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Elastic deformations have been discerned v@itfreS), islands grown on Si(111)%7 7 by STM. Anisotropic
mismatch between thg-FeSi and the surface is-5.3% and +1.4% along Fe$[101]IS{112] and
FeSh[OlO]HSi[TlO] respectively. STM images of these islands show threefold symmetry and significant de-
formations of the surfac&he normal to the surface deviates by several degrees from the average substrate
norma), both on the islands and around them. Larger islands exhibit smaller deformation, and when deposited
on a surface step the island normal tilts towards the upper terrace. Using finite element method in the frame-
work of linear elasticity, the deformations of small islands were simulated, taking into consideration the surface
stress. Best agreement with the experimental deformation is obtained when the islands are made of three
domains rotated by 120° with respect to each other. The calculations of the deformation agree qualitatively
with the measured displacements, and reproduce the deviation of the surface normal. The quantitative differ-
ence between the elastic theory and the experimental results may be utilized to gain additional information
about the mechanical properties at the surface in the nm scale. The measured deformation of the island also
enabled the calculation of the long-range stress fields it generates.
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INTRODUCTION In this work we study the formation of iron silicide is-

. he | he th f elasticity has b lands on the $111) 7 X 7 surface. Several STM studies were
. During the last 20 years the theory of elasticity has beerheformed on iron silicides, epitaxially grown on silicon
invoked to understand various phenomena on the microscal§, face$-10|n the bulk, the most stable silicide /& FeSi.

level in surface scienck,* primarily as a result of the central The structure of8-FeSj is orthorhombic with the lattice
role of elastic interactions in the formation and self-orderingparametersa=0.986 nm,b=0.779 nm,c=0.783 nm. De-
of stress relief driven nanostructures like quantumdotsn  spite its stability, it is difficult to grows-FeSp on S(111)
surface reconstructichThese questions have an increasingbecause of a large lattice mismafd¥ig. 1(c)] with the sub-
technological importance in the field of nanofabrication be-strate. In general, and without particular treatment, this phase
cause of the necessity to assemble several different materigscurs in small islands that transform to the more stable
in a small space. v-FeSj closely packed phase with less than 1% mismatch to
Unfortunately, the small scales involved, made the directhe S(111) surface. _ o _
measurements of the elastic fields difficult. Several ap- USing STM, it was possible to identify local displace-
proaches have been proposed to measuratbeageelastic =~ Ments out of the substrate plan, both in the islands and
properties of surfaces. These methods range from measurifgeund them resulting from the misfit between the silicide
the change in phonon spectrum of solids as a result of stre€'d the silicon substrate. By employing the finite element
to the bending of a thin cantilever as a result of the stres@?th‘)d (FEM) to solve the elastic problenutilizing the.
accumulated at the surfaéeThese methods were used to misfit strain and surface strgssve found that the elastic

measure the change in surface stress as a result of adsorptB%

of atoms, growth of epitaxial layers, and structural change§erved displacements. Hence the evz_iluation of the strain field
in the surface itself. The effect dbcal strain was used in WaS made possible by the comparison between the STM

order to image the surfabéoy means of ultrasonic force measuredout of plan displacements and the full elastic cal-

microscopy, but other sources of contrast prevent the use &ulation of the displaqements field in the isIand/ _substrate Sys-
this method for the quantitive measurement of the locafém- In general, bgsm_les the present application, '_[he_result
stress. To our knowledgésee brief review in the Discus- demonstrates qualitatively that prpﬂllng t_he elastic fields

sion), there is no method to quantify the local elastic fields, aaround a hanostructure features. Is possible by means .Of
problem that by and large hindered our progress in unde STM measurements accompanied by numerical elastic
standing surface interactions. The present result demoﬁ:_alculatlons.

strates that together with numerical analysis of the linear
equations, it is possible to evaluate the elastic field by means
of scanning tunneling microscop{8TM) measurements of The experiment was performed with a custom-made UHV
the displacements out of the surface plane. STM with a manual approach mechanism. A silicon wafer

EXPERIMENTAL PROCEDURE AND RESULTS
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FIG. 2. STM image of a $111) 7X7 surface with epitaxial
silicide islands on top of it. Part of the island in the center is
B-FeSj (the lower part and part of it isy-FeSj,. The image size
is 19 nnf. Two line scans through the trenches are shown under the
image. The image was taken at a bias voltagg) (of 2 V and a
tunneling current ;) of 1 nA.

