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Structure and electron correlation of Mn on Ni„110…
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We have deposited Mn on the~110! surface of Ni and discover ordering into ac(232) superstructure for
coverages of 0.35–0.5 monolayer Mn. Mn 2p photoemission spectra show distinct satellite structures which
disappear for higher Mn coverage. Calculations using configuration-interaction theory including multiplet
effects on a model cluster representing the local geometry of a surface alloy identify the features as correlation
satellites and give model parameters as follows: charge-transfer energyD51 eV, Coulomb energyU53 eV,
and transfer integralT51.2 eV. A detailed comparison to the case ofc(232) Mn/Cu~100! leads to the
conclusion thatc(232) Mn/Ni~110! is a new magnetic surface alloy.
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I. INTRODUCTION

A new material class termedordered magnetic surface
alloys has recently been characterized by Wuttig, Gauth
and Blügel.1,2 Materials pertaining to this class consist of
metallic crystal surface on top of which atoms that bea
magnetic moment arrange in a certain superstructure.
structure differs not only laterally from a simplep~131!-type
overlayer: Experimental and theoretical structure determ
tions revealed that the adsorbate occupies sites of the su
atomic layer of the substrate, however at a comparativ
large outward relaxation. For the first ordered magne
surface alloy that has fully been characterized, the sys
c(232) Mn/Cu~100! formed by deposition of the mas
equivalent of 0.5 monolayer~ML ! Mn, this outward relax-
ation amounts to 14% of the Cu~100! interlayer dis-
tance.1 Subsequent to the characterization of this system,
other manganese surface alloy has been identified:c(232)
Mn/Ni~100!.3 In addition to these surface alloys at nomin
half-monolayer Mn coverage, more complicated structu
have been identified for deposited amounts beyond 0.5
like the p2mg(432) Mn/Cu~100! structure.4 The stability
of these systems has been studied byab initio total-energy
calculations with the result that they are stabilized by
presence of the magnetic moment; i.e., the structures w
not form for a paramagnetic Mn atom.1,2

Interesting magnetic properties have been predicted.
Mn-Mn distance in thec(232) Mn/Cu~100! system is by a
factor of A2 larger than in bulk fcc metals like Cu. Thi
increased distance is expected to revert the magnetic
pling between Mn moments from antiparallel to paral
causing long-range ferromagnetic order.1 Experimentally,
however, neither magnetic circular x-ray dichroism at roo
temperature5 nor spin-resolved photoemission at liqui
nitrogen temperature6 have yet been able to confirm this in
teresting prediction forc(232) Mn/Cu~100!. On the other
hand, the surface-alloy systemc(232) Mn/Ni~100! orders
ferromagnetically with parallel coupling of the Mn momen
to the magnetization of the Ni substrate as seen from m
0163-1829/2001/64~16!/165414~5!/$20.00 64 1654
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netic circular x-ray dichroism measurements.5,7 Temperature-
dependent studies show that ferromagnetic order is cau
by the ferromagnetism of the Ni substrate and that the
follows the magnetization of the Ni surface atomic layer.7

In a complete study of the occupied and unoccupied e
tronic structure ofc(232) Mn on Cu~100! it has been ob-
served that the exchange splitting of Mn 3d is almost twice
as large in photoemission and inverse photoemission t
from first-principles calculations.6 For c(232) Mn/Ni~100!
the experimental value exceeds the theoretical one still b
factor of 1.5.6 In addition, the angle dispersion of Mn 3d
minority-spin states has been found to be very small~110
meV! for c(232) Mn/Cu~100!.6 Both observations indicate
strong correlation of 3d electrons in thec(232) structure.
This has been verified by the observation of a valence-b
satellite structure forc(232) Mn/Cu~100! with prominent
peaks at 8 eV and 9.6 eV binding energy.8 In order to distin-
guish the Mn-derived valence-band satellite from the we
known Cu-derived satellite peaks at 11.8 eV and 14.6 eV,
assignment of the Mn-derived satellite has been done on
basis of resonant photoemission at the Mn 3p excitation
threshold. Interestingly, Mn 2p core-level photoemission
spectra also show intense satellite structures forc(232)
Mn/Cu~100!, and this fact renders identification of correl
tion effects in an element-selective manner particula
convenient.8 For this system, the positions of Mn 3d states
in photoemission and inverse photoemission, of the valen
band satellite, and of the Mn 2p core-level satellite have
been used in Ref. 8 to consistently describe the system
a simple configuration-interaction cluster model and to
rive model parameters.

