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Nanoscale strain distribution at the AgRu(000)) interface
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We present an x-ray scattering study of the structure and strain distribution of the orthorhomb20)20
reconstruction of a one monolayer Ag film grown on(B201) at T=690 K. The application of very-fast
simulated annealing algorithms to the measured x-ray intensities leads to a model in which the Ag film forms
a two-dimensionally modulated hexagonal network of dislocations separating smaller patches of ideal hcp and
faulted fcc adlayer stacking. Calculations of the in-plane strain distribution based on the model reveal a simple
stripelike structure with a 4.5-nm periodicity, reminiscent of what is observed on QROB1).
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INTRODUCTION 50% reduction of the average strain relative to a pseudomor-
phic bilayer.

There has been increasing interest in recent years in char- In this paper we describe the results of x-ray scattering
acterizing strain distributions at surfaces and interfaces, pastudies of the monolayer reconstruction of Ag on(Ga01)
ticularly within the context of metallic thin film growth. The atT=690 K. In contrast to Cu, the bulk near neighbor spac-
strain distribution has been identified as one of the key quaning in Ag is 6.3% larger than that of Ru which leads to an
tities that determines the interfacial structure, and therebyverage compressive strain at the interface. Earlier scanning
controls the resulting thin film electronic properties. For thetunneling microscopySTM) studies have shown that sub-
bimetallic catalysts composed of Ag or Cu on(B001), for ~ monolayer Ag forms a two-dimensional dislocation structure
example, it is believed that the catalytic activity may beon RU000) at room temperature with~a4x6 nn? unit
tuned by varying the interfacial stratn® which originates in cell®° At higher Ag coverages, a variety of locally ordered
the thin film-substrate lattice mismatch at the interface. A full(and disorderedstructures is observed, including stripelike
understanding of these processes has remained elusive, hoand herringbone-like structures with long dimensions vary-
ever, in part from the lack of a detailed characterization ofing between 6 and 14 nm. After annealing to 800 K and
the interfacial atomic structure. This problem is particularlyrecooling to room temperature, a single Ag monolayer is
challenging in the cases of Ag and Cu films grown on Rureported to form a corrugated, herringbone-like structure
surfaces since they are known to form complex, one and twavith a~5x 20 nn? unit cell.
dimensionally modulated structures, which are ordered on Here, we report a crystallographic study of the monolayer
nanometer length scales. On the one hand, scanning probAg/Ru(0001) interface in which the film deposition and char-
provide beautiful images, which capture qualitative featuresicterization were carried out at a fixed, high temperature of
of the local structure. On the other hand, diffraction tech-690 K. The intensities were fitted to a set of multidimen-
niques lead to models requiring the determination of manysional modulation functions using simulated annealing tech-
unknown parameters, but this allows the average structure taiques. The resulting model of the complex orthorhombic
be obtained over long length scales. (20x20) reconstruction consists of a distorted, hexagonal

Progress on these problems has recently been made dlislocation network separating regions of fcc and hcp stack-
x-ray diffraction studies of Cu on R000J) through the use ings of the Ag film relative to the underlying RR00D) sub-
of simulated annealing techniques to analyze the measuredrate. The average unit cell dimensions are 5.412
intensities’ In the case of Cu on RQ00Y), the average bulk X 9.374 nn3, which are approximately commensurate with
lattice misfit at the interface is 5.8% leading to a net tensilethe substrate. In addition, it is found that the Ru substrate is
strain within the Cu film after it is deposited. The resulting laterally undistorted, exhibiting only small relaxations of the
bilayer reconstruction has been described by stripes of disldnterlayer spacing near the interface, and no buckling. On the
cations in both Cu layers separating regions of faulted fcdasis of these results, we have calculated the average in-
and hcp stackingmeasured with respect to the Ru subsirate plane strain distribution across the Ag unit cell at 690 K.
The x-ray scattering studies showed that the stripe periodidRemarkably, it resembles a simple stripe structure with a
ity remains commensurate with the substrate, but varies witd—5-nm stripe separation, similar to what was observed for
temperature, taking values between 4 and 5 nm. Such a d&u on R{0001). Upon cooling from 690 K to room tempera-
tailed description of the interfacial structure permitted calcu-ture, our films transform to a more disordered, possibly mul-
lations of the corresponding inplane strain distribution. Thetiphase structure whose dimensions resemble the submono-
strain was likewise found to be inhomogeneous, and ordereldyer structure reported earlier on the basis of STM
in a stripe lattice of nanometer length scale. This leads to atudies® Sorting out how the various observed structures
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depend on deposition and annealing history, and exploringhg, corresponding to the reduction of translational order

the different sensitivities of the two probes to the extent ofwithin domains.