verified that five to ten such flashes are sufficient to induce
FIG. 1. (8 The finite element model used to simulate the defor-the reconstruction. Variable amounts of Feom 0.05 to 5

mation of the island(b) The finite element model of an island monolayers—the amounts were measured with a quartz crys-
adjacgnt toa surface stefz) Schematic drawing of the crystallo- t5] monitor and verified with STM images before heajing
graphic relation betweer8-FeSp(101) and Silll). The three \yare deposited on the clean surface. Annealing for 3 minutes
equivalent orientations of the rectangular unit cell of the silicide are;; 5 temperature of 450 °C gave a surface that was covered
drawn. by iron silicide islands having diameters in the range of 3.5—

100 nm. STM imaging was done at a positive sample bias of
with a (111) orientation was put in the UHV chamber, after 2 V and a current of 1 nA. Tungsten tips were used. The
rinsing with several organic solven(ichloroethylene, ac- surface in between the islands is either a perfect or a partially
etone, methanol, and dionized water, in this oydéfter  disordered K 7 structure. Most of the islands have &2
prolonged heating at 900°C, the sample was heated teeconstruction that can be easily identified as th&eSj
1200 °C for 1 second to decompose the oxide and to inducghase. The island in Fig. 2 is special in that it is made of two
the 7X7 reconstruction. Low-energy electron diffraction halves of the different phases. While th& 2 reconstruction
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FIG. 3. SeveraB-FeS} islands with different sizes. The islands are characterized by triangular shape with three trenches in the middle.
All the images are in scale. The size of image h is 19.rfhe islands in ai are with approximately 25, 22, 22, 25, 25, 22, 47, 30, and 52
atoms along the edge, respectivaly=2 V andl,=2 nA. The deformations in each island are characterized in terms of the angles between
the planegcharacterized by letters inside and by number around the iglandsthe surface normals. A three-dimensional plot of the vectors
of the surface normals are presented to the right of each image. For clarity, the projection of these surface normalsyquighe are
drawn on the image as arrows.

in the upper half is characteristic to theFeSj phase, the metric, the angles between them éie the majority of the
lower half does not have atomic resolution. In a previouscasey 110°, 140°, 1109not 120°, 120°, 120° We believe
paper we could identify the structure of the later phase byhat these are the true angles but the possibility that this
employing a Fourier transform to this part of the image andasymmetry is due to different scan velocities in ¥hand the
comparing it with the Fourier transform of thex2 part. It Y directions cannot be excluded.
was concluded that this structure represents the In smaller islands the size of the depressions is compa-
B-FeS}.1%"12No atomic resolution is noticed in real space rable with that of the island itself, suggesting that they are
in the B-FeSj part of the island, but it is possible to see due to a continuous deformation of the island surfgig.
three prolonged depressions extending from the center of this(@)]. In contrast, the depressions in the larger islands are
part to its edges. Similar depressions appear in many othenore localized in the center of the islands, are steeper
islands (e.g., Figs. 3 and {and are characteristics to the [Fig. 5b)], and may be considered as “trenches.” The effect
small B-FeSj, islands. of the depression localization can be seen in Figs. 3 and 4:
The depressions in the center of tBeFeS; island are the depressions are delocalized in the small isldfigs.
very shallow and wide. We characterized their dimensions ir8(a)—(f)].
terms of depth and FWHMfull width at half maximun). The localization of the depressions into trenches in a large
These quantities are given for each cross section perpendicisland indicates the development of line defects that separate
lar to the depression. Such cross sections are drawn in Fig.three domains with different orientation due to the breaking
and marked by numbers. The dimension of the depressions & the degenerated crystallographic symmé¢fig. 1(c)].
given in Table I(in A). While these dimensions may not be  The uniform (smal) island is deformed due to its mis-
precise and also vary from island to island, they represent thaatch. Breaking the island into three domains involves the
typical depressions. The depression lines are not fully symrelease of the deformation energy at the cost of the line
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FIG. 4. Several largep-FeS} islands. The images are in scale. The size of the largests38hnt. The islands at a-d are with
approximately 33, 48, 57, and 77 atoms along the edge, respectively. The deformations are plotted in a similar form &g \3and
1,=2 nA.

