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We present a combinedin situ surface stress and structural study of MnCu surface alloys formed by
deposition of Mn on Cus001d at 300 and 420 K. Mn-induced surface alloying induces a compressive stress
change, which grows in proportion to the Mn coverage up to 0.5 monolayerssML d, where it reaches −1.2 N/m
s1 ML: 1.531015 atoms cm−2d. This stress is related to the formation of thecs232d surface alloy. No further
alloying is observed upon subsequent Mn deposition at 300 K, at 420 K the formation of thep2ggs432d
Mn-Cu alloy occurs, and a compressive stress change of −2.3 N/m at 1.3 ML is found. Surface x-ray-
diffraction analysis of the two-layer alloyp2gg-s432d-phase indicates an amplitude of 0.9 Å for vertical
buckling and lateral modulations of the atomic positions, the latter leading to the doubling of the lattice
constant as compared to thecs232d structure. Evidence for a compositional gradient within the alloy structure
is given, where the Mn concentration is above and below 50% in the topmost and second alloy layer, respec-
tively. The importance of surface stress relief and Mn/Cu atomic size mismatch for the Mn-induced surface
stress change is discussed.
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I. INTRODUCTION

The geometrical structure of surfaces and interfaces plays
an important role for the physical properties of epitaxial film
systems. Instructive examples where tiny modifications of
the atomic arrangement have decisive consequences on the
physical properties are film growth mode, magnetic interface
anisotropy, interlayer exchangesbiasd coupling, and spin-
dependent transport phenomena.1–4 Besides epitaxial growth,
often the formation of surface alloys is observed, even in
cases where the elements are immiscible in the bulk.5 The
impact of surface alloy formation on the physical properties
of an ultrathin film in the thickness range of a few atomic
layers can be quite significant.

Mn on Cus001d is a prototype surface alloy, and depend-
ing on the preparation conditions, various long-range-
ordered superstructures were observed and investigated by
low-energy electron diffractionsLEEDd.6 Deposition of more
than 0.3 monolayerssML d Mn on Cus001d above 270 K
leads to the formation of acs232d LEED patterns1 ML is
defined as 1 ad-atom per surface Cu atom corresponding to
1.531015 atoms cm−2d. At 420 K, ap2ggs432d LEED pat-
tern is observed for Mn deposition in excess of 1 ML.6,7

For both superstructures, the formation of a surface alloy
by direct Mn-Cu atomic exchange was proposed, i.e., Mn
atoms are incorporated into the Cu surface, where they re-
place Cu surface atoms.8–11 Scanning tunneling microscopy
sSTMd studies also contributed to the determination of the
atomic arrangements in thecs232d and p2ggs432d
structures.7,9,12–14The cs232d structure is characterized by
an ordered MnCu surface alloy,12,14 where every other sur-
face Cu atom is replaced by Mn. Similarly, thep2ggs432d
pattern was also attributed to an ordered MnCu alloy, but—
although the detailed atomic arrangement has not been iden-

tified so far—the alloy was proposed to extend over the top-
most two layers.6,7

This work combines highly sensitive stress measurements
with a surface x-ray-diffractionsSXRDd structure determina-
tion. The results shed new light on the largely unexplored
correlation between general phenomena such as surface alloy
formation, surface stress, and structure relaxation of metallic
surface layers. Various atomic processes, such as the incor-
poration of Mn atoms into the Cu substrate, Mn island for-
mation, and de-alloying, are directly related to characteristic
stress signatures. The magnitude of the respective stress
change is discussed in the context of the geometrical struc-
ture. The results indicate that besides atomic size misfit and
structural relaxation, relief of tensile surface stress of the
clean Cus001d substrate is decisive for the resulting stress
change.