It is interesting to ask whether the class of ordered m
netic surface alloys is limited to Mn on~100! surfaces of Cu
and Ni or whether further members can be identified. In fa
0.5 ML c(232) Mn/Cu~110! has been characterized a
surface alloy.9 On the other hand, thec(232) superstructure
of Mn/Ag~100! has been identified as a double-layer surfa
alloy involving 1.5 ML Mn.10 On fcc Co~100!, Mn has
been found to grow asp(131) overlayer;11 however,
weakc(232) low-energy electron diffraction~LEED! spots
©2001 The American Physical Society14-1
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have recently been reported for 0.3–0.8 ML coverage
considered as indication for surface alloy formation.12 On
Fe~100! and Fe~110!, on the other hand, onlyp(131) Mn
superstructures have been observed and interpreted
layer growth without interdiffusion.13,14 Interestingly, a
weakc(232) superstructure has also been found for 1 M
Co/Cu~100! after annealing.15

In the present work, Mn is deposited on Ni~110!, and a
c(232) structure appears around half-monolayer covera
We study electron correlation effects on the electronic str
ture. Ni as substrate poses a similar problem to the ass
ment of valence-band features as the one mentioned a
for Cu: countless satellite lines have been distinguished
tween 6 eV and 35 eV binding energy for pure Ni.16 There-
fore, we use Mn 2p x-ray photoelectron spectroscopy. W
observe a distinct satellite which disappears together with
c(232) superstructure for higher Mn coverage. The satel
is similar to but weaker than the one observed forc(232)
Mn/Cu~100! in agreement with the expectation of somewh
larger hybridization between Mn and Ni as compared
the case of Mn and Cu. We used the experience gaine
previous analyses8 of Mn-based surface alloys and analy
the spectra using a corresponding configuration-interac
cluster model.

II. EXPERIMENTS

Experiments were done in a vacuum chamber equip
with standard tools for surface preparation and character
tion like LEED as well as a spherical electrostatic analy
~VG CLAM ! for x-ray photoelectron spectroscopy. We us
Mg Ka radiation for Mn 2p spectra. No correction for x-ray
satellite lines has been done. Preparation of the Ni~110!
single crystal has been performedin situ by Ne1

ion bombardment and heating cycles until a sharp and
tensep(131) LEED pattern was visible@Fig. 1~a!#. The

FIG. 1. LEED patterns of~a! clean Ni ~110! and ~b! 0.35 ML
c(232) Mn/Ni~110! taken at 87 eV and of 1.1 ML (731) Mn/
Ni~110! taken at 87 eV~c! and at 120 eV~d!. ~c! is a closeup.
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base pressure was in the upper 10211 Torr range; e.g., when
measuring the 0.35-ML spectrum shown in Fig. 2 the b
pressure was 6.5310211 Torr and rose to 9.5310211 Torr
during operation of the x-ray source. Mn has been eva
rated from high-purity pieces by electron-beam heating
closed in a water-cooled jacket. The deposition rate~0.7 ML/
min! has been calibrated with an oscillating quartz and k
constant duringin situ deposition by measuring the Mn io
current. This was particularly useful since spectra from d
ferent measurements had to be added. To keep sample
tamination at a small level, we completed data aquisition
each sample in less than 2 h time, after which it was repre

FIG. 2. Mn 2p core-level photoelectron spectra for various co
erages of Mn on Ni~110!. No background correction was done fo
all but the lowest two coverages, where a linear slope caused by
Ni substrate has been subtracted. Intense satellites about 5 eV b
the main peaks appear in particular for thec(232) structure.
4-2
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pared and the measurement reiterated. Moreover, we us
pass energy of 50 eV ensuring a high count rate. Spe
were taken with the sample at room temperature.

Figure 1~a! shows thep(131) LEED pattern of the clean
Ni~110! substrate. For 0.35-ML@Fig. 1~b!# and 0.5-ML Mn
coverage an intensec(232) superstructure is observed. Th
substrate temperature was kept at 70 °C during Mn dep
tion. This temperature has been found favorable for
growth of c(232) Mn on the~100! surface of Ni,3 and in
fact the present superstructure is as intense as the one
served previously forc(232) Mn on ~100! surfaces of Cu
and Ni bulk crystals. Around the full monolayer coverage
731 pattern is observed in Figs. 1~c! and 1~d!. This struc-
ture could be a relaxed full Mn monolayer similar to the o
obtained by deposition of 1 ML Mn on Cu~100! at low tem-
perature~,270 K! which results in an 832 structure.17 The
thickest coverage deposited in the present work~3.9 ML!
leads to a diffuse LEED pattern.