defect energy, and occurs at a critical island si8&mmetry  the morphology of the island by three vectors that account
breaking is further discussed in the next secdti®ince the for the average inclination of the surface triangular segment
character of the line defect is yet unclear, we shall limit ourbetween each pair of depression lines. For this purpose, the
elastic analysis to themall islands—below the critical size angle between the segment average normal direction and the
(delocalized depressipn direction of the normal to the substrate surface was calcu-
In order to characterize the elastic interaction and to relatéated. The normal to the surface was calculated for many
it to the observed structure, we found it useful to characteriz@oints of each segment by computing the cross product
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TABLE I.
Left depression Central Depression Right Depression
Depth FWHM Depth FWHM Depth FWHM
1 0.92 10 1.55 15 161 12
2 1.674 10 1.302 11 1.77 12
3 0.868 10 1.86 11 1.18 7
4 1.52 12

between two vectors tangential to the surface at the point,  ELASTIC DEFORMATION OF SMALL ISLANDS
thereafter averaged for the segment as a whole. The devia- . . i
tion of the segment inclinatiofe.g., the vectors indicated by The_ _crystallographlc relation between (ﬂ.ll) and
A, B, C in Figs. 3 and #from the substrate normal varies p-FeS} is threefold degenerated as shown in Figa) 1The
from 1° to 5°. It was also found that the substrate area adjd'_nteratomic spacing of the silicide is shorter than that of sili-
cent to the islandgdesignated by numbers 1, 2, 3, 4, 5 in con by 5.3% along the Fe$lL01]IIS[112]axis and longer

Figs. 3 and #are not completely parallel to the surface. At by 1.4% along the Fegi010]IS[110Jaxis*® Therefore,
this point we should point out that similar tilts or deforma- compared to its stress-free state, a small epitaxial silicide

ggﬂitgﬁ r?c?rsgavg(rj anrgllg:%r tﬁ; ::heesf:kiasellgmsjllslconﬁrecon- island is expected to be stretched along E[éﬂﬁ] and com-
The deformation of the islands obn the freé surface can b ressed along Fe$D10]. The stress balance at the island
nd its vicinity was approximated within the framework of

attributed to two factors: the misfit between the lattices of thqinear elasticity. The finite elemefiEE) method was used in

island and the substrate and the surface stress of the supb- . o
. : . A order to solve the elastic boundary condition problem of the
strate, which has a particular effect at discontinuities at the

surface(like steps. In the following, we explore the source island-substrate interaction. This was done by using the
P3. 9 P NASTRAN™ code®® Our model consists of equilateral trian-
of the deformation.

gular island on a ten times larger triangular prism with free
faces, as shown in Fig.(d).

The misfit between the island and the substrate was rep-
resented by two-dimensiond2D) thermal expansion that
generates misfit stressesThe contracted crystallographic

axis FeSj[101] is taken along the< direction with a,AT
=—0.053 (« is the thermal-expansion coeffici¢rand the
dilated crystallographic axis Fe$010] is taken along the
direction with @yAT=0.014. Throughout the calculations,
the elastic constants of silicorC{,;=165.7,C,,=63.9,Cy4
=79.56 GPa Ref. Ddwere transformed to the above system

@
=
T

Height (&)

L0 of coordinates of the silicon surface. For the Fe8e used
a the Young modulus of 205 GPa, and a Poisson ratio of 0.23
0 10 0 30 40 50 (Ref. 195 (assuming isotropy in the absence of any other
DISTANCE A information. The surface stress was also simulated as ther-

mal stress set up in the surface layer of the substrate sur-
rounding the island, the thickness of which equals the height
of the island. The magnitude of the surface stress is

10 2.37eV/Ix1 cell (1.25 N/m in 7X7 reconstructed

=§ Si(111).* By and large, it was found that the effect of the
% substrate surface stress is to flatten slightly the island and it
E 0.5 has a negligible effect on the orientation of the surface

normals.

