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We present a combineih situ surface stress and structural study of MnCu surface alloys formed by
deposition of Mn on C(001) 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 monoléykrs where it reaches -1.2 N/m
(1 ML: 1.5% 10 atoms cm?). This stress is related to the formation of &(@ x 2) surface alloy. No further
alloying is observed upon subsequent Mn deposition at 300 K, at 420 K the formation pRglgéd X 2)

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 allop2gg-(4 X 2)-phase indicates an amplitude of 0.9 A for vertical
buckling and lateral modulations of the atomic positions, the latter leading to the doubling of the lattice
constant as compared to th@ X 2) 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.

DOI: 10.1103/PhysRevB.71.174439 PACS nuniber68.35.Gy, 68.35.Ct, 68.55a

[. INTRODUCTION tified so far—the alloy was proposed to extend over the top-
most two layers:”

The geometrical structure of surfaces and interfaces plays This work combines highly sensitive stress measurements
an important role for the physical properties of epitaxial film with a surface x-ray-diffractioiSXRD) structure determina-
systems. Instructive examples where tiny modifications otjon. The results shed new light on the largely unexplored
the atomic arrangement have decisive consequences on thgrrelation between general phenomena such as surface alloy
physical properties are film growth mode, magnetic interfacgormation, surface stress, and structure relaxation of metallic
anisotropy, interlayer exchang®ias coupling, and spin-  surface layers. Various atomic processes, such as the incor-
dependent transport phenoménBesides epitaxial growth, poration of Mn atoms into the Cu substrate, Mn island for-
often the formation of surface alloys is observed, even immation, and de-alloying, are directly related to characteristic
cases where the elements are immiscible in the bdlke  stress signatures. The magnitude of the respective stress
impact of surface alloy formation on the physical propertieschange is discussed in the context of the geometrical struc-
of an ultrathin film in the thickness range of a few atomic tyre. The results indicate that besides atomic size misfit and
layers can be quite significant. structural relaxation, relief of tensile surface stress of the

Mn on CuU00Y) is a prototype surface alloy, and depend-clean C(001) substrate is decisive for the resulting stress
ing on the preparation conditions, various long-rangechange.
ordered superstructures were observed and investigated by
low-energy electron diffractiofLEED).® Deposition of more
than 0.3 monolayer¢sML) Mn on Cu00l1) above 270 K
leads to the formation of a(2x2) LEED pattern(1 ML is Stress measurements were performed by the curvature
defined as 1 ad-atom per surface Cu atom corresponding techniqué® in an ultrahigh-vacuum chambguUHV) (base
1.5X 10" atoms cm?). At 420 K, ap2gg(4 X 2) LEED pat-  pressure: X 102°mba). A Cu(001) crystal cantilever
tern is observed for Mn deposition in excess of 1 RiL. (width: 3 mm, thickness: 124m) was clamped at one end

For both superstructures, the formation of a surface alloyo the manipulator to allow free bending. The (C01) sur-
by direct Mn-Cu atomic exchange was proposed, i.e., Mrface was cleaned by Arsputtering(1 keV), followed by
atoms are incorporated into the Cu surface, where they reshort annealing to 720 K for 30 s. Surface cleanliness was
place Cu surface atonis** Scanning tunneling microscopy checked by Auger electron spectroscdBES) (surface con-
(STM) studies also contributed to the determination of thetaminants<1% of a ML) and sharp diffraction spots were
atomic arrangements in th&(2x2) and p2gg(4Xx2) obtained by LEED.
structured:®12-14The ¢(2X 2) structure is characterized by  Stress measurements were carried out during Mn deposi-
an ordered MnCu surface allé$'* where every other sur- tion at 300 and 420 K. The sample temperature was cali-
face Cu atom is replaced by Mn. Similarly, th@gg(4 X 2) brated by thermocouples attached to a dummy sample. The
pattern was also attributed to an ordered MnCu alloy, but—ehange of surface stres&y, is derived from the change of
although the detailed atomic arrangement has not been idenurvature of the crystalA(1/R), using the relationArg

II. EXPERIMENT
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FIG. 1. Deposition time dependence of tflef2,1/2 (a) and  at 0.3, 0.5, and 1.75 ML. The dashed line emphasizes the linear
(1,1/2 (b) superstructure reflection intensities characteristic of thestress-coverage dependence up to “kink” in the stress curve.
c(2x2) and thep2gg(4x 2) structure. The inset ifa) shows a
sketch of the reciprocal lattice in theé-b" plane. Circles represent
Cu(00)) crystal truncation rods. Diamonds indicate reflections re-
lated to thep2gg(4x2) superstructure. The hexagon marks the
(1/2,1/2 rod related to the&(2 X 2) superstructure below 0.5 ML.

coverage between the respective superstructures.

