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Structure, growth, and magnetism of Mn on Cu„110…
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We found a two-dimensional, ordered surface alloy Cu(110)-c(232)-Mn. The structure and composition
of this surface compound were determined by quantitative low-energy electron-diffraction~LEED! analysis,
which shows a large buckling in the surface alloy layer. The Mn atoms buckle outwards, and the Cu atoms
inwards with a total buckling amplitude of 0.22 Å@17.2% of the ideal interlayer distance of Cu~110!#. The
results are compared toab initio total-energy and force calculations. The first-principles structure optimizations
are restricted to structural relaxations normal to surface, which is consistent with our LEED analysis. The
theoretically determined buckling of 16.3% reproduces the experimental situation. The calculations predict a
large magnetic moment for Mn ofM53.82mB . A hypothetical nonmagnetic Cu(110)-c(232)-Mn surface
alloy shows no buckling (,1%), proving that the buckling is due to the magnetovolume effect of Mn.
Investigation of the growth shows that, for substrate temperatures above 180 K, deposition of submonolayer
amount of Mn leads to the formation of ac(232) superstructure. A well-ordered structure at 0.5 ML was
observed in the temperature range between 270 and 350 K. For films above 1 ML, a 1631 superstructure was
observed giving evidence of a buckled, Mn-rich top layer. We also investigated the work-function change upon
surface alloy formation. Theab initio calculations predict a work-function lowering of about 0.5 eV, and we
identified the magnetism of Mn as the basic origin of the work-function change. The results are compared to
the Cu(100)-c(232)-Mn surface alloy.@S0163-1829~97!06044-X#
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I. INTRODUCTION

Surface alloying after deposition of one metal onto a
other has gained increasing interest in the last few yea1

This was partly motivated by the desire to tailor the prop
ties of metallic surfaces through intermixing in the ne
surface region. Furthermore, understanding the mechan
that are invoked in surface alloying might help to achie
better control of the chemical composition profile of metal
multilayers produced by molecular-beam epitaxy or rela
techniques. Most studies so far have focused on the struc
of surface alloys. Surprising results include the observa
of surface alloying even for some metal-metal combinatio
which are practically immiscible in the bulk.2–7 Much less is
known about the atomic mechanisms which control surf
alloying.8

In a recent work9 we suggested an interesting class
surface alloys: the magnetically stabilized surface allo
The stability of this type of alloy is due to the formation of
large magnetic moment of one type of constituent atoms
the surface alloy.

In a series of investigations, we studied the alloys form
after deposition of Mn on Cu~100! ~Refs. 10–12! and Mn on
Ni~100!.13 Particular attention was devoted to the formati
of ordered Cu(100)-c(232)-Mn and Ni(100)-c(232)-Mn
surface alloys, which are characterized by a considera
atomic corrugation in the ordered surface alloy layer. Int
estingly enough, no ordered bulk alloy exists for the Cu-M
570163-1829/98/57~4!/2607~14!/$15.00
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system. Total-energy calculations have shown that
corrugation,9,14 stability, and formation15–17 of the
Cu(100)-c(232)-Mn surface alloy layer are due to the fo
mation of a large magnetic moment of the Mn atoms. Seve
recent experiments confirmed the formation of these orde
surface alloys18,19 as well as the formation of these larg
magnetic moments.20–26

Until now, magnetically stabilized surface alloys ha
been investigated only at~100! surfaces. Magnetism, an
also the kinetics and surface chemistry, are quantities wh
depend strongly on coordination number, symmetry, and
surface orientation. Thus the existence, formation, and pr
erties of this type of surface alloy at other surfaces is unc
and unknown. To reveal the systematics that govern sur
alloying for Mn on Cu single crystal surfaces, we studied t
deposition of Mn on Cu~110!.

In this paper we give evidence of the formation of a tw
dimensional, ordered, 1-ML-thickc(232) MnCu surface al-
loy film on Cu~110!. We characterize the growth, structur
and composition of Mn films by a variety of techniques i
cluding low-energy electron diffraction~LEED!, medium-
energy electron diffraction~MEED!, and Auger electron
spectroscopy~AES!. This alloy starts to form at 180-K and
0.25-ML coverage, and is stable upon cooling to 120 K a
annealing to 400 K. We apply full dynamical LEED calcu
lations to establish the structural model and the chem
composition, and to determine the atom positions. We fi
that the Cu and Mn film atoms show a large buckling
2607 © 1998 The American Physical Society
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2608 57CH. ROSSet al.
17.2% of the ideal interlayer distance of Cu~110!. The results
are compared toab initio total energy and force calculation
which reproduce the buckling of the Mn and Cu surface
loy film, and identify the magnetism as the driving force
the buckling. We predict a large magnetic moment for Mn
M53.82mB . In this paper we show results on the kinetics
the alloy formation. We predict a work-function lowering o
the Cu~110! work function due to alloying. We also invest
gate the coverage dependence of the alloy formation
observe a 1631 superstructure at 1-ML coverage.

The formation of the Cu(110)-c(232)-Mn surface alloy
is even more surprising than the formation of t
Cu(100)-c(232)-Mn alloy. For the latter, one could stil
argue that this surface alloy may be derived from a yet
known Cu3Mn bulk phase, with Cu and Mn atoms arrang
as in the Cu3Au structure,27 which has been speculated on
the past. This derivation does not work for the~110! face,
since here the stacking of the Cu and Mn atoms are con
tent with a surface plane of a Cu3Mn bulk phase in the TiAl3
structure. Thus the observation of the Cu(110)-c(232)-Mn
phase extinguishes this kind of speculation. Moreover
proves that the surface alloy is indeed a class of mate
which cannot be derived simply from bulk properties.

The paper is organized as follows. In Sec. II the expe
mental setup and the theoretical and computational det
respectively, are described. The results of the structure an
sis, the total-energy calculations, and the magnetism are
cussed in Sec. III. We close with a short summary in Sec.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experiment

The experiments were performed in an UHV~ultrahigh
vacuum! chamber with a base pressure of 531029 Pa as
measured by an ionization gauge. A quadrupole mass s
trometer was employed to determine the partial pressur
the residual gas, which typically consists of about 40% H2,
30% H2O, and 30% CO. The Cu single crystal had a dia
eter of 8 mm. The surface was orientated in the@110# direc-
tion to better than 0.1°. The surface was cleaned by arg
ion sputtering ~0.6 kV, 0.15mA/cm2! and subsequen
annealing by electron bombardment up to 820 K. Using
Auger system with cylindrical mirror analyzer, AES we
recorded to check the surface cleanliness. Only the
preparation procedures required several cycles of sputte
annealing and subsequent control by AES, until segrega
amounts of C and O were below the Auger detection lim
~,1 at. %!. The sample temperature was measured b
NiCr/Ni thermocouple. Using liquid-nitrogen cooling,
minimum temperature of 120 K could be achieved. LEE
was used as the main tool to analyze the structure of
surface. A three-grid backview LEED system was employ
providing electron energies up to 500 eV. In most cases n
mal incidence was chosen. To precisely determine ato
positions, the intensities of a large number of diffracti
spots was measured as a function of electron energy~LEED
I /V curves; see Sec. III B for details!. MEED enabled us to
investigate the surface structure and morphology during
deposition.28 In our experiments, 3-keV electrons impinge
on the sample with a maximum angle of 5° against the s
face plane. The diffracted beams were displayed on the fl
l-
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rescent LEED screen. Both for MEED and LEEDI /V mea-
surements, the diffraction pattern was recorded by a vi
camera and a personal computer with data-acquisition h
ware and software. This allows the simultaneous meas
ment of up to eight different diffracted beams.