II. EXPERIMENT

Stress measurements were performed by the curvature
technique18 in an ultrahigh-vacuum chambersUHVd sbase
pressure: 1310−10 mbard. A Cus001d crystal cantilever
swidth: 3 mm, thickness: 124mmd was clamped at one end
to the manipulator to allow free bending. The Cus001d sur-
face was cleaned by Ar+ sputterings1 keVd, followed by
short annealing to 720 K for 30 s. Surface cleanliness was
checked by Auger electron spectroscopysAESd ssurface con-
taminants,1% of a MLd and sharp diffraction spots were
obtained by LEED.

Stress measurements were carried out during Mn deposi-
tion at 300 and 420 K. The sample temperature was cali-
brated by thermocouples attached to a dummy sample. The
change of surface stress,Dts, is derived from the change of
curvature of the crystal,Ds1/Rd, using the relationDts
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=Dst ftfd=fYts
2/6s1−ndg3Ds1/Rd, where tf and ts are the

thickness of the filmsMnd and the substratesCud, respec-
tively. Y sCu: 66.7 GPad and n sCu: 0.42d are the Young
modulus and the Poisson ratio, andR is the radius of
curvature.15,16 Film stressst fd is derived from the slope of
the curvature signal as a function of film thickness.18

SXRD experiments were carried out at the beamline ID3
of the European Synchrotron Radiation FacilitysESRFd in
Grenoble. The Cu crystalsdiameter: 10 mm, thickness:
3 mmd was prepared as outlined above.17

In all experiments, Mn was deposited by thermal evapo-
ration from a Mn rods99.5 at. %d. Coverage and deposition
rate were checked by AES, and by monitoring the intensity
of characteristic superlattice reflections related to the
cs232d and thep2ggs432d structure with SXRD.6,7

Figure 1 shows reflection intensities measured at the
s1/2,1/2d and thes1,1/2d superlattice rods as a function of
the deposition time. The appearance of these reflections in-
dicates the formation of thecs232d and thep2ggs432d
structure, respectively.19 The inset in sad shows the
symmetry-independent part of the reciprocal lattice in the
a* -b* plane.20 Open circles represent the rods of integer or-
der, while the diamonds correspond to superlattice rods re-
lated to thep2ggs432d structure. The black hexagon indi-
cates the s1/2 1/2d rod characteristic of thecs232d
structure for a Mn coverage below 0.5 ML. The reflection
intensities saturate after about 600fcs232dg and 1200 s
fp2ggs432dg, indicating a factor 2 difference in the total Mn

coverage between the respective superstructures.
A SXRD structure analysis was carried out for the

p2ggs432d superstructure. In total, 512 reflections were
measured and subsequently reduced to 285 independent re-
flections after averaging over symmetry-equivalent reflec-
tions. Structure factor intensitiesuFshkldu2 were derived from
the integrated intensities and corrected for geometrical
factors.23 Standard deviationsssd of the uFshkldu2 values
were calculated from the counting statistics and the repro-
ducibility of symmetry-equivalent reflections.21,22

III. RESULTS

A. Stress behavior of Mn on Cu(001) at 300 K

Stress measurements during deposition of Mn on Cus001d
at 300 K are shown in Fig. 2. The continuous curve is mea-
sured during the deposition of 2.0 ML Mn. The individual
data points represent the measured surface stress change at
smaller coverage. The surface stress change,Dts, is com-
pressivesnegative signald. It amounts to −1.2 N/m at 0.5
ML, and levels off at −1.4 N/m for 2 ML. An obvious
“kink” in the slope of the stress curve is found at 0.5 ML,
which separates the curve into two regimes: a compressive
regimesId below 0.5 ML, where the stress increases in pro-
portion to the Mn coverage, and an almost stress-free state
sII d at larger coverage.

LEED patterns for 0.3, 0.5, and 1.75 ML Mn are shown in
the upper panel of Fig. 2. For a Mn coverage above 0.3 ML,
cs232d diffraction spots are observed, and their intensity
saturates at 0.5 ML. The background intensity of the LEED
pattern increases at larger coverage.