The island height uses the characteristic length of the
model, i.e., the linear dimensions are scaled with this quan-
tity. For instance, the ratio between the island edge length to
its height determines uniquely the elastic fields distribution.
When this ratio is 20, the scaling properties of linear elastic-

FIG. 5. Typical line scans from STM images of islands, demon-ity means that the model represents an island of about 20
strating the shallow nature of the trench in smaller islands and th&toms along the edge in the case of a monolayer island.
localization of the depression in the larger islatdssmall island ~ Figure 6 demonstrates the dependencegfthe calculated
[Fig. 3(d)] and (b) large island Fig. 4c)]. V,=2V andl,=2 nA. displacements in the direction normal to the substrate surface

0 20 40 60 o 80 100
DISTANCE A
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: In view of the observation that the large islands contain three
line defects dividing each island to three approximately
equal triangular areas, we employed the Rauetaal. argu-
ment and conjecture that each subarea is one of the three
crystallographicaly equivalent domains, and that the ob-
served line defects are the domain boundaries. The proposed
atomic arrangement at the node between the three domains is
shown in Fig. 1c). The idea is that the nearly triangular
shape of the island and its domains are not accidental: it
makes possible to orient the high-strain axis alongsihert
dimension of each triangular domdits short heightthus to
avoid the large elastic strain. In contrast to the large island,
the distortion in the small island is not localized to the line
defects, but extends symmetrically throughout the island.

To realize this state of external forces, the FE model was
revised in order to simulate the resulting strain field and
morphology. The equilateral triangular island is subdivided

into three equal triangle segments. ThB.3% strain and the
o 10 20 3 0 +1.4% strain is applied to it as shown in Fig. 1. The match-
DISTANCE x/D ing condition at the segments boundaries assumed continuity

FIG. 6. Calculated displacements in thalirection of single- of the thr(_ae compone_nts of th_e displacement. It should be
domain islands of three sizeg=20, 40, and 60 atoms. The dis- reemphasized that this condition adequa'?ely .represeny the
placement is scaled with the island heightis the diameter of an  ¢2S€ of @ small island, where the depression is delocalized,
atom or the height of the island. and the line defect has not been formed. The obtained dis-

placements along theaxis are shown in Fig.(B). A sym-
on the island size. The interaction with the substrate causasetric folding is immediately observed with symmetric
the tilting of the island, raising the island surface along itsthreefold depression at the center of the island. Qualitatively,
edge. It is seen that the degree of tilting decreases with thhis result agrees with the experimental observed morphol-
island size. This result fits the experimental observations thaigy. Fig. 7d) presents the deformation of an equilateral tri-
demonstratéarger tilt of the surface normals in themaller  angular island with nonequilateral domains under the same
islands(compare Fig. 3 to Fig. ) It is clear that in the case condition of the mismatch strain. The tilt angles of the sur-
of an infinitely extended epitaxial FeSayer, the constraint face normals in the smaller domain are larger. This is in
due to the silicon substrate periodicity imposes the maximunagreement with the experimental observations.
possible stresses in the lay@hese stresses are given by  The next factor to be taken into consideration is the sur-
substituting the minus misfit strains in Hook's law,, face stress, which was determined to be 2.37 aM/1cell
=13.2 GPa,oy,=—0.3 GPa). Under these constraints the(1.25 N/m) in 7X7 reconstructed Si{111).1% The surface
monolayer would remain parallel to the substrate. Howeverstress is also simulated as thermal stress set up in a layer in
in afinite-size island, stress relaxation occurs and causes ththe substrate surface surrounding the island. It is taken to
island to tilt. In each island the relaxation is confined to itsprevail in the surface layer with thickness equivalent to two
periphery where the lateral forces are imbalanced. With inatomic layers. The resulting deformation is depicted in Figs.
creasing size of the island, the fraction of the peripheral at7(c) and (e). The tensile surface stress slightly flattens the
oms decreases and the tilt angle of the normals to the triarisland but have negligible effect on the orientation of the
gular decreases. In the following calculations, the modekurface normals. The rotations of these normals are in the
represents a monolayer island with 20 atoms along the triarrange of the observed angles, and are nonsensitive to the
gular edge. Hence the calculated island is of the order of sizmagnitude of the surface stress.
of the islands in Figs. @)—(f) and smaller than the islands in An abundant observation in STM images is the heteroge-
Figs. 3g)—(i) and 4. neous nucleation of islands at the vicinity of surface steps. In