A SXRD structure analysis was carried out for the
p2gg(4 X 2) superstructure. In total, 512 reflections were
measured and subsequently reduced to 285 independent re-
- — _ flections after averaging over symmetry-equivalent reflec-
=A(rit) =[Y12/6(1-»)] X A(1/R), wheret; and t; are the . ; S 5 :
thickness of the film(Mn) and the substratéCu), respec- tions. Structure factor intensitigs(hkl)|*> were derived from

; . . the integrated intensities and corrected for geometrical
tively. Y (Cu: 66.7 GPaand v (Cu: 0.42 are the Young 2 o 5
modulus and the Poisson ratio, amlis the radius of factors®® Standard deviationgs) of the [F(hkD|* values

curvature!>16 Film stress(r) is derived from the slope of Were calculated from the counting statistics and the repro-
' il - iOR&22
the curvature signal as a function of film thickné&s. ducibility of symmetry-equivalent reflectiorts:

SXRD experiments were carried out at the beamline ID3 . RESULTS
of the European Synchrotron Radiation FaciliggfSRB in
Grenoble. The Cu crystaldiameter: 10 mm, thickness: A. Stress behavior of Mn on Cu(001) at 300 K
3 mm) was prepared as outlined aboVe. Stress measurements during deposition of Mn of0G1)

In all experiments, Mn was deposited by thermal evapoyt 300 K are shown in Fig. 2. The continuous curve is mea-
ration from a Mn rod(99.5 at. %. Coverage and deposition greq during the deposition of 2.0 ML Mn. The individual
rate were checked by AES, and by monitoring the intensityjata points represent the measured surface stress change at
of characteristic superlattice reflections related to thegmgjler coverage. The surface stress chadge, is com-
c(2x2) and thep2gg(4 X 2) structure with SXRD: pressive(negative signal It amounts to —1.2 N/m at 0.5

Figure 1 shows reflection intensities measured at theML, and levels off at —=1.4 N/m for 2 ML. An obvious
(1/2,1/2 and the(1,1/2) superlattice rods as a function of «“kink” in the slope of the stress curve is found at 0.5 ML,
the deposition time. The appearance of these reflections inyhich separates the curve into two regimes: a compressive
dicates the formation of the(2x2) and thep2gg(4X2)  regime(l) below 0.5 ML, where the stress increases in pro-
structure, respectivefy. The inset in (@) shows the portion to the Mn coverage, and an almost stress-free state
symmetry-independent part of the reciprocal lattice in the(l) at larger coverage.

a’-b" plane?® Open circles represent the rods of integer or-  LEED patterns for 0.3, 0.5, and 1.75 ML Mn are shown in

der, while the diamonds correspond to superlattice rods rete upper panel of Fig. 2. For a Mn coverage above 0.3 ML,
lated to thep2gg(4 X 2) structure. The black hexagon indi- ¢(2x 2) diffraction spots are observed, and their intensity
cates the(1/2 1/2 rod characteristic of thec(2X2)  saturates at 0.5 ML. The background intensity of the LEED
structure for a Mn coverage below 0.5 ML. The reflectionpattern increases at larger coverage.

intensities saturate after about 60€(2x2)] and 1200 s The superstructure spots indicate that the formation of the
[p2g9(4 X 2)], indicating a factor 2 difference in the total Mn long-range-orderea(2 X 2) surface alloy already starts at
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FIG. 3. Surface stress changey during deposition of Mn on 0.0 05 1.0 1'5_ 2.0 ?'5 3.0
Cu(001) at 420 K and LEED imagetE=112 eVf at 0.5, 1.2, and 9 (rec. lattice units)