The superstructure spots indicate that the formation of the
long-range-orderedcs232d surface alloy already starts at

FIG. 1. Deposition time dependence of thes1/2,1/2d sad and
s1,1/2d sbd superstructure reflection intensities characteristic of the
cs232d and thep2ggs432d structure. The inset insad shows a
sketch of the reciprocal lattice in thea* -b* plane. Circles represent
Cus001d crystal truncation rods. Diamonds indicate reflections re-
lated to thep2ggs432d superstructure. The hexagon marks the
s1/2,1/2d rod related to thecs232d superstructure below 0.5 ML.

FIG. 2. Surface stress change,Dts, and LEED patterns observed
during Mn deposition at 300 K. Filled circles represent individual
measurements; the solid line corresponds to one measurement dur-
ing the deposition of 2 ML. LEED imagessE=112 eVd were taken
at 0.3, 0.5, and 1.75 ML. The dashed line emphasizes the linear
stress-coverage dependence up to “kink” in the stress curve.
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0.3 ML. Similarly, in the SXRD datafsee Fig. 1sadg the
s1/2,1/2d reflection intensity starts to increase above back-
ground after 400 s. Since the saturation at 600 s is related to
0.5 ML Mn, where thecs232d structure is completely
formed, this corresponds to about 1/3 ML. In summary, both
LEED and SXRD indicate that long-range ordering of the
cs232d superstructure starts at about 1/3 ML, but stress
experiments clearly indicate that alloying-induced stress
change sets in from the very beginning of Mn deposition.

B. Stress behavior of Mn on Cu(001) at 420 K

The surface stress change,Dts, during deposition of Mn
on Cus001d at 420 K is shown in Fig. 3. We divide the cov-
erage range into three regimes—sId, sII d, and sIII d—to indi-
cate the different slopes of the stress curve as a function of
Mn coverage. In regimesId, the compressive surface stress
change increases in proportion to the Mn coverage up to 0.5
ML Mn, where the first kink of the stress curve is observed.
In regime sII d, a continuation of compressive stress, albeit
with reduced slope, is found. A second kink in the stress
curve at −2.3 N/m for 1.3 ML Mn marks the transition to
regime sIII d. In regime sIII d, no further significant stress
change is measured.

The corresponding LEED patterns are shown in the upper
panel of Fig. 3. Acs232d LEED pattern is observed for
regimessId and sII d, and ap2ggs432d pattern7 is found in
regimesIII d.

In regime sId, the Mn-induced change of surface stress
and the LEED pattern is identical to that observed for Mn
deposition at 300 K. In contrast, at 420 K there is a contin-
ued increase of compressive stress in regimesII d, which is
not observed at 300 K. It is related to the formation of the
p2ggs432d structure. SXRD data shown in Fig. 1sbd, where
the s1,1/2,0.6d reflection intensity is plotted versus deposi-

tion time, indicate an intensity onset after about 700 s. This
corresponds to 2/3 ML. We conclude that the formation of
the p2ggs432d structure starts directly after completion of
the cs232d structure.

Structure models for thecs232d and the p2ggs432d
structures were proposed in Refs. 6, 7, and 14. While the
atomic geometry of thecs232d structure is well established,
no details for thep2ggs432d structure have been presented
so far, but will be discussed below.

C. X-ray-diffraction structure analysis
of the p2gg„4Ã2… structure

Figure 4 shows insad the diffracted intensities along the
s1/2,1/2d superlatttice rod, and insbd along thes1,1d crystal
truncation rod for both thecs232d structuresfilled symbolsd
and thep2ggs432d structuresopen symbolsd. The measure-
ments show an obvious similarity of the intensity distribution
along the rods for both structures, which suggests a similar
atomic structure.