Manganese~purity 99.99%! was evaporated from a wate
cooled Knudsen cell. The deposition parameters~oven tem-
perature about 1200 K, pressure below 231028 Pa! were
kept constant in all experiments. By growing Mn on
Ni~100! surface and simultaneously using MEED, we det
mined the flux of Mn atoms generated from the oven. T
intensity maxima of some diffracted beams are attributed
certain coverages as shown by Ref. 13. Assuming a stick
coefficient of 1, a flux of 2.531012 Mn atoms per cm2 s was
obtained, which was reproducible to within63%. For the
Cu~110! surface, this corresponds to a deposition rate
0.12-ML Mn per minute. This is confirmed by the intensi
maximum of thec(232) MEED curve ~Fig. 5!, showing
that an orderedc(232) layer is completed after depositio
of 0.5-ML Mn ~see Sec. III A!. In this paper, the coverageu,
given in units of ML Mn, is defined as the number of depo
ited Mn atoms per primitive substrate surface unit ce
Hence, at a coverage of 1-ML Mn there is one Mn atom
every Cu~110! surface atom.

B. LEED structure analysis

The LEED structure determination was performed w
the same program, phase shifts~up to nine at high energy!,
and inner potential as used in our previous investigation
Mn films on Cu~100!.11 For this purpose we use th
FORTRAN code of Moritz,29,30 which allows an automatic fit
as well as a grid search of the parameters including the
erage concentration over the different sites of the unit c
The quality of the agreement between experimental and
oretical spectra was assessed by means of twor factors,RDE
~Refs. 29 and 30! andRP .31 Both criteria are used in the grid
search algorithm and may be chosen equally to drive
automatic fit. The optimum parameters differ slight
(60.01 Å) depending on the choice of ther factor. The final
results given below are derived from averaging the val
obtained independently.

Optimized parameters.Atomic positions were optimized
down to the third layer. Indeed, on pure fcc metal surfa
like Cu~110! or Ni~110!, for instance, perturbations induce
by the missing bonds in the top layer lead to changes in
three first interlayer spacings; beyond, the distance return
the bulk value. In the present case, additional complexity
introduced by the presence of foreign atoms, namely, M
which replaces every other Cu atom in the top layer as d
onstrated below. Since two chemical species occupy the
tice sites, a corrugation of the individual layers is likely. Th
was investigated in the first and third layers, while the s
ond one was kept flat for symmetry reasons. Sharpc(232)
spots were observed, indicative of a rather perfect chem
ordering in the surface layer. However, the composition w
checked on both sites, assuming a random distribution
species to simulate disorder. This is realized by means of
averageT-matrix approximation: each site is ascribed sc
tering properties equal to the compositional average of
partial amplitude of chemical elements.32–34Since Mn diffu-
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57 2609STRUCTURE, GROWTH, AND MAGNETISM OF Mn ON Cu~110!
sion into the bulk may occur, we also determined the c
centration of Mn atoms in the second layer, assuming a
ordered alloy layer. In the course of the analysis, so
attempts were made to refine the Debye temperatures
inner potentialV0 , and absorptive potentialVi . V0 was first
considered constant~11 eV! and then replaced by an energ
dependent potentialV05241883(E112)21/2, which im-
proves the agreement slightly. Further small improveme
are found for a constant value ofVi53.9 eV rather than a
variable one@Vi50.853(E1V0)1/3#. Finally, the Debye
temperature was optimized independently for the surface
oms~Cu and Mn! and for deeper layers~see Table II!. Error
bars are derived from the variance ofRP ,31

var(RP)5RP min3(8Vi /DE)1/25RP min30.100, where DE
53160 eV is the energy range common to the experime
and calculatedI (E) spectra.

C. Electronic structure calculation

To understand the surface magnetism and the sur
structure of the Cu(110)c(232)Mn surface alloy (S) on the
basis of the electronic structure, and in particular to sh
more light on the role of magnetism on the surface structu
we performed a theoretical structure optimization of a hy
thetical nonmagnetic (P) and a ferromagnetic (F)
Cu(110)c(232)Mn surface alloy byab initio electronic
structure calculations. These calculations are based on
density-functional theory in the local-spin-densi
approximation.35 The equations are solved using the fu
potential linearized augmented plane-wave meth
~FLAPW! for thin-film geometry.36 Self-consistent calcula
tions were performed for nine-layer films consisting of sev
layers of Cu with two Cu atoms per layer unit cell simulati
the Cu~110! substrate, and at each surface layer one Mn
one Cu atom simulating thec(232) surface alloy according
to Fig. 7~b!. This structural assumption was suggested fr
the LEED analysis below.

The theoretical structure optimization was done in t
steps. At step~i! the optimization is based on a static min
mization of the total energyES$P/F;DzMn,F/P ;DzCu,F/P%
with respect to the configurational degrees of freedom.
included for the nonmagnetic as well as the ferromagn
case two degrees of freedom. These were the relaxationDz
of Mn and the top Cu atom along the surface normal. Rel
ations along the surface normal are sufficient, as shown
our LEED analysis. The two-dimensional total-energy s
face was calculated on 16 grid points, and the optimiz
structure was found by searching for the minimum of t
energy surface. Including two degrees of freedom was su
cient for the Cu(100)c(232)Mn surface alloy,9 but the
Cu~110! surface has a more open structure, and subsur
relaxation turned out to be important for an accurate desc
tion of the surface structure.

Using the previous approach which is based on to
energy minimization, it becomes very quickly impractical
determine more than two structural parameters. Recently
force method based on the approach of Ref. 37 was im
mented into our FLAPW code.38 Therefore, in step~ii ! we
refine our structure determination using the forces exerted
the atoms together with a modified Broyden-Fletch
Goldfarb-Shano quasi-Newton scheme39 to determine the
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minimum-energy atomic arrangement dynamically. Furth
details of the method will be published elsewhere.40

The accuracy of the calculation with respect to the t
most important cutoff parameters inherent in the FLAP
method, the number of augmented plane-wave~PW! basis
functions and the number of specialk points in the irreduc-
ible wedge of the two-dimensional Brillouin zone~I2BZ!
corresponding to the centered rectangular unit cell, h
been carefully checked. In Fig. 1 we show the total ene
ES$P;DzMn ;DzCu% calculated for four and 16k points in the
I2BZ with little change in the calculated equilibrium pos
tion, which isDzMn;P525.8% andDzCu;P525.2%. In Fig.
2 we show the total energyES$F;DzMn ;DzCu526%% cal-
culated for different numbers of basis functions andk points.

