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Ni-induced giant stress and surface relaxation in \W110)
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Atomic structure and surface stress changes are measured simultaneously by surface x-ray diffraction and by
the crystal curvature technique during the deposition of Ni ddM). Substantial lateral shifts of up to 0.5 A
of the W atoms upon deposition of the first layer Ni are detected. This unexpected restructuring of the W
surface is correlated with compressive surface stress;@f=—1 N/m and 7qq;=—2.1 N/m. The atomic
coordinates for Ni and W atoms of this(1X 7) structure are given and they indicate the formation of chains
between Ni and W atoms along[W\1].
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Surface stress has been recognized a decisive factor whiahifts of the top layer W atoms of up to 0.5 A. At this cov-
determines a variety of phenomena like self-assembled patrage we measure an anisotropic change of surface stress
tern formation on the nanoscale, shape evolution of nanonduced by Ni ofr;70=—1 N/m andrgy;= —2.1 N/m.
objects and surface reconstructiom contrast to the impor- The experiments were carried out at the beamline ID-3 of
tant role of surface stress in the discussion of these effects,the European Synchrotron Radiation FaciliESRF in
general understanding of the relevant principles which gov&Grenoble using a six circle ultrahigh-vacuum diffractometer
ern the evolution of stress in the surface region of clean andperated in the-axis modé€’. For the SXRD and stress mea-
adsorbate-covered solids is still lackif@specially the role  surements the W10 crystal with dimensions 122
of lattice misfit between adsorbate and substrate for the rex 0.1 mn? was clamped at one end to a manipulator to allow
sulting stress remains intriguing. For some systems, théee two-dimensional bendinThe sample was cleaned by
misfit-induced stress is reasonably well described by congycles of heating to 1500 K in I6¢-mbar G and subsequent
tinuum elasticity, whereas for Fe/10) and Ni'M110,  annealing to 2400 K until no traces of impurity could be
misfit does not even give a qualitatively correct descriptiongetected by Auger electron spectroscopy Ni was evaporated
of stress in the surface layer: compressive stress is measurggy, 5 high purity Ni rod onto the substrate with a rate of

wh(e)re lattice misfit sukggests tiansile st_réss. fapproximately 200 s per layer at a substrate temperature of
ur present work reveals an Important aspect Oiynq i During Ni deposition, the crystal curvature and the
adsorbate-induced stress which might be of key importanc

. . . . fhtensity of a selected x-ray diffraction peak were measured
for a general understanding of stress-strain relations in the. v Y P

. : o . Simultaneously. The crystal curvature was monitored during
monolayer range. We identify an intimate correlation be-_ . i ;
tween structure and stress from an in situ combination 0*\“ deposition by reflecting a laser beam from the W substrate

surface x-ray diffractionfSXRD) and stress measurements. onto a position sensitive detector. Thus, stres_s-induced
Our structural investigation reveals substantial adsorbatex'@nges of the crystal curvature lead to a deflection of the
induced relaxation of substrate atoms in a system, which i&eflected laser beam, which is detected by the respective
generally regarded as structurally inert, and where structurdihange of the position signal. Biaxial stress is cglc%lated
relaxation has been neglected so far. We suggest that tHEom the measured curvature along[091] and W110].
failure of stress-strain relations is partially due to the inap-Thus, the formation of a certain surface structure is un-
propriate structural data of former investigations, where gquivocally correlated with the respective stress state.
bulklike substrate structure was tacitly assumed. However, From earlier experiments it is known that Ni grows in the
here we present clear evidence for a Ni-induced reconstrudNishiyama-Wassermann orientation on(20), which leads
tion of the W(110 surface upon completion of the first Ni to the formation of additional, so-called satellite diffraction
layer. This reconstruction is new, to our knowledge, as nespots along W001], whereas no change of periodicity was
adsorbate-induced reconstruction of M) has been con- observed along WL.10], and ac-(1x 7) diffraction image is
firmed so far It is unexpected, as adsorption of the chemi-observed by low energy electron diffractidn.
cally similar element Fe did not induce a lateral distortion of The biaxial Ni-induced stress change of thé \d0) sur-
the W(110) surface® face is presented in Fig(d), and Fig. 1b) displays the cor-
We report in this paper on simultaneous SXRD and stresgesponding intensity of a satellite reflection characteristic for
measurements during growth of one layer Ni o01\M0). We  the c-(1X7) superstructure. The intensity due to a strong
show that one atomic layer of Ni induces substantial lateratatellite reflection1 9 0.2 (Ref. 10 remains zero up to the
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FIG. 1. (a) Biaxial stress along \WL.10] and [001] vs Ni- q, (rlu) 0 20 40
deposition. ¢=1:1.41x 10" atoms/cmi). The upper stress curve F...| (arb. units)