1.7 ML.
FIG. 4. SXRD intensities along th@.5, 0.5 (a) and the(1,1)

o . ) (b) rod for the c(2x2) (filled symbols @) and for the
0.3 ML. Similarly, in the SXRD datdsee Fig. 1a)] the  pogq(4x2) structure(open symbol<O).
(1/2,1/2 reflection intensity starts to increase above back-

grgunMdLa:‘\;er 40?] S Sitrrw]ce (tgiszr);lturtatiotn at 600 Sis rleltatled ®on time, indicate an intensity onset after about 700 s. This
' n, where thec structure 1S compietely corresponds to 2/3 ML. We conclude that the formation of

formed, this correspon_ds to about 1/3 ML. In summary, bOth[he p2gg(4 X 2) structure starts directly after completion of
LEED and SXRD indicate that long-range ordering of thethe c(2X 2) structure

c(2X2) superstructure starts at about 1/3 ML, but stress Structure models for the(2x 2) and the p2gg(4 X 2)

experiments .clearly indicate th‘.it glloymg-mduced. .Stressstructures were proposed in Refs. 6, 7, and 14. While the
change sets in from the very beginning of Mn deposition.

atomic geometry of the(2 X 2) structure is well established,
no details for thep2gg(4 X 2) structure have been presented

B. Stress behavior of Mn on Cu(001) at 420 K so far, but will be discussed below.

The surface stress changkr,, during deposition of Mn
on CU00]) at 420 K is shown in Fig. 3. We divide the cov-
erage range into three regimesh(I), and(lll )—to indi- ) ] ) ] N
cate the different slopes of the stress curve as a function of Figure 4 shows in(@) the diffracted intensities along the
Mn coverage. In regimél), the compressive surface stress (1/2,1/2 superlatttice rod, and itb) along the(1,1) crystal
change increases in proportion to the Mn coverage up to 0.Buncation rod for both the(2x 2) structure(filled symbols
ML Mn, where the first kink of the stress curve is observed.and thep2gg(4 X 2) structure(open symbols The measure-

In regime (I1), a continuation of compressive stress, albeitments show an obvious similarity of the intensity distribution
with reduced slope, is found. A second kink in the stresglong the rods for both structures, which suggests a similar
curve at —2.3 N/m for 1.3 ML Mn marks the transition to atomic structure.

regime (Il1). In regime (lll), no further significant stress  The c-projected Patterson functioR(u,v) is calculated
change is measured. from the in-plane structure factor intensitiés(hk0)|?, ac-

The corresponding LEED patterns are shown in the uppecording toP(u,v)==|F(hk0)[?> X co§ 27 (hu+kv)], where the
panel of Fig. 3. Ac(2x2) LEED pattern is observed for summation runs over al(hk0) reflections?* Maxima in
regimes(l) and (1), and ap2gg(4x 2) patterr is found in  P(u,v) are related to interatomic vectors, and their intensity
regime(lll). is proportional to the multiplicity of the vector within the

In regime (1), the Mn-induced change of surface stressunit cell and to the product of the atomic numbers of the
and the LEED pattern is identical to that observed for Mnrespective atom paff.
deposition at 300 K. In contrast, at 420 K there is a contin- Figure 5 shows$(u,v) calculated from 14 in-plane reflec-
ued increase of compressive stress in regithg which is  tions. Within the asymmetric unitdashed rectangle five
not observed at 300 K. It is related to the formation of thestrong maxima are observed and labeled 1 to 5. For direct
p2gg(4 X 2) structure. SXRD data shown in Figll, where  comparison, a schematic model of the fco/@ai) surface is
the (1,1/2,0.6 reflection intensity is plotted versus deposi- shown on the same scale in the lower part of the figure.

C. X-ray-diffraction structure analysis
of the p2gg(4X 2) structure
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p2gg(4 X 2) structure. Maxima labeled by 1-5 correspond to inter- 10"
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Two fcc-Cu001) surface unit cells including the taarge circles
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maxima inP(u,v).
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102
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Along the a axis, corresponding to thEL10] direction in (1172) (14 1)

bulk Cu, two unit cells are displayed. Large and small circles 00 05 1015 20 25300005 7075202530
correspond to atoms in the top and second layers, respec- . .

fively. q, (rec. lattice units)