FIG. 1. Contour plots of the total-energy difference per M
atom of nonmagnetic Cu(110)c(232)Mn with respect to the buck-
ling relaxationDzMn of Mn andDzCu of the surface Cu atom. All
other atoms are fixed at the ideal Cu bulk positions. The relaxat
are given in relative units with respect to the theoretical interla
spacing of CudCu(110)51.244 Å measured from the ideal bulk te
minated surface coordinates. Calculations are carried out with
and 16k points in the I2BZ. All other cutoff parameters are th
same. The contour interval is 1 meV.

FIG. 2. Theoretical total-energy difference per Mn atom of fe
romagnetic Cu(110)c(232)Mn surface alloy vs the buckling re
laxationDzMn of Mn in relative units with respect to the theoretic
interlayer spacing of CudCu(110)51.244 Å. All Cu atoms, except
the surface Cu atom, which is fixed atDzCu526%, are fixed at the
ideal bulk positions. Calculations are carried out for different nu
bers ofk points ~kpt! and basis functions~PW!. The origin of the
energy scale is arbitrary. The equilibrium relaxation is 6.87%~4
kpt, 70 PW!, 7.05%~16 kpt, 70 PW!, and 6.77%~4 kpt, 100 PW!.
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Although the cutoff parameters chosen are too small to p
dict the curvature or phonon frequency of the Mn atom n
mal to the surface, they are sufficient for a reliable deter
nation of the equilibrium structure of the Mn and Cu atom
in the surface layer. According to Fig. 2, the equilibriu
position of the Mn atoms varies by less than 0.4% of
interlayer distance of Cu, and the magnetic moments cha
by 0.03mB . Throughout this paper all total-energy resu
presented are calculated using fourk points in the I2BZ and
70 PW/atom. The force calculations appear to be a bit m
critical with respect to the cut-off parameters and we u
110 PW/atom and 12k points in the I2BZ. The forces wer
minimized down to a maximum force of 3 meV/a.u. p
atom.

In addition, self-consistent calculations of the Cu~110!
surface were conducted in order to compare the sur
structure of the surface alloy with the plain surface, and
determine the work function change. The calculations w
carried out using ap(131) unit cell with one Cu atom pe
layer, and 36k points in the I2BZ of a rectangular unit cel
Prior to the structure determination of the surfaces
Cu~110! and Cu(110)c(232)Mn, we determined the equi
librium lattice constant of bulk Cu toaCu53.52 Å and the
interlayer spacing todCu(110)5&aCu/451.244 Å, respec-
tively. For this purpose we used the FLAPW method in bu
geometry to avoid any incompatibilities due to differe
band-structure methods. The results are in fair agreem
with the experimentally determined value
dCu(110)51.278 Å. All other computational parameters a
equal to those used for the Cu(100)c(232)Mn calculation
in Refs. 9 and 15.

III. RESULTS AND DISCUSSION

In this section we present experimental results for
growth and structures of Mn on Cu~110!. The atomic posi-
tions for one particular superstructure are analyzed in de
and compared with spin-dependent total-energy calculati

A. Growth and structures of Mn on Cu„110…

After Mn deposition, two different superstructures we
observed~see Fig. 3 for a survey!. For substrate temperature
above 180 K, deposition of submonolayer amounts of
leads to the formation of ac(232) superstructure
u'0.25 ML Mn is the lowest coverage producing ac(232)
phase. Faint and very diffuse extra spots indicate a v
weak long-range order. With increasing coverage the sp
become sharper and more intense, until a maximum of o
and intensity is reached aroundu50.5 ML Mn. Figure 4~a!
shows the corresponding diffraction pattern of the orde
c(232) structure at 0.5060.02 ML Mn. If the Mn coverage
exceeds 0.5-ML Mn, thec(232) spots become broad an
decrease in intensity, until they vanish between 1.0-
1.5-ML Mn. The same result was obtained from MEED me
surements. In Fig. 5 the intensity of a superstructure bea
plotted versus Mn coverage. Similar curves were recor
for all c(232) beams, which appear and vanish simul
neously. The narrow maximum around 0.5-ML Mn confirm
that this coverage corresponds to the bestc(232) order.
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Due to the small width of the maximum, MEED can be us
for an additional coverage calibration, independent of
evaporation rate.

Figure 3 also illustrates the influence of the growth te
perature on the formation of superstructures. Only in
range from about 270 K up to 350 K could a well-order
c(232) structure be observed. For lower deposition te
peratures the superstructure order is considerably reduce
160 K, noc(232) phase appears after deposition of up
0.5-ML Mn. On the other hand, the best-orderedc(232)
structure was observed at temperatures as low as 120 K41 if
it was produced by deposition at 270–350 K and subsequ
cooling.

FIG. 3. Observed superstructures of Mn/Cu~110! as a function
of Mn coverage~in ML Mn ! and deposition temperature~in K!. The
broken line roughly identifies the growth region of thec(232)
phase.

FIG. 4. LEED patterns of~a! the c(232) surface alloy phase
and~b! the 1631 superstructure at electron energies of 186 and
eV, respectively. In~a!, 0.5060.02-ML Mn were deposited at a
sample temperature ofT5315 K, in ~b! 1.560.05 ML Mn at T
5340 K. The schematic diagrams show the positions of the s
strate spots~full circles! and the extra spots of the superstructu
~open circles!.
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57 2611STRUCTURE, GROWTH, AND MAGNETISM OF Mn ON Cu~110!
After deposition of 0.5-ML Mn at around 330 K, the su
strate spots of the LEED pattern are sharp for all elect
energies@see Fig. 4~a!#, indicating a low density of steps
Hence, at least within the transfer width of our LEED sy
tem, which is about 80 Å, the surface is smooth and w
ordered. Therefore, we suggest a two-dimensional gro
mode of thec(232) superstructure up to a coverage
0.5-ML Mn. An interesting feature of this smoothc(232)
ordered layer is the presence of large domains as can be
from the sharp extra spots in Fig. 4~a!. The average domain
diameter obviously exceeds the transfer width of 80 Å.