The c-projected Patterson functionPsu,vd is calculated
from the in-plane structure factor intensities,uFshk0du2, ac-
cording toPsu,vd=ouFshk0du23cosf2pshu+kvdg, where the
summation runs over allshk0d reflections.24 Maxima in
Psu,vd are related to interatomic vectors, and their intensity
is proportional to the multiplicity of the vector within the
unit cell and to the product of the atomic numbers of the
respective atom pair.25

Figure 5 showsPsu,vd calculated from 14 in-plane reflec-
tions. Within the asymmetric unitsdashed rectangled, five
strong maxima are observed and labeled 1 to 5. For direct
comparison, a schematic model of the fcc Cus001d surface is
shown on the same scale in the lower part of the figure.

FIG. 3. Surface stress changeDts during deposition of Mn on
Cus001d at 420 K and LEED imagessE=112 eVd at 0.5, 1.2, and
1.7 ML.

FIG. 4. SXRD intensities along thes0.5, 0.5d sad and thes1,1d
sbd rod for the cs232d sfilled symbols Pd and for the
p2ggs432d structuresopen symbolssd.
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Along the a axis, corresponding to thef11̄0g direction in
bulk Cu, two unit cells are displayed. Large and small circles
correspond to atoms in the top and second layers, respec-
tively.

Peaks 1 and 2 can be attributed to correlations between
atoms within the topsNo. 1d and between the top and second
layer sNo. 2d. There is direct evidence for alloying, because
peak 1 corresponds exactly to a bulk interatomic vector and
it would not be observed without the presence of chemical
contrast. On the other hand, maxima 3, 4, and 5 do not di-
rectly match the interatomic vectors of the bulk-terminated
structure. Instead, these maxima indicate larger interatomic
distances, i.e., the corresponding atoms are laterally shifted.
From this result, it is tempting to assume that the doubling of

the size of the surface unit cell alongf11̄0g is due to shifts of
the atoms out of the bulk in-plane positions, which they oc-
cupy in the cs232d structure. In addition, vertical relax-
ations and changes in the Mn concentration as compared to
the cs232d structure, including a second alloy layer, are
considered in a starting model for the structure refinement.

The structure analysis was carried out by least-square fit-
ting of calculated intensities derived from the structure
model to the measured intensities. Figure 6 shows the experi-
mental intensities on a logarithmic scale as solid symbols.
Reflections are indexed according to the primitives131d
unit cell. Both integer order truncation rodssCTR’sd and
fractional order superlattice rods were simultaneously used
for the refinement, but allowing for different scale factors for
each subset of data. The solid lines represent the best fit
characterized by an unweighted residualfRusIdg of 0.097 and
a goodness of fitsGOFd of 0.88.26

The refined structure model is shown in Fig. 7 in top view
sad, and in a perspective side viewsbd. Pink and green balls
represent Mn and Cu atoms, respectively. Only the top two
layers are shown, since consideration of deeper layers in the
data analysis did not improve the fit. In general, the atomic

positions can be occupied by both species, and this reflects
chemical disorder. This is taken into account in the calcula-
tions by coherent averaging using a fractional occupancy of
the atomic sites by Cu and Mn. In Fig. 7, this is represented
by hemispheres representing Mn and Cu at the same site.
Due to the similar atomic numbers of Mn and CusZ=25 and
29d, their atomic scattering factors differ by only 15–20 %
over the experimentally accessiblek-space range, which
complicates the chemical identification. Before we discuss
the Mn concentration within the different layers, we first
consider the atomic positions.

In Fig. 7sad, the dotted rectangle represents thes432d
unit cell. In the top layer, two symmetrically independent
sites are occupied. These are close to the bulk-terminated
positions atsx,yd=s1/8,1/4d labeledsad and s3/8,1/4d la-
beledsbd within the surface unit cell. The basic characteris-
tics of the structure are lateral shifts of the atoms out of the
bulk positions. In this way, a wavelike modulation pattern is
formed as indicated by the dotted lines. The modulation am-
plitude is about 0.4 Åsthe error bar for the distance determi-
nation is in the 0.10–0.15 Å ranged. The atomic shifts induce

a doubling of the lattice constant alongf11̄0g as compared to
the cs232d structure.