is shifted vertically for clarity.(b) Intensity of a SXRD reflection
characteristic for the X7 superstructure versus deposition time.  FIG. 2. (a)—(e) Measured(symbols and fitted(lines) structure
The formation of the X7 superstructure coincides with compres- factor amplitudes along several superlattice rods. The solid lines
sive stress along both directions. The shaded region indicates thrrespond to the best fit. The dashed lines represent a simplistic
coverage where the formation of tike(1X7) evolves. The thick model where the W substrate positions are fixed to the bulk values.
vertical line at¢=1.3 indicates the coverage of the structural inves-The indices of the rods are related to the7Lsetting of the unit
tigation presented in Figs. 2 and 3. cell. (f): Plot of [Fud Vs |Fopd for all data. The data are closely
aligned along the diagonal corresponding to |[thg,d =|Fpd con-
deposition of #=0.8 (6=1:1.41x 10'° atoms/crd). In this  dition indicating a high quality fit.
coverage regime, the stress curves indicate compressive
stress alon001], and tensile stress alofy10]. This anisot-  the integrated intensities after correcting the data for active
ropy of the Ni-induced stress is ascribed to the change of thgample area, polarization, and Lorentz-faéldfigures 2a)—
surface stress of W upon Ni adsorption. In short, the stres3(g) shows as solid symbols thé | along five super-
change is qualitatively comparable to the system Fe ofygice rods measured up to a maximum normal momentum
W(l;O) up to #=0.5, where the stress anlsotroay has beenanster of| =q,/c*=3.5 reciprocal lattice unitsérlu, with
ascribed to the topology of the bonds of(80." In the .« _ 553 A~1) in steps ofAl=0.15 rlu using a detector
following, we concentrate on the filling of the W surface at & asolution of 0.02 rlu. Figure(®) plots all 144 experimental

Ni coverage off=1.3. structure factorg35 of them measured &&=0.2 rlu) vs the

The intensity of the(1 9 0.2 reflection develops for )
6>0.8, and the emergence of tle(1x7) superstructure calculated structure factors as derived from a structural
’ model, which is discussed below. AF| values are closely

intensity coincides with the formation of compressive stress. . : B .
This coverage regime is emphasized by the shaded area #j9n€d along the diagonal in Fig(f2, which represents the
Fig. 1. The stress changes most prominently alorjd 10/, |dgal cond|t|on|F0b'4=|Fca|A. The small scatter Qf _the data
where a change from tensile to compressive stress is meRoINts from the diagonal and the good description of the
sured. At the completion of the first Ni layer a=1.3, a  experimental data points by the calculatéds shown as
compressive stress af;o=—1 N/m and rgp;= — 2.1 N/m solid lines in Figs. 2a)—2(e) indicate the validity of the
results. The change of sign of stress aldiad0] with in- structural model. Quantitatively this is expressed by the
creasing Ni coverage is unexpected, as no change of tremall unweighted residualR() of 0.05! The statistical
packing density of Ni atoms along 10| can be inferred more relevant goodness-of-fit parameter, which takes the
from thec-(1x7) structure® This is in contrast to the higher number of refined parametef®5) and the number of reflec-
packing density alon§001] upon formation of thec-(1X7)  tions (144) into account, was in the 1.0 regime. This indi-
structure, which offers a plausible explanation for the com-cates a well satisfying fit with all reflections fitted with an
pressive stress alof@01]. The following structural analysis accuracy of about one standard deviation as is also evident
of this first Ni layer atf=1.3 identifies substantial lateral by inspection of Fig. 2. The broken line in FigsaR-2(e)
shifts of both W and Ni atoms away from what one mightindicates calculate¢F| for a simplistic structure model, as
have expected to be ideat(1X7) bonding sites. described below.