Adding Mn to thec(232) ordered surface alloy in th
temperature range from 300 to 350 K, we observed a c
tinuous phase transition towards a 1631 superstructure~see
Fig. 3!. Starting withu50.5 ML the quality of thec(232)
order decreases with increasing coverage. From 1.0
1.5-ML Mn, the c(232) and 1631 phase coexist. The re
maining c(232) spots are very faint and diffuse and on
discernible at a few electron energies. For 2.0- and 3.0-
Mn, the pure 1631 phase appears in the diffraction patte
@see Fig. 4~b!#. In this phase the substrate spots are acco
panied by satellite spots producing spot pairs and trip
which are elongated in the@11̄0# direction. These extra spot
are sharp and intense, at least for low Miller indices (h,k).
Here the Miller indexh corresponds to the@11̄0# direction,k
to the @001# direction.

Between satellite and substrate spots there is a chara
istic distance of 6.3%60.9% of the reciprocal lattice spacin
in the h direction. This is the reciprocal value of 1662.
Hence the positions of the superstructure spots can be wr
as

S 6
1

16
,kD and S 6

15

16
,kD ~k522, . . . ,2!.

These are all satellite spots which can be resolved@see Fig.
6~a!#. The observation of spots which are multiples of1

16

indicates the formation of a 1631 superstructure, which is
16 times larger than the Cu~110! surface unit cell in the@11̄0#
direction.

The characteristic feature of the observed structure is
existence of intense superstructure beams in the vicinity

FIG. 5. Intensity of ac(232) MEED beam during Mn deposi
tion at 300 K.
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substrate beams, but the absence of other superstru

beams such as (14
16 ,k), ( 13

16 ,k), ( 12
16 ,k), etc. The reason for

this must be related to the atomic arrangement within the
31 unit cell. The most plausible explanation comes from
model where the scatterers in the unit cell have the spa
of 16

15dnn, where dnn denotes the Cu nearest-neighbor d
tance in the@11̄0# direction. This model is depicted in Fig
6~a!. The unit cell, marked by the long rectangle, consists
16 substrate atoms with a mutual distance ofdnn ~they may
be either Cu atoms or a mixture of Cu and Mn atom!
and—as a suggestion—an adlayer of 15 Mn atoms. Ad
tional Mn adlayers are possible for higher coverages~at least

up to 3-ML Mn!. This model explains the (6 15
16 ,k) spots,

assuming an independent scattering of the layers. To exp

the presence of (6 1
16 ,k) spots as well, one can either invok

multiple scattering between the 1631 surface layer and the
131 substrate or refine the structural model further. A pla
sible solution for the latter approach is the assumption o
corrugated top layer as shown in Fig. 6~b!. This is in line
with earlier findings by Palmberg and Rhodin, who discuss
the influence of an adlayer buckling for th
Cu(100)-c(1032)-Ag structure in some detail.42,43 Such
modulated surface layers have recently also been found
the system Fe/Cu~100!.44 To support this model~Fig. 6!, we
calculated the corresponding LEED pattern for a buck
1631 structure on the base of the kinematic LEED theo
assuming identical form factors for Mn and Cu atoms. T
result is in good agreement with the observed diffract
pattern.

FIG. 6. ~a! Schematic LEED pattern and structure model of t
observed Cu(110)-(1631)-Mn phase ~u>1.5 ML Mn!. The
LEED pattern contains the substrate spots~full circles! and all su-
perstructure spots which could be resolved~open circles!. In the
model, the unit cells of the substrate~short rectangle! and the su-
perstructure~long rectangle! are shown.~b! Side view of the model
and the 1631 unit cell. The corrugation is drastically exaggerate
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B. Structure determination for the Cu„110…-c„232…-Mn
phase

LEED I /V measurement

After having found the optimal growth parameters for t
c(232) superstructure~see Fig. 3!, LEED I /V measure-
ments were performed to enable a precise structure ana
of this phase. FourI /V data sets were recorded, each tim
after deposition of 0.5-ML Mn onto the substrate held at 3
K. Using the coverage calibration by MEED, the desir
coverage could be achieved with an accuracy of 0.03 M
The I /V spectra were measured at 130 K after the sam
was aligned, so that the primary electron beam imping
under normal incidence. This condition was fulfilled
within 60.2°, if symmetry equivalent beams had practica
identicalI /V curves. Tilt and polar angles of the sample we
varied, until the symmetry-equivalent beams closely matc
each other. The~1,1! and~1,2! beams were measured for th
purpose over the entire energy range, since these beam
most sensitive to deviations from normal incidence. C
was taken to limit both the pressure (531029 Pa) and the
time of measurement, because too high a residual gas e
sure affects thec(232) structure markedly. Magnetic field
inside the chamber were reduced below 20 mG using
pairs of Helmholtz coils. Each of the four independent d
sets consists of 14 nonequivalent beams:~0,1!, ~1,0!, ~1,1!,
~0,2!, ~2,0!, ~1,2!, ~2,1!, ~2,2!, ~0,3!, ~1

2 , 1
2!, ~1

2 , 3
2!, ~3

2 , 1
2!,

~ 3
2 , 3

2 !, and~ 1
2 , 5

2!. The electron energies ranged from at le
40 eV to at most 400 eV for each beam and were varied
steps of 1 eV. The total-energy range used for the quan
tive analysis amounts to 3160 eV. A visual inspecti
showed that the four measurements produced nearly iden
I /V curves whose peak positions matched closely. To
prove data quality further, symmetry-equivalent beams w
averaged for the data set used in this analysis, and the in
sity was normalized to constant incident current.

Structural analysis

Owing to the results derived from a related structu
study of Mn/Cu~100!—Mn forms an ordered and buckle
alloy surface layer with a similarc(232) periodicity11—two
models were investigated: a perfectly ordered surface a
layer with the above-mentioned variations of the compo
tion, and a purec(232) overlayer~Fig. 7!. Additionally, in
the preliminary step of the analysis we also considered
possible occurrence of an ordered underlayer alloy just
low the surface.

In the initial stage, varying the first two interlayer spa
ings and the corrugation in the Mn-Cu alloy layer when n
essary, two of these models were rapidly discarded: in c
parison with the surface alloy~top layer!, both the alloy
underlayer and the pure Mn overlayer produce highr factors
and can thus be discarded, as demonstrated by the va
collected in Table I. The range of variation for these para
eters were sufficiently large to avoid being trapped in lo
minima.