We first calculate the deformation of a triangular islandthese cases it is commonly observed that the islands lie
with one of the possible orientations with respect to the subpartly on the upper terrace and partly on the lower terrace.
strate[Fig. 1(c)]. It is seen that bowing of the island along We observed islands adjacent to steps that we presume con-
the y axis occurs, due to the contraction along the perpensisting of a bilayer on the lower terrace and a monolayer at
dicular x axis[Fig. 7(a)]. This result may explain the obser- the upper terrace, as shown in Figbil In all cases the
vation of the small islands, nonetheless it dnesagree with measured surface normals were inclined toward the upper
the experimentally observed threefold mode of deformationterrace of the step. The elastic interaction at the step is not
Hence we refine the model by breaking the internal symmetrivial and should be dominated by tliknear force exerted
try of the island, based on the following observations.at the step contour, normal to the step, which replaces the
Raunauet all® noticed thats-FeSj grows epitaxialy on dipole interaction of the bared stépThree FE models were
(7% 7) surface inthree equivalent orientations that are mu- prepared to simulate islands that cover steps to different de-
tually rotated by 120°. These relations are shown in Figl.1  grees. The resulting deformations are shown in Figa-8
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FIG. 7. (Colon (a) Finite element calculation for a triangulgr FeSj island on a substrate 0111 silicon. The shapes of the triangles
simulate the shape of the deformed islands, the color fringes are scaled according f@dneponent. A deep trench is apparent in yhe
direction corresponding to tHe. 12] direction in the images. The calculations were made for aspect ratio of 20, representing the number of
atoms along each edgé) The island is combined of three domains with thgiFeS} [101] axes parallel to the short height of each
domain. Three intersecting trenches are appatent.he three-domain island with 1.25 N/m surface stress on the substrate s(ufjaaegl
(e) two nonsymmetrical islands, without and with surface stress, respectively. The displacement is scaled with the island height.
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FIG. 8. (Color) Calculated deformation of island adjacent to surfateps[Fig. 1(b)]. (a)—(c). Three different locations of the islands
relative to the step. The tensile surface stress is assumed continuous in the substrate layer of two atom tHjekfle3he same locations
of the islands relative to the step, but tensile surface stress exists now only on the free surface of the substrate. The color fringes represent
the u, component. The displacement is scaled with the island height.
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FIG. 9. (Color) A mosaic of the calculated stresses in the vicinity of a three-domain island: in the right-hand triangle the gtisss
plotted, in the left-hand triangle the strasg, is plotted, and in the lower triangle the shear stieggsis shown. Three scales are applied for
each stress component, they are express¢Bah The stresses in the island are plotted in scales different from those on the substrate. The
scales in the island are indicated by numbers on the fringe boundaries standing for the stress there in GPa. The stress far from the island
converge to the surface stress oi1$1), which is equivalent to 2.2 GPa in the present model.

(c). In agreement with the experiments, the inclination of theshown in Fig. 9, where the elastic stresses are shown in a
domain normals toward the steps increased. Since the expetitangle surrounding a Fesisland. The figure is a mosaic of
ments provide exact values of the normal orientation, interthree contour maps: in the right hand triangle the strgss
25'“”9 Iflnlcaltelf_lsnc properties of ttt]Ne surface mta3{_ be 'eaf”:ﬁqs plotted, where is the Sj112] crystallographic direction,

S an flustration, we compare two representations of e, ynq |eft pang triangle the stress,, is plotted,y is the

surface stress on silicon. The first assumes that it is continu-_ — . . .
ous even below the island. Figure&@g-(c) are the results Si[110] crystallographic direction. In the lower triangle the

for this case. The second assumes that the surface stressSHEar Stressry, is shown. The stresses in the substrate are
Si(111) is interrupted below the island which implies that the largest in front of the island edges. The effective range of the
surface under the islands is converted into the unrecorstresses is of the order of one edge of an islang.is about
structed structure. The results for this case are shown in Figévice the magnitude of,, and both are tensiler,, has a
8(d)—(f). The surface normal inclinations are larger in thetwofold symmetry about the island centerline and is an order
first case. Nevertheless in both cases the calculated tilt angle$ magnitude smaller than the tensile stresses. At long dis-
were always smaller than the measured ones. This discregances from the island the stresses converge to bi-axial ten-
ancy might be explained by the presence of defects in theion due to the surface stress.
large islands, and the arbitrary choice of the intermediate The stresses transmitted on the surface are responsible for
phase and representation of the surface stress. the elastic interactions between islands.fAFeS} island
Once a model of the stress source is assessed, one cwill be attracted by compressive stresses, hence we find that
calculate the elastic fields it generates at long distances dhe FeSj islands interact repulsively with each other. The
the substrate surface. This extension of the approach w&tresses should of course be considered effective stresses in
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these atomic scales. This research may point to the possibilapping mode, the phase contrast of the AFM can be related
ity to use the measured deformation as an input boundario the elastic properties in some caéeagditional possibili-

condition to the calculation of the elastic fields. ties are to measure shifts in the cantilever resonance frequen-
cies as a result of the contact stiffné§sA “hybrid”
DISCUSSION nanoindentér claims an accuracy of 20% in moduli mea-