ordering over a range of length scales, remain fascinating A total of 665 integrated in-plane intensities were mea-

problems for future work. In the following, we describe the sured in thez-axis geometry at 690 K by rotating the sample

experimental procedures used in this work, and then preseatround its surface normal and subtracting the diffuse back-

our results and discussion. ground signat* This set of reflections included symmetry

equivalents, which was then reduced to 317 nonequivalent

reflections. The error of the diffracted intensities was esti-

mated from the measured reproducibility of symmetry
The x-ray scattering experiments reported here were caequivalent reflections and produced an interRavalue of

ried out in an ultrahigh vacuum chamber on beamline X22C17% based onF|? for all reflections. The data were cor-

at the National Synchrotron Light Source. Most details of therected for the polarization, Lorentz factor, active sample

experimental setup can be found in Refs. 7 and 10. The Rarea, and resolution function of the instrument. For the re-

crystal had a 10-mm diameter and was polished to withirconstructed surface, we obtained a set of 98 superstructure

0.1° of the crystallographi€0001) plane. The bulk mosaic reflections, including 68 in-plane and 30 rod reflections. In

was 0.07° at th€l, 0, —1, 1) reflection. The sample was addition, 219 data points from bulk crystal truncation rods

heated from the back by electron bombardment technique§; TRs (Ref. 15 were measured along the (0,Q,p, (1,0,

and its temperature monitored by a tyPethermocouple. —1L), (2,0,-2L), (2,1—3,L) and (1,1-2,L) CTRs. Rod

After sputtering at 300 K with 1-kV Ar ions followed by data were taken up to a maximum normal momentum trans-

repeated oxygen annealing cyclés!the surface was found fer of Q,=3.67 A™1, which is equivalent to 2.4 reciprocal

to be clean, as determined from Auger electron spectroscopiattice units. These results are described in the conventional

With the Ru sample at 690 K, Ag was deposited onto thecrystallographic notation of the Ru substrate, where at room

surface using a resistively heated Knudsen cell. The deposiemperature the in-plane lattice constant2.706 A and,

tion rate was calibrated from oscillations of the x-ray reflec-normal to the surfaces=4.282 A.

tivity observed at thg0001) position, and set at about 0.1

ML per minute!? In all subsequent experiments, the sub-

strate temperature remained fixed at 690 K. This temperature RESULTS AND DISCUSSION

was chosen on the basis of separate studies which showed

that the average domain size of the Ag reconstruction

reached a maximum of-800 A at this temperaturé. We A section of the surface diffraction pattern obtained from

found, moreover, that the widths of all of the in-plane Ag a close-packed single layer of Ag on ®001) grown at

superstructure reflections broadened substantially upon coo90 K is shown in Fig. 1. We observe a hexagonal arrange-

EXPERIMENT

Diffraction pattern
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ment of superstructure reflections with detectable intensitieprocedures. The monolayer films in the STM study were
close to the Ru bulk Bragg reflections, consistent with argrown at room temperature, flash annealed to 800 K, and
orthorhombic (2(x 20) reconstruction. Each symbol in Fig. then cooled to 300 K. In contrast, our films were grown and
1 indicates a rod oriented parallel to the surface normal distudied at elevated substrate temperat(68 K), which we
rection along which the scattered x-ray intensity is distrib-believe favors equilibrium film growth, consistent with our
uted. The large, open circles represent CTRs, which arisgbservation of the largest ordered domains at higher tem-
from the truncation of the hexagonal Ru substrate. CTR’s ar@eratures. However, even when grown at elevated tempera-
indexed using the substrate lattice periodicity and pasgyres, the Ag monolayer does not exhibit true long-range
through bulk Ru Bragg reflections. The filled circles in Fig. 1 order, which would correspond to resolution-limited peak
ori_gi_nate_from the surface reconstruction, WhiCh has_ a pe”widths, nor are we able to prove that the present growth
odicity different from the substrate. The relative sizes ofcqngitions correspond to equilibrium. These kinds of issues
these symbols correspond to the logarithms of the obserquave also been encountered with the CUROY) system in