The Ni surface is reactive; this holds even more after
deposition. It should be noted in this context that oxyg
does not generate ac(232) superstructure on Ni~110!.18

Rather, on the contrary, it has for Cu~110! been shown tha
the addition of oxygen destroys the Mn-inducedc(232)
superstructure.9 The actual amount of contamination has
the present work been estimated from the ratio of O 1s ver-
sus Mn 2p3/2 photoemission intensities using tabulated s
sitivity factors.19 Clean surfaces are crucial in this expe
ment, and the sample with the lowest Mn coverage is m
sensitive to a deterioration of the Mn 2p spectrum. For the
lowest Mn coverage in Fig. 2~0.35 ML!, an oxygen cover-
age of not more than 0.05 ML results from our estimate.
have also measured the Mn 2p spectrum of a 0.35-ML-Mn
sample after 2-day exposure to the residual gas and dis
it in the inset of Fig. 2. This spectrum shows that oxidiz
tion leads to a peak at a binding energy between the
main peak and the satellite peak~to be discussed below!
of the Mn-inducedc(232) structure. Moreover, the spec
trum in the inset of Fig. 2 resembles the MnO2 spectrum
from Ref. 19.

Figure 2 shows the thickness dependence of Mn 2p core-
level spectra. For thec(232) structure, we observe a broa
and intense satellite about 5 eV below the 2p3/2 and 2p1/2
main peaks which has almost equal intensity for 0.35 and
ML. For 1.1 ML, the satellite already loses intensity, and
1.8 ML the spectral shape approaches the one of bulk
metal without extra structures.

We will argue in the following section that the reduce
Mn-Mn coordination in thec(232) structure, where ideally
no Mn-Mn next-neighbor pairs exist, results in enhanc
electron correlation giving rise to the satellite structures. T
holds to a lesser extent also for the the 1.1-ML overla
where Mn-Mn interaction is reduced due to the vacuum
terface and due to missing subsurface Mn neighbors.

III. MODEL CALCULATIONS

For thec(232) structure, the Mn 2p excitation spectrum
can be described by a simple configuration-interaction mo
on a Mn-Ni cluster. Previously, we have successfully e
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ployed a simpler model for the case ofc(232)
Mn/Cu~100!.8 In analogy to the cases of Mn on Cu~100!,
Cu~110!, and Ni~100! we tentatively assign the behavior o
LEED and photoemission to the formation of a surface all
As with these three similar surface alloys, which are str
turally very similar to each other, a substantial outward
laxation can be expected. Interestingly, it has been arg
that the intense superstructure LEED reflexes are not
pected to occur for systems without such a substantial re
ation because of the proximity of the atomic numbers of M
on the one hand and of Ni or Cu on the other hand.2 We use
for the present model the same Mn relaxation of 0.0a
~wherea is the substrate lattice constant! as obtained from
the quantitative analysis forc(232) Mn/Cu~110!, keeping
in mind that the relaxations forc(232) Mn on Cu~100! and
Ni~100! have been found to be very similar to each other

The present data analysis method has widely been app
in studies on transition-metal compounds, and the rea
may find basic aspects of the configuration-interaction cl
ter model in the review literature.20 Core-level photoemis-
sion with its element sensitivity is particularly useful whe
combined with configuration-interaction calculations whi
include the multiplet effect and charge-transfer effect.21–23In
particular, transition-metal 2p photoemission, which can ef
ficiently be excited by conventional Mg and AlKa radiation,
has been analyzed by configuration-interaction theory i
systematic way.24,25 In the configuration-interaction calcula
tion on the cluster-type model, while the multiplet effect
derived from the Coulomb interaction term between t
transition-metal 2p core hole and transition-metal 3d elec-
trons, the charge-transfer effect is due to the hybridizat
term between the transition-metal 3d orbitals and ligand or-
bitals. It has been found that the charge-transfer effec
more important than the multiplet effect to explain transitio
metal 2p photoemission line shape observed in ma
transition-metal compounds.24 ~On the other hand, the mul
tiplet effect is much more important than the charge-trans
one in transition-metal 2p x-ray absorption, x-ray emission
and electron-energy loss spectra.! Therefore, we used a ver
sion of the configuration-interaction cluster model in whi
the Coulomb interaction term is included in a simplifie
way24 and, instead, the hybridization term between the M
3d and ligand orbitals in the Mn-Ni cluster is considered
an exact way.