The structure factor amplitudég | were derived from A visual inspection of Figs. (8)—2(e) reveals a non-
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TABLE I. Coordinates(x,y,2 of Ni and W atoms within the
asymmetric unit of th€1Xx7) unit cell (cmm2 plane grouypin rela-
tive units of the unit cell dimensions as given in Ref. 9. The num-
bers of the atoms refer to the labels in Fig. 3™ indicates a
half-occupied split position off the mirror line running along
=0.0 ory=0.0, respectively. The coordinates in brackets indicate
the y positions for a model with equally spaced Ni atoms along
[001] andy positions of bulk truncated W, respectively. Error bars
are of the order of:0.02 lattice units, and the coordinates of W

—>(y) [001]

are fixed.
X y z
Ni(1) +0.015 +0.005(0.0 0.46
Ni(2) +0.108 0.1101/9) 0.48
) . Ni(3) +0.170 0.2022/9) 0.52
_— 1x7) unit cell
] (x7) Ni(4) +0.131 0.3243/9) 0.51
FIG. 3. Model of the Ni/W110 superstructure in top view.  Ni(5) +0.118 0.4554/9) 0.41
Bright and dark circles correspond to Ni and W atoms, respectively. W(6) +0.089 =0.031(0.0 0.00
The rectangle indicates aT unit cell(size: 22.16& 4.47 A?). Two W(7) +0.097 0.1451/7) 0.00
inequivalent Ni-W-Ni chains are labeldd) and(B). The numbers W(8) +0.126 0.2602/7) 0.00
identify the atoms as in Table I. W(9) +0.138 0.441(3/7) 0.00

monotonic variation of the structure factor amplitudes with
d,, Which is qualitatively described by a modulation period-

icity Al=2rlu. This directly indicates, that two layers at an - : : Do
. . . . superlattice spacing alor@01]. This structural detail is di-

approximate distance @.'2 (2.2 A) contribute to t_he dlffrac_- rectly related to the scanning tunneling microscdfyr M)

tion at non-Bragg positions. We have shown in a previous

scanning tunneling microscopy study that at this Ni coveragémagesgf thee-(1x7) Ni S”“Ct“rg’ which show bright ines
of 1.3 all Ni atoms are bonded in the first Ni layer on top of along[110], separated alongp01].” Our model reveals that

the W substraté® From this we deduce that the modulation Within the overlap-region the average height of the Ni-atoms
is related to the interference between the top lajéy and ~ aoove the W surface is about 0.3 A higher than in the re-
the second layefW). A distortion of a single layefeven ~Maining structurg~2.3 A vs ~2.0 A). This vertical corru-
with maximum corrugation in the order of 0.5 Aould only ~ 9ation together with the higher atom density of the overlap
give rise to a slow monotonic decrease of the intensitie§egion offers a natural explanation of the STM contfast.
alongq,, as shown by the broken lines in Figgap-2(e).  Table | lists the atomic positions of the Ni and W atoms, as
We conclude that both top Ni layer and first W layer arederived from the fit, for the asymmetric unit of the unit cell
driven in ac-(1X7) structure. (cmnR plane group

