25 eV! is smaller
than the one for Mn on Cu~5.5 eV!. Moreover, the ratio of
measured over calculated splitting is about 1.5 on Ni a
about 2 on Cu. This is believed to be due to the stron
hybridization of Mn-3d states with Ni-3d states as oppose
to Cu-3d states. In the Mn local density of states of Fig.
the stronger effect of hybridization can be seen as a m
broader Mn majority-spin density of states on Ni than on C
Mn-3d states are therefore expected to be less localized
Mn on Ni than for Mn on Cu. However, care must be tak
in deducing the degree of Mn-substrate hybridization fr
the calculation. If the Mn splitting was larger in the calcul
tion, overlap of Mn-3d with Cu-3d states would be en
hanced but the Mn 3d–Ni 3d overlap would be reduced
This means the calculation might overestimate the differe
between Cu and Ni substrates in terms of Mn-substrate
bridization. The fact that the difference between measu
and calculated splittings is nevertheless large is in line w
earlier experiments which find the behavior of Mn on Cu a
Ni, in general, very similar. For example, the large outwa
displacement has been measured to 16.6% on Cu and 1
on Ni. The x-ray-absorption line shape for Mn on Cu and
were found identical and consistent with the spectrum ca
lated for a large atomiclike magnetic moment.9

Before closing this section we would like to mention th
we performed spin-resolved photoemission for thec~232!
CuMn/Cu~100! alloy from room temperature down to liquid
nitrogen temperature.36 No long-range ferromagnetic orde
was seen in the surface plane. This extends the searc
ferromagnetism in this system, initiated at room temperat
t
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with magnetic circular dichroism in Ref. 8, down to 80 K
This finding is not in contradiction to the large magne
exchange splitting discussed above since the exchange
ting is due to the existence of large local-magnetic mome
at the Mn sites. The finite-temperature properties, howe
are determined by the fluctuation of the local moments.

We roughly estimated the critical temperature by adopt
the Heisenberg model to describe the finite tempera
properties of thec~232! CuMn/Cu~100! system. Following
the work of Bander and Mills53 who discussed the Heisen
berg model with a single ion anisotropy, the critical tempe
ture of an ultrathin film is proportional to the interatom
exchange integralJ,54 which may be estimated from the tota
energy that is involved in the magnetic ordering of a M
monolayer on Cu~100! and thec~232! CuMn/Cu~100! sur-
face alloy.J5~Eferro2Eantiferro!/2M

2 is then calculated from
the energy difference of the total energies for ferromagn
~Eferro! and antiferromagnetic~Eantiferro! coupling and the cal-
culated magnetic momentM .55 In this way we estimate
Jsurface alloy comparing thec~232! ferromagnetic structure
with the p~232! antiferromagnetic superstructure of th
c~232! surface alloy. As a reference value we also calcul
Jmonolayer for a completep~131! monolayer Mn/Cu~100!
comparing the total energies of thep~131! ferromagnetic
structure with the c~232! antiferromagnetic structure
We find a ratio for the exchange integrals
Jsurface alloy/Jmonolayer'

1
6. If we assume a critical temperatur

for the monolayer on Cu~100! around room temperature
which is typical for monolayer systems,56 we estimate the
critical temperature for the surface alloy to be less than 50
Furthermore, we found that thep~232! antiferromagnetic
phase is higher in energy than thec~232! ferromagnetic one
and very likely the ground state of the surface alloy m
indeed be ferromagnetic. Thec~232! NiMn/Ni ~100! surface
alloy, on the other hand, is from the thermodynamical po
of view a semi-infinite system, and the critical temperatu
of the surface alloy has been found to be the critical tempe
ture of the Ni substrate.10

VI. BAND DISPERSION

We want to estimate the degree of localization of the M
3d states in thec~232! CuMn/Cu~100! alloy from the band-
width. Therefore, we have traced the dispersion of the
served Mn structures with the wave vector parallel to
surfaceki in photoemission and inverse photoemission. F
ure 5~b! shows the inverse photoemission spectra; where
Mn-3d peak can be followed without 3d contribution from
Cu, for ki50, 0.24, 0.47, and 0.70 Å21. The sample was
turned in theḠM̄Mn5ḠX̄Cu direction with M̄Mn5X̄Cu51.23
Å21. A small upwards dispersion of 70640 meV fromki50
~1.85 eV! to 0.70 Å21 ~1.92 eV! is obtained. The measure
ment 0.70 Å21 corresponds to about half of the Brillouin
zone edge of thec~232! structure. Approximating the Mn-
3d band dispersion by a cosine function, we can infer
width of this band as 110660 meV or, alternatively, the
effective mass atḠ asm*520me . These values indicate
high localization of the Mn-3d minority states. It can be
understood as due to the geometrical separation of the
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atoms and the weak overlap of Mn-3d orbitals. The image-
potential state, in contrast, disperses strongly from 3.67
~ki50! to 4.60 eV~ki50.70 Å21!, corresponding to its free
electron-like nature in two dimensions.