Figure 3 shows the structural model used in the pres
work. It is more complex than the one used previously8 due
to the twofold symmetry of the fcc~110! surface. Two Ni
atoms in the surface~S! layer ~type 1, Mn-Ni distance
0.710a with a being the Ni lattice constant!, four in the S-1
layer ~type 2, 0.739a), and one in the S-2 layer~type 3,
0.767a) are considered; the two remaining atoms in the
layer are too far (1.003a) and therefore have been cut of
The ground state of the cluster considers three config
tions, i.e.,

cg5a0ud5&1a1ud6L&1a2ud7L2&.

Here, L denotes a ligand hole, which corresponds to
transfer of an electron from a Nid orbital to a Mnd orbital.
4-3
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The energy associated with this charge transfer isD
5E(d6L)2E(d5). The Mn 3d– Mn 3d Coulomb interac-
tion energy isU5E(d6)1E(d4)22E(d5), where the en-
ergy E(dnLm) is the center of gravity of the multiplet corre
sponding to thednLm configuration. The transfer integra
describing the hybridization between Mn 3d and Ni 3d are
expressed in terms of Slater-Koster parameters (ddp) and
(dds). Expressions for their anisotropy and distance dep
dence have been taken from Ref. 26. The final state
Mn 2p photoemission is given by

c f5b0ucd5&1b1ucd6L&1b2ucd7L2&,

wherec represents a Mn 2p core hole. The Mn 2p–Mn 3d
Coulomb interaction energyQ has been tied toU by the
typical assumptionU/Q50.8. The Mn 2p photoemission in-
tensity is given by

I f}ua0b01a1b11a2b2u2

in the sudden approximation.

IV. ANALYSIS

The remaining parameters to be determined from
comparison to the experiment areD, U, andT5(dds). Out
of the two similar experimental spectra representingc~232!
Mn, the 0.35-ML spectrum has been chosen for compari
to theory. The reason is that the Mn local geometry will n
change if a fewc~232! sites are left empty; however, exce
Mn atoms will likely form Mn-Mn dimers which would
change the 2p spectrum. As usual, Lorentzian and Gauss
broadenings and an integrated background have been ap
to the theoretical spectrum. Figure 4 shows the best
reached forD51 eV,U53 eV, andT51.2 eV. For compari-
son to the case ofc~232! Mn/Cu~100! we have repeated th
calculation for the MnCu8 cluster in the geometry describe
in Ref. 8 with the present model, i.e., including multipl
effects. We obtainD51.5 eV, U53 eV, andT51.0 eV for
the Cu-based system and an agreement with experiment

FIG. 3. Structural model employed in the configuratio
interaction calculation for thec(232) superstructure. Positions o
Mn ~large circles! and Ni atoms~small circles!. Hybridization be-
tween atoms marked by solid circles has been included in
model. For clarity, vertical distances appear expanded.
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stantially improved with respect to Ref. 8—almost perfe
matching between model and experiment is now reache
Fig. 4. The inclusion of multiplet splittings leads to slight
altered parameters23 like a reduction ofQ ~or U) ~D50 eV,
U54 eV, andT50.7 eV were obtained in Ref. 8!. Simi-
larly, inclusion of multiplets has a comparatively strong e
fect onD for the d5 configuration.20 Comparison of the two
systems of Fig. 4 confirms the expectation thatD andT, but
not U, vary slightly with the chemical environment~Ni and
Cu, respectively! of the Mn atom. The small but finite value
for the charge-transfer energyD are realistic in view of the
range obtained for three-dimensional Mn compounds~from
D56.5 eV for MnO to 1.5 eV for MnTe, Ref. 20!. The
present analysis corroboratesD,U, which means that in
Mn 2p photoemission spectra the main peak at lower bi
ing energy is rather dominated bycd6L and the satellite at
higher binding energy bycd5 configurations. FromD,U
also results thatc(232) Mn/Ni~110! and c(232) Mn/
Cu~100! can be characterized as charge-transfer compou
where in practice metallic conductivity of the systems will
provided by the Ni and Cu substrates.

e

FIG. 4. Configuration-interaction cluster-model theory f
c~232! Mn/Ni~110! compared to the measured spectrum of 0.
ML ~top!. The case of the well-characterized surface alloy 0.5 M
c~232! Mn/Cu~100! is shown for comparison~bottom!.
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V. CONCLUSION

It is concluded that geometrical and electronic structure
0.5 ML Mn on Ni~110! can consistently be described b
configuration-interaction theory on a local MnNi7 cluster. It
is demonstrated in this way that electronic properties can
used to conclude to some extent on the local geometr
structure of a metal-on-metal adsorbate system. The clus
model analysis corroborates the view that the local structu
arrangement leads to a strong electron correlation effect
the Mn, and together with our LEED study this indicates th
rli
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an ordered surface alloyc(232) Mn/Ni~110! has been iden-
tified in this work.
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