Figure 7sbd shows the surface in a perspective view along
f100g. Lateral modulations of 0.4 Å are also present along
the k100l directions and are a direct consequence of the
modulation alongk110l. In addition, considerable vertical
corrugation is found. Alternate atomic rows are raised verti-

FIG. 5. Two-dimensional Patterson function,Psu,vd, for the
p2ggs432d structure. Maxima labeled by 1–5 correspond to inter-
atomic vectors. The dotted rectangle indicates the asymmetric unit.
Two fcc-Cus001d surface unit cells including the topslarge circlesd
and second layerssmall circlesd are shown in the lower part. Arrows
indicate interatomic vectors and are labeled corresponding to the
maxima inPsu,vd.

FIG. 6. Experimentalssymbolsd and calculatedslinesd intensities
for the p2ggs432d Mn/Cus001d structure. The corresponding
structure model is shown in Fig. 7.
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cally by about 0.9 Å. This corrugation is larger than in the
cs232d structure, where the Mn atoms are located about
0.3 Å above the surface and no lateral modulation exists.6,11

The enhanced vertical buckling and the lateral modulation in
the p2ggs432d superstructure can be attributed to the larger
Mn concentration in the top layer as compared to the
cs232d alloy, since the diameter of the Mn atom
sg-Mn: 2.73 Åd sRef. 27d is larger than that of the Cu atom
s2.56 Åd.27 We determine interatomic distances between top-
layer atoms in the range 2.57–2.97 Å with an average value
of 2.73 Å. The nearest-neighbor distances are thus larger
than 2.58 Å, which is the Mn-Cu interatomic distance in the
cs232d structure.6,11

Our structural model provides a straightforward explana-
tion for the STM images of Kraanet al.7 These images indi-
cate bright and dark stripes running alongf100g, and we
identify the stripes with the different atomic rows displayed
in Fig. 7sbd. Furthermore, the authors find a corrugation be-
tween 0.4 and 0.9 Å, depending on the tip conditions. As in
the case of STM images of thecs232d structure, only 50%
of the atoms are imaged, which is commonly ascribed to the
imaging of only Mn atoms.

In the next step of the analysis, the Mn concentration
within the first two layers was systematically varied to find
the best fit. Figure 8sad is a contour plot of the unweighted
residual,Ru, as a function of the Mn concentration in posi-
tions a andb. The total occupancysQMn+QCud at each site
was set to 100%. There is a pronounced dependence ofRu on
the Mn concentration in thea site with a best-fit value at

about 65%. For theb site, we find a broad minimum at about
60% leading to a total Mn coverage of 0.6 ML in the top
layer. Similarly, in Fig. 8sbd, Ru is plotted as a function of the
total Mn concentration within the top and second layer, re-
spectively. We find a very shallow minimum at about 65% in
the top layer and only 30–35 % in the second layer. In total,
this adds up to about 0.95 ML coverage, consistent with the
amount of Mn necessary to form thep2ggs432d superstruc-
ture.

Since the Mn atomic radius is larger than that of Cu, we
suggest that the atoms, which stick out of the surfacesbd, are
mainly Mn atoms. Theb-site occupation is about 60%, based
on the best fit, but the minimum is very broad and values up
to 80% are conceivable. While the assignment of Mn con-
centrations to specific sites is associated with large error
bars, the data nevertheless indicate a considerable difference
between the Mn concentration in the top and second alloy
layer, as displayed in Fig. 8sbd. The analysis clearly shows
that a Mn concentration above 50% in the top layer and a Mn
concentration below 50% in the second layer are preferred.28

IV. DISCUSSION

A. Alloying-induced stress in the initial growth

A common stress signature of thecs232d MnCu surface
alloy is the compressive surface stress change of −1.2 N/m
at 0.5 ML Mn coverage. We propose that the relief of tensile
surface stress in the Cus001d surface induced by alloying
with Mn is the key factor determining the Mn-induced sur-
face stress change.