Peaks_ 1 and 2 can be attributed to correlations between FIG. 6. Experimentalsymbolg and calculatedlines) intensities
atoms within the tom_No._l) and t_)etween the top and second ¢, e p2gg(4x2) Mn/Cu001) structure. The corresponding
layer (No. 2). There is direct evidence _for aIonlr)g, because g, cture model is shown in Fig. 7.
peak 1 corresponds exactly to a bulk interatomic vector and
it would not be observed without the presence of chemicapositions can be occupied by both species, and this reflects
contrast. On the other hand, maxima 3, 4, and 5 do not diechemical disorder. This is taken into account in the calcula-
rectly match the interatomic vectors of the bulk-terminatedtions by coherent averaging using a fractional occupancy of
structure. Instead, these maxima indicate larger interatomithe atomic sites by Cu and Mn. In Fig. 7, this is represented
distances, i.e., the corresponding atoms are laterally shiftethy hemispheres representing Mn and Cu at the same site.
From this result, it is tempting to assume that the doubling oDue to the similar atomic numbers of Mn and (=25 and

the size of the surface unit cell alofig10] is due to shifts of ~29), their atomic scattering factors differ by only 15-20 %
the atoms out of the bulk in-plane positions, which they oc-OVer the experimentally accessiblespace range, which
cupy in thec(2x2) structure. In addition, vertical relax- complicates the chemical identification. Before we discuss
ations and changes in the Mn concentration as compared {§& Mn concentration within the different layers, we first
the c(2x 2) structure, including a second alloy layer, are Consider the atomic positions.

considered in a starting model for the structure refinement. N Fig- 7(8), the dotted rectangle represents tHex 2)

The structure analysis was carried out by least-square filnit cell. In the top layer, two symmetrically independent
ting of calculated intensities derived from the structureSiteS are occupied. These are close to the bulk-terminated
model to the measured intensities. Figure 6 shows the expefRositions atlx,y)=(1/8,1/4 labeled(a) and(3/8,1/4 la-
mental intensities on a logarithmic scale as solid symbolsPeled(B) within the surface unit cell. The basic characteris-
Reflections are indexed according to the primitidex 1)  tics of the structure are lateral Shlft.S of the atoms out of the
unit cell. Both integer order truncation rod€TR’s) and bulk positio_ns: In this way, awavel!ke modulation pat_tern is
fractional order superlattice rods were simultaneously usefPrmed as indicated by the dotted lines. The modulation am-
for the refinement, but allowing for different scale factors for Plitude is about 0.4 Athe error bar for the distance determi-
each subset of data. The solid lines represent the best figtion is in the 0.10-0.15 A rangéhe atomic shifts induce
characterized by an unweighted residR|(1)] of 0.097 and  a doubling of the lattice constant aloftylO] as compared to
a goodness of fitGOF) of 0.8826 the c(2X 2) structure.

The refined structure model is shown in Fig. 7 in top view  Figure 7b) shows the surface in a perspective view along
(a), and in a perspective side vielb). Pink and green balls [100]. Lateral modulations of 0.4 A are also present along
represent Mn and Cu atoms, respectively. Only the top twahe (100 directions and are a direct consequence of the
layers are shown, since consideration of deeper layers in thmodulation along(110. In addition, considerable vertical
data analysis did not improve the fit. In general, the atomiccorrugation is found. Alternate atomic rows are raised verti-
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FIG. 7. (Color) Model for thep2gg(4 X 2) structure in top view  weighted residuum vs Mn concentration in the top two layers.
(a) and side view(b) as derived from the SXRD analysis. Pink and
green balls represent Mn and Cu atoms, respectively. about 65%. For the 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. 8b), R, is plotted as a function of the
otal Mn concentration within the top and second layer, re-

cally by about 0.9 A. This corrugation is larger than in the
c(2x 2) structure, where the Mn atoms are located abou

0.3 A above the surface and no lateral modulation eXists. . : e .

0,
The enhanced vertical buckling and the lateral modulation ir{sﬁsfg;ﬁgy:yzggdoﬁl;/e;gfgs !L?%Tﬁ,g'rgggfé ?;;el'lrt ?nS £ tIaTI
the p2gg(4 2) superstructure can be attributed fo the Iargerthis adds up to about 0.95 ML coverage consistenf with thé
Mn concentration in the top layer as compared to the . ' .
c(2x2) alloy, since the diameter of the Mn atom ijr:]eount of Mn necessary to form tipdgg(4 X 2) superstruc
(y-Mn: 2.73 A) (Ref. 27 is larger than that of the Cu atom '

-7 o Since the Mn atomic radius is larger than that of Cu, we
(2.56 A).27 We determine interatomic distances between top- - . !
. . suggest that the atoms, which stick out of the sur are
layer atoms in the range 2.57-2.97 A with an average valu 99 e