We then focused on the most probable structure, the
dered Mn-Cu surface layer, including gradually variatio
down to the third layer. When the grid search was used,
first two interlayer spacings were always varied simul
neously with a third parameter, all others being kept fixed
sis
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their optimum values. The detailed results are displayed
Table II, and the changes of ther factor versus the param
eters are displayed in Fig. 8. Allr -factor variations are those
obtained from calculations performed at the end of the an
sis, fixing all parameters but one at or close to the optimu

The coverage calibration derived from MEED measu
ments, together with the flux calibration, determine the c
erage of the perfectc(232) structure to 0.5060.03 ML.
This indicates together with the sharpc(232) superstruc-
ture spots a perfectc(232) ordered alloy where each M
atom is surrounded by four Cu atoms, and vice versa. Th
fore, we started with a model where deeper layers were
sumed to be pure Cu. The buckling was refined first, look
for the chemical species~Mn or Cu! which eventually shifted
outwards. Ther factors do present two pronounced minim
in the explored range, the lowest occurring for Mn locat
0.22 Å above the Cu sublattice. The second minimum
shifted by about 0.5 Å, as usual with well-known period
solutions in LEED, and corresponds to the reverse situa
with Cu above the Mn sublattice. Ther factors, which differ
by much more than the variance (var50.02) for both solu-

FIG. 7. Models for the Cu(110)-c(232)-Mn phase:~a! Mn
overlayer,~b! Mn-Cu surface alloy~top layer!, and~c! Mn-Cu alloy
underlayer. The structural parameters optimized in the LEEDI /V
analysis are shown in the side views.DZi2 describes the corrugation
amplitude of thei th layer~height of atom 2 with respect to atom 1!;
di j denotes the distance from the lower atom in layeri to the high-
est atom in layerj .

TABLE I. Preliminary analysis.r factors for three structura
models withc(232) periodicity: Mn overlayer, ordered Mn-Cu
alloy underlayer, and ordered Mn-Cu surface alloy layer~see Fig.
7!.

R factor Overlayer Alloy underlayer Alloy top layer

RDE 0.541 0.433 0.366
RP 0.546 0.520 0.284
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TABLE II. Optimum values from automatic fit started at the minimum of the grid search.di j is defined as the distance from the low
atom in layeri to the highest atom in layerj ~see Fig. 7!. DZkl andCkl are height and composition of atoml in layer k. A positive value
for the buckling means that the atom is displaced inwards.

Parameter
Parameter range

~grid search! RDE50.34 RP50.25 Average

d12 ~Å! 1.1–1.55 1.21 1.20 1.20560.02
d23 ~Å! 1.13–1.38 1.28 1.30 1.2960.02
d34 ~Å! 1.18–1.34 1.26 1.268 1.26560.02
DZ12 ~Å! 20.3– 0.3 0.21 0.23 0.2260.05
DZ32 ~Å! 0.01 0.01 0.0160.02
C11 ~% Mn! 0–100 90 85 87645
C12 ~% Cu! 0–100 92 96 94640
C21 ~% Cu! 0–100 100 99 100635
uD ~Mn! ~K! 120–440 180 180
uD (Cul) ~K! 200–500 300 300
uD (Cub) ~K! fixed 340 340
DV0 ~eV! 0 to 65 20.18 10.16

FIG. 8. Variation ofr factorsRDE andRP with structural and compositional parameters as scanned by grid search.di j is defined as the
distance from the lower atom in layeri to the highest atom in layerj ~see Fig. 7!. DZkl andCkl are the height and composition of atoml
in layer k. A positive value for the buckling means that the atom is displaced inwards.
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FIG. 9. LEEDI /V spectra of the Cu(110)-c(232)-Mn surface alloy calculated for near-optimum parameters~solid line! in comparison
to the experimental data~broken line!.
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tions, clearly favor the former geometry, with Mn being di
placed outside.

The interlayer distance follows the general rule of f
~110! metallic surfaces, i.e., the top Cu-Cu spacing is co
tracted by about 5% with respect to bulk-truncated Cu~110!,
whereas the second interlayer spacing is~weakly! expanded
by less than 2%. We still detect some contraction in dee
layers, but it is so weak that one can consider the oscillati
as almost completely damped.
-

er
s

As already explained, the reference structure conside
so far is an ordered Mn-Cu alloy layer with a regular dist
bution of species so as to form ac(232) arrangement. Our
experience of similar surfaces—metal on metal deposit
followed by annealing to produce random or ordered all
layers—has proven that the compositional order is seld
perfect, and that nicely orderedc(232) alloy areas may
coexist with 131 chemically disordered domains in additio
to other defects such as antiphase domain boundaries, s
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islands, etc.45 The same is likely to be true in the prese
instance, and we tested the possibility of a partly rand
distribution of Mn and Cu sites. Both sites included in t
unit cell were then allowed to have an average composi
at variance from the 0.5-ML Mn coverage. Besides that
the top layer, we also checked the composition of the sec
layer, since diffusion of Mn atoms might occur even thou
the temperature does not exceed room temperature du
Mn deposition. Ther -factor response to such variations

FIG. 10. Theoretical total-energy difference per Cu atom of
Cu~110! surface vs the surface-atom relaxation ofDzCu12

in relative
units with respect to the theoretical interlayer spacing of C
dCu(110)51.244 Å. The inset shows the contour plot including a
the relaxationDzCu23

of the first subsurface Cu atoms. The min
mum, which determines the optimal structure, is found in the in
circle. The contour interval is 0.5 meV. All relaxationsDz are mea-
sured from the ideal bulk-terminated surface coordinates.
n
f

nd

ng

shown in Fig. 8, and the optimum concentrations are given
Table II.

The error bars happen to be fairly large for the chemi
composition. They are around 35 at. % in the second la
and they even increase up to 45% for each site in the
layer. However, one should not actually be surprised by
low sensitivity: Cu and Mn are quite close in the Period
Table of the elements, being separated by three elem
only. This means that they have very similar scattering pr
erties, which results in a weak curvature of ther factors near
the minimum. Additionally, the fit concerns only half of th
atoms in the top layer, which further contributes to the d
crease of the sensitivity. Nevertheless the trends are far f
ambiguous: bothr factors exhibit a clear minimum, indicat
ing no Mn incorporation in the second layer. For the t
layer the ‘‘Mn’’ sublattice—shifted outward by 0.22 Å—
contains almost no Cu@Fig. 8~f!#, while RDE points to a
random mixture of 60% Cu and 40% Mn atoms on the
sublattice in comparison with the 90% concentration in
cated byRP as shown in Fig. 8~g!. Extra confirmation of the
picture is given by simultaneous automatic fit of these
rameters, all others being kept fixed at their optimum:
concentrations converge close to about 94% Cu and 87%
respectively for the Cu and Mn sublattices, irrespective
the r factor used to drive the automatic fit. The chemic
composition derived from this LEED investigation turns o
to be 46% Mn and 54% Cu in the top layer~average on both
sites and bothr factors! which closely agrees with the cov
erage expected for an idealc(232) structure~calibrated Mn
flux, sharp pattern!. In summary, we thus draw the conclu
sion that Mn and Cu form an almost perfectc(232) ordered
alloy layer on top of a Mn free Cu~110! substrate.

The quality of the fit can be judged from Fig. 9 in whic
the experimental spectra are plotted against the theore

e

,

r

s
TABLE III. Survey of the results on the relaxations for the clean Cu~110! surface obtained by variou
techniques and authors.Ddi j is the deviation of the interlayer distance between layeri and layerj 5 i 11
from the ideal bulk derived interlayer distance in relative units of the bulk interlayer distance.