FIG. 7. sColord Model for thep2ggs432d structure in top view
sad and side viewsbd as derived from the SXRD analysis. Pink and
green balls represent Mn and Cu atoms, respectively.

FIG. 8. sad Contour plot of the unweighted residuum vs Mn
concentration in positionsa and b. sbd Contour plot of the un-
weighted residuum vs Mn concentration in the top two layers.
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Tensile surface stress reflects the general tendency to
lower the interatomic distances between the top-layer atoms
as compared to the bulk. In the case of Cu, the interatomic
distance is 2.56 Å. Calculations of surface stress of clean
Cus001d indicate a tensile stress of the order of +1.4 to
+1.7 N/m.29

As a bulk analog for the 50:50 Mn-Cu surface alloy, we
chose the random Mn0.48Cu0.52 alloy30 for comparison. In
this alloy, the Mn-Cu interatomic distances2.66 Åd is en-
hanced by 3.9% as compared to Cu. In thecs232d surface
alloy, the Mn-Cu interatomic distances are almost unchanged
as compared to Cus2.58 Åd despite the 0.3 Å vertical Mn
buckling. We conclude that the tendency of the surface to
adopt a smaller interatomic distance as compared to the bulk
applies to the MnCu-alloy system. To illustrate the magni-
tude of the Mn-induced surface stress change, we may treat
the surface layer as a strained film and calculate the resulting
stress.31

Based on the bulk lattice constant of the random MnCu
alloy s3.75 Åd, a compressive misfit shd results:
h=saCu−aMnCud / saMnCud=−3.9%. Using the biaxial modulus
for the random MnCu alloyf91 GPasRef. 32dg, the calcu-
lated misfit-induced stress is −3.5 GPa. This corresponds to a
compressive surface stress change of −0.66 N/m, which is
only half of the measured values−1.2 N/md.

Thus, we conclude that the stress induced by lattice strain
is not sufficient to explain the large magnitude of the mea-
sured stress. The relief of the tensile surface stress of
Cus001d is therefore the decisive factor, which determines
the Mn-induced change of surface stress.

For the films grown at 300 K, additional deposition of Mn
above 0.5 ML does not induce a new surface structure, nor
does it change the stress significantly. We conclude that the
expelled Cu atoms and the deposited Mn atoms do not form
an ordered MnCu alloy. Such an ongoing alloy formation
should have caused a further increase in compressive stress,
which is not detected at 300 K but at 420 K.

B. Stress behavior for alloying at larger coverage

Mn deposition at 420 K leads to a more complicated
stress behavior. The resulting stress below 0.5 MLfregime
sId of Fig. 5g is attributed to thecs232d MnCu surface alloy
formation as discussed above. In regimesII d, between 0.5
and 1.3 ML, we observe an ongoing linear increase of the
compressive stress with Mn deposition. The slope of the
stress curve in regimesII d, where thep2ggs432d structure
forms, issmallerthan that in regimesId. The SXRD analysis
of thep2ggs432d structure indicates considerable geometri-
cal and compositional reorganization.

The most important result of the structure analysis of the
p2ggs432d structure is substantial in-plane and out-of-plane
buckling. In addition, a composition gradient is determined
within the alloy. The Mn concentration is above and below
50% in the top and second layers, respectively.