! o . 0
of 2.73 A. The nearest-neighbor distances are thus Iargeﬁrq":llrlly Mn atoms. Theg-site occupation is about 60%, based

e : o . on the best fit, but the minimum is very broad and values up
than 2.58 A, whlcrl11|s the Mn-Cu interatomic distance in theto 80% are conceivable. While the assignment of Mn con-
c(2X 2) structure®

our structural model id traightf d | centrations to specific sites is associated with large error
i ;Jr st,hrucsl_Jrrla mode pr]?\lg esta T’J?'r? orward exp da.lnabars, the data nevertheless indicate a considerable difference
clg'?e %rrigﬁt and L;:l?lgesstr?pesrarﬁﬂn%.g algf‘:‘;)aqagﬁz I\r/]vel- between the Mn concentration in the top and second alloy
. : . . . ; S layer, as displayed in Fig.(B). The analysis clearly shows
identify the stripes with the different atomic rows displayed y piay 9.(8 y y

. o
in Fig. 7(b). Furthermore, the authors find a corrugation be-that a Mn concentration above 50% in the top layer and a Mn

tween 0.4 and 0.9 A, depending on the tip conditions. As inconcentratlon below 50% in the second layer are preféfred.
the case of STM images of th®2 X 2) structure, only 50%
of the atoms are imaged, which is commonly ascribed to the IV. DISCUSSION
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 A common stress signature of tle€ X 2) MnCu surface
the best fit. Figure @) is a contour plot of the unweighted alloy is the compressive surface stress change of —1.2 N/m
residual,R,, as a function of the Mn concentration in posi- at 0.5 ML Mn coverage. We propose that the relief of tensile
tions « and 8. The total occupancy®y,,+0c,) at each site surface stress in the Q201) surface induced by alloying
was set to 100%. There is a pronounced dependenRgaif  with Mn is the key factor determining the Mn-induced sur-
the Mn concentration in the: site with a best-fit value at face stress change.

A. Alloying-induced stress in the initial growth
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Tensile surface stress reflects the general tendency to (a) ®<0.5 O expelled Cu
lower the interatomic distances between the top-layer atoms Q@ Mn
as compared to the bulk. In the case of Cu, the interatomic | Cu(001) |
distance is 2.56 A. Calculations of surface stress of clean
Si(goNl)/rlrr]gcate a tensile stress of the order of +1.4 to (b) ©=0.5 (d) 0.5<©<1.25

As a bulk analog for the 50:50 Mn-Cu surface alloy, we tslands of expelled Cu
chose the random Mngu, s, alloy®® for comparison. In 6 66 5 GOA0K @8 oI‘Q"ﬁO_
this alloy, the Mn-Cu interatomic distand®.66 A) is en- 1:1MnCualloy c(2x2)] = [1:1MnCualloy & O
hanced by 3.9% as compared to Cu. In (2% 2) surface Cu(001) Cu(001)
alloy, the Mn-Cu interatomic distances are almost unchanged 300 K ‘ ‘
as compared to C(2.58 A) despite the 0.3 A vertical Mn P2gg(4x2)

(c) ®>0.5 (e) ®>1.25

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- &9’) Footors)

tude of the Mn-induced surface stress change, we may treat |-t M"&“(SS:’;’ e(2x2) M"‘“g&%’o"f)a"qy
the surface layer as a strained film and calculate the resulting
1
stress’ FIG. 9. Schematic model of MnCu surface alloy formation. Left

Based on the bulk lattice constant of the random MnCuyj(g)—(c)] and right[(d),(e)] panels show the evolution of the struc-
alloy (3.75A), a compressive misfit () results: ture at 300 and 420 K, respectively. At 300 K, only ocf@x 2)
17=(acy=amncy)/ (Bvncy) =—3.9%. Using the biaxial modulus alloy layer forms; additional Mn deposition does not lead to further
for the random MnCu alloy91 GPa(Ref. 32], the calcu- growth of an ordered structure. At 420 K, a two-layer alloy is
lated misfit-induced stress is —3.5 GPa. This corresponds tofarmed. Interlayer Mn-Cu exchange processes lead to a composi-
compressive surface stress change of —0.66 N/m, which ional gradient characterized by a Mn concentration above and be-
only half of the measured value-1.2 N/m). low 50% in the topmost and second alloy layers, respectively.