Technique Authors Dd12 (%) Dd23 (%)

LEED Adams, Neilsen, and Andersen~Refs. 52 and 53! 28.560.6 2.360.8
Davis, Noonan, and Jenkins~Ref. 58! 210.062.5 0.062.5

Noonan and Davis~Ref. 55! 2863
Davis and Noonan~Ref. 56! 210.0a 1.9

27.9 2.4
29.5 2.6

HEISb Stensgaard and co-workers~Refs. 57 and 58! 25.361.6 3.361.6
MEISc Copelet al. ~Ref. 59! 27.561.5 2.562.5
ICISSd Yarmoff et al. ~Ref. 60! 21065

Fauster~Ref. 61! 21063 866
LEISe van de Rietet al. ~Ref. 62! 2363
Theor. Total energyf 26.2
Theor. Forcef 210.2 3.8

aDepending on the choice of the type ofR-factor analysis.
bHigh-energy ion scattering.
cMedium-energy ion scattering.
dImpact collision ion scattering spectroscopy.
eLow-energy ion scattering.
fThis work based on static total-energy minimization and force calculations.
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TABLE IV. Comparison of the experimentally~LEED! and theoretically determined atom relaxations in relative units~%! of the bulk
Cu~110! interlayer distance. (P) and (F) indicate nonmagnetic and ferromagnetic calculations, respectively, and energy and force in
whether the relaxations are determined by static total-energy minimization or the use of the force method.

Technique DZ11 DZ31 Dd12 Dd23 Dd34

LEED 17.2 0.8 25.7 0.9 21.0
Energy (P) 20.6 25.8
Energy (F) 12.7 25.7
Force (F) 16.3 3.6 211.3 1.9 22.2
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ones for near optimum parameters. For integer as wel
fractional order beams, all measured features are prese
the calculated curves, and are fairly well described with v
few exceptions. This is consistent with the rather goodr
factors~RDE50.33 andRP50.25!. The remaining discrepan
cies are mainly the relative height of the peaks—and not
location nor the shape. The agreement is better than for
similar c(232) ordered alloy which forms when 0.5-ML
Mn are deposited on the Cu~100! face.11

Ab initio structure optimization

Cu(110):Prior to theab initio determination of the equi
librium position of the surface atoms for the unknow
Cu(110)-c(232)-Mn surface alloy, we compare for th
plain Cu~110! surface the results of the theoretical surfa
Cu layer relaxation with well-known experimental data, c
lected in Table III. Figure 10 shows the total energy as fu
tion of the relaxation of the Cu atoms normal to the surfa
Relaxing only the surface atoms, we obtain an interlayer
laxation between the surface Cu and subsurface Cu plan
Dd125Dz1525.3%. Including also the relaxation of th
subsurface atoms, we obtain an interlayer relaxation
Dd125Dz11Dz2524.2%22.0%526.2%. The energy
minimization using the forces exerted on the atoms allo
the determination of the multilayer relaxation of several
layers, and we obtainDd125210.2%, Dd2353.8%, and
Dd34520.8%. This relaxation is accompanied by a furth
lowering of the total energy of 7.9 meV per surface unit ce
Comparing the theoretical results with the experimental d
obtained by various experimental techniques~cf. Table III!,
we find overall an agreement between theory and exp
ments. The theoretical determination of the relaxation
cluding only two degree of freedom as done by the sta
total-energy minimization leads to relaxations which a
somewhat on the smaller side as compared to experim
the dynamical structure optimization using the force exer
on the atoms leads to relaxation which are slightly on
larger side. One should take into account that the ene
minimum is very shallow and energy differences of 1 m
still leads to structural changes in the range of 1%.

Cu(110)-c(232)-Mn: The results of the structural op
timization for the Cu(110)-c(232)-Mn surface alloy are
collected in Table IV together with the experimental LEE
data from Sec. III A. The results of the static total-ener
minimization are shown in Figs. 11~a! and 11~b!. We first
discuss the nonmagnetic calculations summarized in
11~a!. If we allow for relaxations of the Mn and Cu surfac
alloy atoms, we lower the total energy by 29 meV/Mn ato
and find that their equilibrium positions,DzMn,P525.8%
as
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and DzCu,P525.2%, are nearly identical to the relaxe
atom positions of the plain Cu~110! surface, which was
25.3%, taking only the Cu surface atom into account. Th
we end up with a small buckling of aboutDz11,P
5DzMn,P2DzCu,P520.6% @all relaxation given in relative

FIG. 11. Theoretical total-energy difference per Mn atom
Cu(110)c(232)Mn vs the buckling relaxationDzMn of Mn in rela-
tive units with respect to the theoretical interlayer spacing of
dCu(110)51.244 Å. ~a! and ~b! shows the nonmagnetic and ferro
magnetic results, respectively. The origin of the energy scale of~b!
is 21.55 eV per Mn atom lower than in~a!. The solid lines~surface
Cu atoms fixed at the ideally terminated positionDzCu50! are the
fitting polynomials. The insets show the contour plots of the tot
energy difference with respect to the buckling of Mn and Cu. T
minimum, which determines the optimal structure, is found in
inner circle. The contour interval is 1 meV. All relaxationsDz are
measured from the ideal bulk-terminated surface coordinates.
atoms, with the exception of the surface atom, are fixed at the i
bulk positions.
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units ~Dz/dCu(110) in %!, wheredCu(110) is the ideal Cu~110!
interlayer spacing#. The Mn relaxation is nearly unaffecte
by the relaxation of the surface Cu atom. Keeping the
atom at the bulk terminated position, the Mn atom relaxes
DzMn,P525.2%.

When we lift the constraint of nonmagnetism and swit
from a local-density calculation to a local-spin-density c
culation, the system becomes magnetic, and the total en
is lowered by the magnetic energy or the spin-polarizat
energy, DEsp5ES(F)2ES(P), respectively. The energ
lowering is large and amounts toDEsp(Dz50)51.6 eV/Mn
atom for Cu and Mn atoms at bulk-terminated atom po
tions. Relaxing the atomic positions of the surface Cu a
Mn atoms@see Fig. 11~b!# reduces the total energy further b
51 meV. Again Cu relaxes inwards byDzCu,F525.6%, but
Mn relaxes outwards byDzMn,F57.1%. Thus we find a
large buckling in the surface alloy layer o
Dz15DzMn,F2DzCu,F512.7%. This is in line with the large
experimental buckling of 17.2% discussed above.