] surements.(iv) Ultrasonic force microscopy is done by

The out-of-plane displacements measured by STM anghogulating the position of the tip at high frequencidét is
accompanied by elastic calculations revealed the local defokygssible to use the nonlinearity of the force/distance curve,
mations at the surfaces and the bulk. Itis seen that the sma}j order to observe a dc shift of the force. It was shown that
triangular silcide islands are bowed on the silicon substratgch a measurement could provide local measurements of
to relieve mismatch stress. When the island grows, longne mechanical properties and the elastic strain. However, it
wavelength stresses are localized into line defects that sepgs gifficult to isolate the strain effect from other mechanical
rate domains of broken symmetry with reduced stress. Thgng morphological factors, hence the local strain could not
calculations of the deformation in the substrate/small-islang)g quantify at this stage.
system agrees, at least qualitatively with the measured dis-. These techniques successfully measured the mechanical
placements, hence enables us to use the measurementspigperties near the surface. However, as far as the lateral
order to evaluate the elastic fields distribution in the systemgrce distribution and the in-depth profiling of the strain field
The significance of such measurements may become evidegte concerned, they have not been attempted to provide an-
from the following discussion of alternative approaches. _ swers. The present approach complements these techniques

Attempts have been done to measure the mechanicg providing the local surface mechanical properties at a
properties hear the surface. This includesli)  nanometric scale, both in the lateral and vertical directions.
nanoindentatiol*' is a widely used method to determine Based on this approach, an iterative algorithm may be devel-
the elastic properties of the surface of very thin films. In thisgpeq in attempt to fit the mechanical properties on the nano-
technique, a diamond indenter is pressed into the samplgnetric scale of the surface. Then, the technique may be ex-

The force that pushes the indenter into the sample is inended to provide full account of the elastic field distribution
creased continuouslyoading modg After a certain penetra- o the surface, as done in Fig. 9.

tion depth, the force is reduced and the elastic response of | spjte of the success in this first demonstration of the

the sample pushes the indenter outside the suffaw®ad-  method, it should be recalled that some of the details could
ing mods. The slope of the force displacement curves duringyot pe explained in our work: the experimentally observed
unloading is related to the Young modulus. The advantage oftation angles of the free islands and the island at the vicin-
the nanoindentation technique is that it is possible to measulig; of steps are larger than the calculated one. The discrep-
the elastic constants with high precisitogether with pa-  ancy calls for refinements. Effort should be dedicated to-
rameters that characterize the plastic and fracture behavior Qf5rds the understanding the structure of the line defects in
this sample. The disadvantage is that the resolution is quitehe |arge island, and accordingly to redefine the boundary
limited and that the method is mvaswezzlind the sample igonditions for the elastic problem. Next nonlinear elasticity
modified. (i) The bending beam methtd?! provides high may be applied.

accuracy but without spatial resolution. The idea is to cover e discussed the elastic induced deformations, assuming
a flexible cantilever by a thin film. If the film has some that no plastic deformation of the surface took place. Of
surface stress, it will bend the cantilever. The radius of cur¢oyrse, if the level of strain exceeds the elastic limit, the
vature of the bending is related to the film stress. The bendsface will be plastically deformed. It has been demon-

ing of the cantilever is measured by optical means or bytrated that such deformations can also be discerned
capacitance. The Young modulus, the Poisson ratio, and thgjth sTM.2°

coefficient of thermal expansion of the thin film were mea- | conclusion, it is shown that elastic stress field of the

sured simultaneously when deposited both on isotropic angjand (or other nanometric featuresn the surface can be

anisotropic substrafé. The stress induced by adsorbates, re-getermined by combining the out-of-plane STM measure-
constructions, etc., was measured with high precision withnents of local displacements with the available computation.
this techniqué, demonstrating the rich information that gyrther extension of this approach may yield additional in-

might be obtained by the methodiii) Atomic force  formation about the mechanical properties at the surface in
microscopy® is expected to measure local mechanical propthe nm scale.

erties with high accuracy and high lateral resolution. In prac-

tice, it is difficult to isolate the parameters related to elastic-

ity, frqm those related to aghesmn, friction, dissipation, a_nd ACKNOWLEDGMENTS
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