A quantitative structure analysis was carried out by least The most important and astonishing aspect of this struc-
square fitting of theéF|'s to a structure model. A top view of ture is the pronounced shiftip to 0.5 A of the first-layer W
the best fit model R,=0.05) is presented in Fig. 3. Several atoms out of their bulk positions alori@10]. The inclusion
1X7 unit cells(two are indicated by the solid rectanglese ~ of W distortions in deeper layers did not improve the fit
plotted to clarify the structural characteristics. The Ni and Wquality, and such distortions were not considered. Our model
atoms are represented as bright and dark circles, respectiveBlso includes some W top-layer rumpling, which we consider

The Ni surface structure on W10 can be described as a by a Debye parameter of the order® 5 A? (correspond-
densely packed distorted hexagonal network. This is emphdAg to a root mean square displacement of 0.25 Bro-
sized in Fig. 3 by some hexagons with Ni atoms at the edgegounced lateral disorder alofij10] is also observed for the
and one in the center. A more detailed view reveals that th&li atoms. For both Ni and W atoms the disorder is taken into
most prominent feature of the structure are alternating Ni@ccount by introducing half occupied “split-positions” off
W-Ni chains alond111]. They are labeled andB, respec- the mirror lines running along=0 andy=0 within the unit
tively. The chaingapproximate length: 25 Ydare composed cell. Some mirror lines are indicated by the arrows in Fig. 3
of nine Ni atoms and seven W atoms, where the Ni atoms arand labeled by ftn.” A split position at =x or =y means,
located at or close to bridge sites between the W atomghat for the W and Ni atoms there is a 50% probability to
SeveralA- and B-type chains are emphasized by solid andoccupy one of the two possible positions. Locally, in one of
dashed lines, respectively. It can be seen, that while ciains the four domains, themn® plane group symmetry is de-
andB are neighbored by chains of the same type over mosstroyed(the symmetry of the domain igl only), however
of their length(A-A or B-B), there is some overlap regime on average themnm2 symmetry is preserved as observed by
(=5 A), whereA andB are neighbored b andA respec- low energy electron diffraction and SXRT.
tively. These regions are_indicated in Fig. 3 by the dashed We tested different structural models, such as more sim-
lines running parallel t§110]. The overlap regions are sepa- plistic ones, which neglect the lateral disorder of the Ni and

rated by 1.1 nm alon§001], which corresponds to half the
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W positions(i.e., without introducing split positionsHow-  &,7,=0.037 and egq9;= —0.013, which characterizes the
ever, these models yield significantly worse fits as charactet-(1x 7) structure®1®

ized by agreement parameters larger by a factor of up to five. It has been a common approach to neglect any substrate
A calculation based on a bad model is shown by the brokeelaxations upon metal adsorption for such systems, where
lines in Figs. 2a)-2(€). It gives a bad fit, as here only a no surface reconstruction had been observed. Our results
single Ni-layer is considered in the structural analysisshow that the underlying assumption of bulklike in-plane and
whereas the appropriate analysis considers distortions Qfertical atomic positions at the interface is not justified in
both the Ni and W layers. Based on the shortcomings of th%eneral. Adsorption of Ni atoms on (@10) in the monolayer
worse models we are confident that our structural model Precoverage range induces massive shifts of the first layer W
sented in Table | is of significant physical relevance. atoms. Therefore, the Ni-W composite has to be considered

Our structural model leads to plausible inter-atomic dis-in all cases where surface stress is studied. To what extent
tances for W and Ni atoms, which correspond within severajhese atomic distortions are responsible for the measured
percent to the bulk values of 2.74 and 2.49 A, respectivelycompressive stress remains to be investigated by state-of-the-
The average Ni-W distance is 2:6.3 A, which closely re- a1t calculations and our data provide benchmark values for
sembles the sum of the Ni and W atomic radi64 A).* these.