Thus, we conclude that the stress induced by lattice strain
is not sufficient to explain the large magnitude of the meagime (1)? A top-layer Mn concentration above 50% changes
sured stress. The relief of the tensile surface stress dhe local bonding stoichiometry as compared to @
Cu(00)) is therefore the decisive factor, which determinesX 2) structure. In the latter, every other Cu atom is replaced
the Mn-induced change of surface stress. by Mn, and Cu-Mn bonds are formed. A larger Mn concen-

For the films grown at 300 K, additional deposition of Mn tration leads to Mn atoms in nearest-neighbor positions, and
above 0.5 ML does not induce a new surface structure, nd¥in-Mn bonds will be formed in consequence. If we assume
does it change the stress significantly. We conclude that théor simplicity that the Mn-induced relief of the tensile sur-
expelled Cu atoms and the deposited Mn atoms do not forrface stress of clean Q@01 has been largely completed for a
an ordered MnCu alloy. Such an ongoing alloy formationconcentration of 50%, then it seems plausible that the incor-
should have caused a further increase in compressive streggration of additional Mn atoms into the surface layer in-
which is not detected at 300 K but at 420 K. 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 regimél) to the Mn-induced lattice

Mn deposition at 420 K leads to a more complicateddistortion in the topmost layer. This picture fundamentally
stress behavior. The resulting stress below 0.5 [Migime  differs from the mechanism made responsible for the com-
(1) of Fig. 5] is attributed to the(2x 2) MnCu surface alloy  pressive stress in regim#), where relief of tensile surface
formation as discussed above. In regiihe, between 0.5 stress was inferred.
and 1.3 ML, we observe an ongoing linear increase of the The coverage- and temperature-dependent evolution of
compressive stress with Mn deposition. The slope of thehe MnCu surface alloy structures is schematically summa-
stress curve in regim@l), where thep2gg(4 X 2) structure  rized in Fig. 9. Left[(a)<(c)] and right[(d),(e)] panels refer
forms, issmallerthan that in regimél). The SXRD analysis to T=300 and 420 K, respectively. While for 300 K no fur-
of the p2gg(4 X 2) structure indicates considerable geometri-ther alloy growth beyond 0.5 ML coverage is observed, the
cal and compositional reorganization. right panels of Fig. 9 illustrate that at 420 K, continued alloy

The most important result of the structure analysis of theformation takes place. In the beginning, this proceeds by the
p2gg(4 X 2) structure is substantial in-plane and out-of-planesame atomic exchange mechanism as in the case of the
buckling. In addition, a composition gradient is determinedc(2X 2) structure, but continued Mn deposition beyond 0.5
within the alloy. The Mn concentration is above and belowML does not lead to the growth of a secoc(@ X 2) layer on
50% in the top and second layers, respectively. the previously formed one. We speculate that this is due to

We limit the discussion of the resulting stress change tdncreasing stress and the repulsive forces between Mn atoms
two important aspects: Why does the compressive stress coim different layers.
tinue to increase for depositions in excess of 0.5 ML Mn, and Based on the SXRD analysis, we propose a growth
why does it do so with a reduced slope as compared to ranechanism involvingle-alloyingof the second layer, which

B. Stress behavior for alloying at larger coverage
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is mediated by an interlayer atomic exchange mechanismgn CU001) at 300 K induces a compressive stress of
where Mn atoms from the second layer are exchanged with1.2 N/m, which is related to Mn-induced relief of tensile
Cu atoms in the top layer. This process is symbolized by theurface stress of clean @©1). Continued Mn deposition at
vertical arrows in Fig. @). The SXRD data indicate that the 420 K leads to the formation of the2gg(4Xx2) phase,
Mn concentration in the top layer is enriched to aboutwhich is characterized by a two-layer alloy structure. Top-
60—-80 %, while it is depleted to roughly 35% in the secondlayer vertical and lateral atomic relaxations are related to Mn
layer. enrichment above 50%, while the second layer is depleted to
Enrichment of the top layer by large Mn atoms inducesabout 35%. These structural relaxations are responsible for
vertical buckling(0.9 A), much larger than observed.3 A) the observed reduced slope of the stress versus coverage
for the c(2X 2) structure and concomitant the lateral modu-curve during formation of th@2gg(4 X 2) surface structure
lations in thep2gg-(4 X 2) reconstruction. These structural compared to that observed for tlwé2 X 2) structure. Our
relaxations are made responsible for the smaller slope of theesults support the view that the incorporation of larger at-
stress curve in regim@l) as compared to regimg). oms in a surface layer can reduce the tensile surface stress of
the clean surfac&

V. CONCLUSION
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