We can compare the measured dispersion of the Mnd
minority state with the calculated one from Fig. 4~a!. Sub-
tracting the energy of thedxz,yz ~Ḡ5! state from the corre-
sponding state atM̄Mn gives a small value for the bandwidt
of approximately 0.2 eV.

The angle-dependent photoemission spectra are show
Fig. 5~a!. The sample was turned in theḠX̄Mn direction. A
clearcut dispersion of the majority Mn states as predicted
Fig. 4~a! is not observed. This is not surprising as the cal
lation predicts the Mn-3d states at energy positions we
separated from the ones of Cu-3d states and may therefor
also underestimate the mixing between both.

VII. COLLAPSE OF THE MAGNETIC SPLITTING
TOWARDS BULK Mn

The spectra in Fig. 6 show what happens if the nomi
Mn coverage on Cu~100! is increased beyond the 0.5 M
that are needed to form thec~232! structure. The photoemis
sion spectra of Fig. 6~a! show that the second 0.5 ML adde
after thec~232! has attained optimum quality in the LEE
leads to an increase in emission in the vicinity of the Fe
energy. At 2.5 ML this emission continues to grow. This w
also observed on the same system in Ref. 38 and on Mn
Ag~100! in Ref. 39 despite the different interpretation in Re
39.

Corresponding emission at the Fermi level appears in
inverse photoemission spectra in Fig. 6~b!. Here it is further
seen that the Mn-3d intensity at the Fermi level grows in th
first instance leaving the 3d minority peak at 1.85 eV intact
When increasing the nominal coverage to 2 ML the emiss
at the Fermi level predominates. This was also observed
Mn on Ag~111! ~Ref. 33! and Ag~100!.11

This means that, as soon as the Mn-Mn coordination
increased beyond thec~232!, the magnetic exchange spli
ting collapses. Excess Mn atoms that are built in lead t
transfer of spectral weight towards the Fermi level and
therefore considered to be nonferromagnetic. The calcul
density of states for a complete monolayer Mn/Cu~100! ~not
shown!, for which antiferromagnetic order with the opposi
spins occupying the sites of a checkerboard has lowest
energy, predicts high intensity around the Fermi level.
conclusion, the large exchange splitting and consequently
high magnetic moment are exclusively a property of
c~232! surface alloy.
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VIII. SUMMARY

Angle-resolved photoemission and inverse photoemiss
spectra of c~232! CuMn/Cu~100! and c~232! NiMn/
Ni~100! have been measured. The results were compare
our first-principles calculations forc~232! CuMn/Cu~100!
and c~232! NiMn/Ni ~100!, which exhibit large magnetic
moments for Mn, 3.75mB for the c~232! CuMn/Cu~100! al-
loy and 3.5mB for thec~232! NiMn/Ni ~100! alloy. The mea-
sured exchange/Coulomb splittings at the Brillouin-zo
center are large~5.5 eV for the Cu-based system and 5.25
for the Ni-based system!, which proves that the Mn bears
high magnetic moment in these systems. From first p
ciples we calculate exchange splittings of 2.7 eV forc~232!
CuMn/Cu~100! and 3.5 eV forc~232! NiMn/Ni ~100!, thus
significantly smaller than measured. We suppose that
difference is due to an additional Coulomb energyU, which
splits the final states in photoemission and inverse pho
emission apart. This effect requires a high localization of
Mn states that we indeed observe in the small measured
calculated band dispersion forc~232! CuMn/Cu~100!. The
Mn-thickness-dependent spectra on Cu show that the s
ting collapses for coverages above the half monola
needed to form thec~232! superstructure. Comparison wit
the systems Fe/Au~100! and Cr/Ag~100! does not indicate
large discrepancies between measured splittings and
local-density description as we observe them for the dil
half-monolayer system. This means a qualitatively differe
electronic structure due to extra localization in 0.5 ML ve
sus 1 ML. In spite of a larger expected hybridization of M
3d states with the Ni substrate we find a similar behavior
Mn on Ni. We also investigated the work-function chan
upon the formation of surface alloys. We found a very n
agreement between theory and experiment. A compariso
ferromagnetic CuMn/Cu~100! with hypothetical nonmag-
netic CuMn/Cu~100! identified the formation of high mag
netic moments as the basic origin of the large modification
the electronic structure that causes the work-function chan

Note added.We recently noticed the publication of Hay
den, Pervan, and Woodruff~Ref. 57!. We find the reported
inverse-photoemission spectra ofc~232! CuMn/Cu~100! and
of thicker Mn/Cu~100! in good agreement with our results
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