We limit the discussion of the resulting stress change to
two important aspects: Why does the compressive stress con-
tinue to increase for depositions in excess of 0.5 ML Mn, and
why does it do so with a reduced slope as compared to re-

gime sId? A top-layer Mn concentration above 50% changes
the local bonding stoichiometry as compared to thecs2
32d structure. In the latter, every other Cu atom is replaced
by Mn, and Cu-Mn bonds are formed. A larger Mn concen-
tration leads to Mn atoms in nearest-neighbor positions, and
Mn-Mn bonds will be formed in consequence. If we assume
for simplicity that the Mn-induced relief of the tensile sur-
face stress of clean Cus001d has been largely completed for a
concentration of 50%, then it seems plausible that the incor-
poration of additional Mn atoms into the surface layer in-
duces an even larger compressive stress, due to the larger
atomic size of Mn as compared to Cu. Thus, we tentatively
attribute the continued increase of the compressive stress
upon Mn deposition in regimesII d to the Mn-induced lattice
distortion in the topmost layer. This picture fundamentally
differs from the mechanism made responsible for the com-
pressive stress in regimesId, where relief of tensile surface
stress was inferred.

The coverage- and temperature-dependent evolution of
the MnCu surface alloy structures is schematically summa-
rized in Fig. 9. Leftfsad–scdg and rightfsdd,sedg panels refer
to T=300 and 420 K, respectively. While for 300 K no fur-
ther alloy growth beyond 0.5 ML coverage is observed, the
right panels of Fig. 9 illustrate that at 420 K, continued alloy
formation takes place. In the beginning, this proceeds by the
same atomic exchange mechanism as in the case of the
cs232d structure, but continued Mn deposition beyond 0.5
ML does not lead to the growth of a secondcs232d layer on
the previously formed one. We speculate that this is due to
increasing stress and the repulsive forces between Mn atoms
in different layers.

Based on the SXRD analysis, we propose a growth
mechanism involvingde-alloyingof the second layer, which

FIG. 9. Schematic model of MnCu surface alloy formation. Left
fsad–scdg and rightfsdd,sedg panels show the evolution of the struc-
ture at 300 and 420 K, respectively. At 300 K, only onecs232d
alloy layer forms; additional Mn deposition does not lead to further
growth of an ordered structure. At 420 K, a two-layer alloy is
formed. Interlayer Mn-Cu exchange processes lead to a composi-
tional gradient characterized by a Mn concentration above and be-
low 50% in the topmost and second alloy layers, respectively.
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is mediated by an interlayer atomic exchange mechanism,
where Mn atoms from the second layer are exchanged with
Cu atoms in the top layer. This process is symbolized by the
vertical arrows in Fig. 9sdd. The SXRD data indicate that the
Mn concentration in the top layer is enriched to about
60–80 %, while it is depleted to roughly 35% in the second
layer.

Enrichment of the top layer by large Mn atoms induces
vertical bucklings0.9 Åd, much larger than observeds0.3 Åd
for the cs232d structure and concomitant the lateral modu-
lations in thep2gg-s432d reconstruction. These structural
relaxations are made responsible for the smaller slope of the
stress curve in regimesII d as compared to regimesId.

V. CONCLUSION

Quantitative stress and surface x-ray-diffraction experi-
ments were carried out to study the correlation between sur-
face alloy formation, resulting change of surface stress, and
alloying-induced structural relaxation.

Our study relates surface stress changes with structural
models for surface alloy phases formed by the deposition of
Mn on Cus001d. Growth of thecs232d surface alloy of Mn

on Cus001d at 300 K induces a compressive stress of
−1.2 N/m, which is related to Mn-induced relief of tensile
surface stress of clean Cus001d. Continued Mn deposition at
420 K leads to the formation of thep2ggs432d phase,
which is characterized by a two-layer alloy structure. Top-
layer vertical and lateral atomic relaxations are related to Mn
enrichment above 50%, while the second layer is depleted to
about 35%. These structural relaxations are responsible for
the observed reduced slope of the stress versus coverage
curve during formation of thep2ggs432d surface structure
compared to that observed for thecs232d structure. Our
results support the view that the incorporation of larger at-
oms in a surface layer can reduce the tensile surface stress of
the clean surface.33
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