A closer look reveals that the relaxation of Mn does n
depend much on the relaxation of the Cu surface atoms.
as we have already discussed for the ideal Cu~110! surface,
additional subsurface relaxations might be important for
accurate description of the surface relaxation. Allowing
dynamical all-atom relaxations normal to the surface
force calculations, we found for the surface buckling and
third layer buckling46 DZ12516.3% andDZ3253.6%, re-
spectively, and for the interlayer distances we obt
Dd125211.3% ~which is to be compared to
DzCu,F525.6% without subsurface relaxation!,
Dd23511.9%, Dd34522.2%, andDd45510.6%.

Similar results have been found for th
Cu(100)-c(232)-Mn surface alloy,9 for which experiment
and theory determined a buckling of 16.6% and 14%, resp
tively. Thus experiment and theory consistently found for
Cu(110)-c(232)-Mn alloy a larger buckling, speaking in
relative units, and a larger spinpolarization energyEsp
(Esp,Cu(100)51.4 eV).

Comparing theory with experiment~cf. Table IV!, we can
conclude that the experimental trends are well reproduce
the theory. The large buckling is in agreement with the
periment, and we can therefore conclude at this point tha~i!
the CuMn surface alloy is magnetic, and~ii ! the buckling
motion of the Mn atom is caused by the magnetism of Mn
general, however, as for the Cu(100)-c(232)-Mn system,9

~i! the buckling of the surface alloy is underestimated by
theory,~ii ! the relaxation of the interlayer distancesDdi j are
overestimated. One difference between theory and exp
ment is certainly the neglect of any temperature effect in
theory. The theoretical results are determined forT50 K,
while the experiments are performed at 130 K. Maybe fo
more accurate description one needs to go beyond the lo
spin-density approximation~see also arguments below!, al-
though there is no explicit work done yet on multilayer r
laxations of magnetic systems using for example
generalized gradient approximation. We consider it as a
ture task to shine more light onto this discrepancy.

The buckling of the CuMn layer is a nice example of
giant magneto volume effect, where the volume of the M
atom increases with the magnetism and exerts even a p
sure on the Cu surface atom, which is wh
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uDzCu,Fu.uDzCu,Pu. From a microscopic point of view the
double occupancy of the Mn bonding states is lifted due
the magnetism, and half of the Mn bonding states are p
moted to antibonding states, which make the Mn atom eff
tively larger and cause the large magnetobuckling effect.
the end, this volume dependence of the Mn atom on
magnetism is a complicated many-atom interaction, a
therefore this buckling is very difficult to describe or pred
by hard-sphere type of models with element-specific ato
radii.

C. Magnetism

Our ab initio calculations predict a very large magnet
moment for Mn. For the unrelaxed surface alloy a magne
moment of M (Dz50)53.77mB was found. The buckling
increases the magnetic moment toM (DzMn
57%,DzCu525.7%)53.82mB . Including multilayer relax-
ation, we find no significant change of these results. T
moment is larger than for the Cu(100)-c(232)-Mn surface
alloy, for which we found moments ofM (Dz50)53.64mB
and M (DzMn511.5%,DzCu522.5.%)53.75mB .9 We at-
tribute this increase in the local moment of the Cu~110!-
based surface alloy to the more open structure of the
~110! surface. At the Cu~100! surface, each surface, atom h
eight nearest neighbor atoms, at Cu~110!, there are only
seven neighbors. This reduces the hybridization, and the
cal magnetic moment increases~toward the atomic limit,
which would be 5mB!. Since Mn is already in the limit of
being a strong ferromagnet,47 and the moment is already i
the saturated limit, the increase is rather small. Thus we c
clude that the magnetism of Mn at the Cu~110! surface is
larger than on the Cu~100! surface, which is consistent with
the larger spin-polarization energyEsp calculated, and the
larger buckling~in relative units! of the surface alloy atoms
found.

In recent experiments on the Cu(100)-c(232)-Mn sur-
face alloys,25 it was found that the intra-atomic electron co
relation at the Mn atom is rather large, and the experim
tally determined exchange splitting between majority a
minority states is much larger than the one predicted by
local-spin-density approximation. Thus magnetism is pro
ably underestimated by the local-spin-density approximati
which is in line with the underestimation of the surface all
buckling. More surprising, a coverage-dependent appeara
of valence-band correlation satellites was found in pho
emission experiments.26 These features were most pro
nounced for the ordered alloy, and show that the magnet
of Mn is close to the atomic limit. Since the Cu~110! surface
is more open, we may speculate that the Cu(11
c(232)-Mn surface alloy shows an even stronger satel
structure.

In this paper, we make no theoretical effort to determ
the long-range magnetic order, which we assumed here t
ferromagnetic. At this point we cannot exclude the possib
ity of an antiferromagnetic order. It is known~cf. Ref. 48!,
that, for Mn monolayers on various substrates, thec(232)
antiferromagnetic order is favored due to a direct in-pla
Mn d-d hybridization. However, in the case of the CuM
surface alloy, the magnetic order is determined by an in
rect, in-plane Ruderman-Kittel-Kasuya-Yosida-type intera
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TABLE V. Work functionsf of the relaxed and unrelaxed Cu~110! and Cu(110)-c(232)-Mn surfaces
in ferromagnetic (F) and ~hypothetical! nonmagnetic (P) structure. The work-function changesDf upon
alloying an Cu~110! surface with Mn are given for both magnetic configurations.

Work functionf ~eV! Df ~eV!

Cu~100! MnCu~110! (P) (F) (P) (F)

unrelaxed 4.88 4.75 4.46 0.13 0.42
relaxed 4.87 4.76 4.39 0.11 0.48
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tion due to the hybridization of the Mnd with the Cusp
electrons. In such a case, the size of the local magnetic
ment of Mn does practically not change with respect to
coupling of the moments, and since only the size of the m
ment causes the buckling of the surface alloy, the long-ra
magnetic order has practically no influence on the struct
properties. Recently,49 we calculated thep(232) antiferro-
magnetic structure of the Cu(100)-c(232)-Mn surface al-
loy, and found that thep(232) phase is higher in energ
than thec(232) ferromagnetic one, and very likely th
ground state of the Cu~100!- and Cu(110)-c(232)-Mn sur-
face alloys may indeed be ferromagnetic. Experimenta
the long-range order of the Cu(100)-c(232)-Mn surface
alloy is unknown but the upper limit of the critical temper
ture Tc was determined to 80 K.25 In fact, also for the
Cu~110!-type surface alloy, we have carefully looked for a
antiferromagnetic order by LEED. As it is known, antiferr
magnetism leads to extra LEED spots due to the redu
symmetry of the magnetic lattice. The intensity of fraction
order beams is estimated to be 1–2% of the primary s
strate beam intensity.50 Our LEED system, however, did no
show any evidence of these. The dynamic range of this
strument allows the detection of fractional-order beams w
an intensity of less than 1% of the intensity of a typic
substrate beam, and the extra spots should thus be detec

D. Work function

In a recent work,25 we made an interesting observation
the origin of the work-function change upon the alloy form
tion of the Cu(100)-c(232)-Mn alloy at the Cu~100! sur-
face. The first-principles calculation predicts a work-functi
lowering from 5.02 eV for the Cu~100! surface by 0.31 eV to
4.71 eV for the Cu(100)-c(232)-Mn surface alloy, in good
agreement with the experimental value of 0.45 eV. With c
culations for a hypothetical nonmagnetic Cu(100)-c(2
32)-Mn surface alloy, the work function lowering
amounted to only 0.05 eV. Thus the formation of a hi
magnetic moment is the basic origin of a large modificat
of the electronic structure that causes the work-funct
change.