Our results elucidate the relation between compressive |n conclusion, we have measured a substantial adsorbate-
stress and structure of tle(1x7) structure. The negative induced structural relaxation in a system, which is generally
slope of the stress curves of Figalaroundd=1.1 indicates  considered to be structurally inert upon adsorption. Simulta-
that the formation of the-(1X7) superstructure is directly neous structure and stress measurements identify a striking
related to a giant compressive stress-df16 and—33 GPa,  correlation between the onset of lateral shifts of atomic po-
along W 110] and[001], respectively. The magnitude and sitions and compressive surface stress. The implications of
sign of the stress are in stunning conflict with elasticityadsorbat-induced substrate relaxation are profound as the re-
theory which predicts a stress 6f0.16 and+9.3 GPa along sulting elastic interactions are an important driving force for
[110] and [001], respectively, for the anisotropic strain of self-assembled pattern formation on the nanoscale.

*Corresponding author. FAX:++49-345-5511-223. Email ad- with i, ] :[100][110], see Refs. 3 and 4. Stress:; Ni thick-

dress: hmeyerhm@mpi-halle.de ness:ty;; W substrate thicknesdi,, Young modulus W:Y:

1B. Croset, V. Girad, G. Pwt, M. Sotto, Y. Garreau, R. Pinchaux, Poisson ratio Wy; radius of curvatureR, .
and M. Sauvage-Simkin, Phys. Rev. Lé8, 056103(2002; A. 9D. Sander, C. Schmidthals, A. Enders, and J. Kirschner, Phys.
Li, F. Liu, and M. G. Lagally,bid. 85, 1922(2000; C. E. Bach, Rev. B57, 1406(1998, and references therein.

M. Giesen, H. lIbach, and T. L. Einsteiilnid. 78, 4225(1997.
2H. Ibach, Surf. Sci. Rep29, 193 (1997; 335 71 (1999; P. J.
Feibelman, Phys. Rev. B6, 2175(1997).
3D. Sander and H. Ibach, irhysics of Covered Surfagesited by

10The reflection indices are referred to the rectangutar winit cell
with a=4.476 A, b=22.155A, c=4.476 A, and reciprocal
lattice units (rlu) a*=1.404 A1, b*=0.284 A%, and c*

— —1
H. P. Bonzel, Landolt-Bmstein, New Series, Group lll, Vol. 42, 1 _1'_404 AL
Pt. a(Springer, Berlin, 2002 Chap. 4.4, p. 4.4-1. E. Viieg, J. Appl. Crystallogr30, 532 (1997). )
4D. Sander, A. Enders, and J. Kirschner, Europhys. 148t208  ‘°The unweighted residuum is defined a8,=Xy| [FRyi
(1999. —[FE9 /3l FOXY, where|F22Y and|FE2l9 are observed and

SReconstruction was erroneously claimed in J. W. Chung, S. C. calculated structure factor amplitudes, respectively.

Ying, and P. Estrup, Phys. Rev. Lefi6, 749(1986; no recon-  13C. Schmidthals, D. Sander, A. Enders, and J. Kirschner, Surf. Sci.

struction was claimed by M. Arnold, G. Hupfauer, P. Bayer, L. 417, 361(1998.

Hammer, K. Heinz, B. Kohler, and M. Scheffler, Surf. 82 14gjnce the symmetry in the domain i only, in total there are
6 288 (1997. ) ) four domains related by mirror symmetry in order to restore the

H. L. Meyerheim, D. Sander, R. Popescu, J. Kirschner, P. Stead- averagemn? point symmetry of the structure. Our model with
7Sm2n, and Sd Eeger, 'Phi/?j ReSv.(_SB; Of5414i(:702(]i§9 split positions assumes coherent averaging over these domains.
g Crer and i omin, Rev. St s rue 9 151, Pauling, The Nature of the Chemical Bori@ornell University

Y&, (1 1) Press, Ithaca, NY, 1960
]

6(1—v?) tv 16p. sander, Rep. Prog. Phyg2, 809 (1999.

Titni= R TUR

155422-4