Since a large work-function change is indicative of t
formation of a large magnetic moment, along this line
thought we analyzed the work-function change of Cu~110!
upon the formation of the Cu(110)-c(232)-Mn surface al-
loy ~Table V!. The calculated work functionfCu, for the
unrelaxed and relaxed Cu~110! surfaces, amounts to
fCu(Dz50)54.88 eV andfCu(Dz1524.2%,Dz252.0%)
54.87 eV, respectively. Upon alloy formation the wo
function of the unrelaxed ferromagnetic surface alloy
relaxed surface alloy lowers tofF(Dz50)54.46 eV
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or fF(DzMn57%,DzCu525.7%)54.39 eV, respectively.
Thus we obtain a work-function lowering due to the allo
formation of fF(DzMn57%,DzCu525.7%)2fCu(Dz1
524.2%,Dz2522.0%)50.48 eV, whereas the relaxatio
of the Cu and Mn atoms contributed by 0.07 eV.~Again,
multilayer relaxation had no significant influence on the
results.! For a hypothetical nonmagnetic Cu(110)-c(2
32)-Mn surface alloy we predict a work functio
of fP(Dz50)54.75 eV or fP(DzMn525.8%,DzCu
525.2%!54.76 eV, respectively.

In the following we focus on the work-function chang
rather than on the absolute value of the work function. Us
an ab initio method based on the local-spin-density appro
mation the latter is usually much less accurate. For exam
we obtained for the difference between the work functions
Cu~100! and Cu~110!, Df50.14 eV, close to the experi
mental value of 0.11 eV~cf. Ref. 51!, while the absolute
value of the theoretically determined work function is 0.4 e
too high as compared to the experimental value
fCu(110)54.48 eV~cf. Ref. 51!.

First, we predict that the work-function lowering due
the alloy formation isDf50.11 eV for a hypothetical non
magnetic alloy, butDf50.48 eV for the formation of a fer-
romagnetic surface alloy. Thus the work-function change
even larger than for the~100! surface alloy, indicative tha
the effects are stronger due to the formation of a larger m
netic moment for the Cu(110)-c(232)-Mn surface alloy
and the more open surface. Second, for the pure Cu~110!
surface and the hypothetical nonmagnetic surface alloy,
relaxation has little effect on the work function. Both su
faces remain basically smooth, but the magnetically indu
buckling of the ferromagnetic surface alloy makes the s
face rougher and lowers the work function byDf50.06 eV.

E. Kinetics

In Sec. III A, it was pointed out that the formation of th
c(232) ordered surface alloy phase starts at a deposi
temperature of at least 180 K. As is known from the M
Cu~100! system, a minimum deposition temperature of 2
K leads to the incorporation of Mn atoms into the outerm
substrate layer.10,11 The atomic mechanism of the formatio
of the Cu(100)-c(232)-Mn surface alloy is the subject o
current investigations.8 They give rise to the assumption th
surface vacancies play a crucial role for Mn incorporation
one applies this model to the Cu(110)-c(232)-Mn phase,
one would expect Mn incorporation at lower temperatures
Cu~110! than on the more close-packed Cu~100! surface,
since the activation barrier for vacancy formation should
lower for Cu~110! than Cu~100!. This is in line with the
observed lower onset temperature of surface alloying
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Cu~110!. However, with the present experimental data f
Mn incorporation on Cu~110!, other mechanisms such as a
exchange process or agglomeration of Mn and Cu adat
via intralayer mass transport cannot be excluded.

IV. SUMMARY

We found a two-dimensional, ordered surface allo
Cu(110)-c(232)-Mn. In contrast to the previously discov
ered Cu(100)-c(232)-Mn phase, this surface phase cann
by derived from a presently unknown Cu3Mn bulk phase in
the Cu3Au structure, and extinguishes this kind of specu
tion. It proves that the magnetic surface alloys are indeed
interesting class of material, which cannot be deriv
straightforward from bulk properties.

The structure and composition of this surface compou
were determined by quantitative low-energy electro
diffraction analysis, which shows a large buckling in the s
face alloy layer. The Mn atoms buckle outwards and the
atoms inwards with a total buckling amplitude of 0.22
@17.2% of the ideal interlayer distance of Cu~110!#. The re-
sults are compared toab initio total energy and force calcu
lations. The calculations include only the relaxations of t
atoms along the surface normal, which are sufficient,
shown by our LEED analysis. The theoretically determin
buckling of 16.2% reproduces the experimental situati
The calculations predict a large magnetic moment for Mn
M53.82mB . A hypothetical nonmagnetic Cu(110)
c(232)-Mn surface alloy shows no buckling (,1%), prov-
ing that the buckling is due to a large magnetovolume eff
of Mn. Investigation of the growth shows that, for substra
temperatures above 180 K, deposition of submonola
amount of Mn leads to the formation of ac(232) super-
structure. A well-ordered structure at 0.5 ML was observ
in the temperature range between 270 and 350 K. For fi
above 1 ML, a 1631 superstructure was observed. We al
investigated the work-function change upon surface-al
formation. Theab initio calculations predict a work-function
lowering of about 0.5 eV, and we identified the magnetis
of Mn as the basic origin of the work-function change.
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The results are compared to the Cu(100)-c(232)-Mn
surface alloy. The buckling relaxation of the MnCu surfa
alloy was found, the magnetic moment and the wor
function change is predicted to be larger for the Cu~110!-
type surface alloy than for the Cu~100!-type surface alloy.
The formation of the surface alloy was found to start at low
temperature as compared to the Cu~100!-type surface alloy,
which is in line with the lower activation energy for th
vacancy formation on the fcc~110! surface. We speculate
that, for this more open surface, electron correlation is ev
more important than for the Cu(100)-c(232)-Mn system,
and we expect a stronger effect on the valence-band corr
tion satellites in photoemission.

It would be interesting to know whether the trend on t
alloy formation temperature, surface buckling, reactivit
magnetism, and work function-change from th
Cu(110)-c(232)-Mn to the Cu(100)-c(232)-Mn contin-
ues to the Cu(111)-c(232)-Mn and if this phase exists a
all. We hope this work also stimulates the investigation o
possible Ni(110)-c(232)-Mn for which interesting mag-
netic properties can be expected.
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