(lnt%?éartr?gsltnitr?tg:gzss.uperstructure reflections observed ne%\fhiCh differences among the structures reported by STM and
L . . 0 . . _
to the (1,0,~1,0) Ru CTRs represent the primary Ag peaks. ray diffraction’® also appear to depend on annealing his

Typical counting rates were 20 000/sec at a 200-mA electrorllory'

beam current in the storage ring. The absolute value of their It is important to note in the present case that upon (?OOI'
wavevectors at 690 K ig| =2.2647(2) A 1, which is to be ing from 690 K to room temperature, the x-ray diffraction
compared with that of the Ru ’ CTR of|q| peaks observed from the Ag monolayer broaden, and at

=2.3220(2) A L. Defining a superstructure cell with edges 570 K the film transforms to a new, more disordered struc-

along the[100] and[120] directions, respectively, suggests g ture. This is |.Ilustrated in Fig. (@), whlc_h shoy\{s mesh plots
two-dimensional reconstruction corresponding to<19 Ag of the logarithm of the measured intensities ground the
atoms lying on top of 2820 Ru atoms. The smaller satellite RU(1,0,-1,0.15 CTR at 420 and 590 Kleft and right, re-
reflections near the primary peaks originate from a two-SPectively. In order to display the hexagonal pattern of the
dimensional modulation of the Ag layer, and have intensitie*d Superstructure reflections in an orthogonal coordinate
up to 1000 times weaker than the primary peaks. GenerallpyStem their coordinates have been transformedHas
such a modulation results in the loss of site symmetry in=Hnex @Nd Krec=Hpext 2* Kpex. At 420 K, there is an in-
three-dimensional space, and leads in this case to an orthetease of the unit vecta’ by a factor of 1.5 along all of the
rhombic superstructure cell of average dimensions 5.41glose-packed directions. This corresponds to unit cell dimen-
% 9.37 (nmf. The width of the primary satellites at 690 K Sions of ~5x 6 nnf which is close to those reported by
was measured along th@10) direction and found to be STM for submonolayer Ag coverages at room temperature.
~0.001 rlu, which corresponds to an in-plane correlationThere is, in addition, a considerable broadening of all peaks,
length of about 800 A. and a band of diffuse scattering which connects the primary
The separations between the primary and higher ordefd harmonics of the high-temperature structure. A typical
peaks give the incommensurabilitiésand 5’ of the system, ~Primary peak width in the lower temperature phase measured
and define a two-dimensional reciprocal space unit celplong the[0,1,0] direction is 0.0126 A, which is 50%
(shown by the rectangle in Fig).1The average periodicity broader than the peak width at 590[8ee Fig. 2)]. These
alonga s increased by a factor of divith 5~1/20. The real ~ correspond to correlation lengths of 500 and 800 A respec-
space superstructure lattice vedias enlarged by a factor of tively (calculated as 2/full width at half maximum. Unfor-
1/6' (with &' ~38) and rotated by-30° with respect to the tunately, it is very difficult to make quantitative statements
corresponding hexagonal lattice vector of the@01) sub- about such a dlsord_ered_ structure, and we.have not purs_ued
strate. It is interesting that during deposition the value of théh€ analysis further in this paper. However, it seems possible
primary Ag wave vector shifts abruptly at monolayer that some or all of the local structures observed in the ST™M
completion toward the commensurate valire 1/20. This is s_tud|es may b_e re_pr_esented in t_he lower temperature diffrac-
reminiscent of the lock-in behavior observed upon complelion pattern with limited correlation lengths.
tion of a Cu bilayer on R{®001).° However, in the present
case the values afand §’ continue to increase slightly with
increasing coverage above 1 Mby ~0.001 A5 ML),
and we defer a discussion of the possible commensurability In order to obtain a model for the reconstructed Ag sur-
to a later papel? face at 690 K calculations were carried out using all 98 in-
The x-ray diffraction pattern obtained at 690 K differs dependent superstructure reflections and 219 CTR reflections
from the idealized patterns that might be expected on thaimultaneously. Since the CTR data represent a coherent su-
basis of the structures reported in the STM stuiit§or  perposition of bulk and superstructure scattering, they intro-
example, the pattern expected for an ordered herringboneluce a phase contrast, which can strongly influence the scat-
like structure is comprised of two independent length scalegered intensities between Bragg reflections. This further
the first arising from the underlying stripe periodicity, and constrains models of the structure and orientation of the ad-
the second corresponding to the elbow or kink periodi€ity. layer with respect to the substrate unit cell. In contrast, the
These are not observed at high temperature. We suspect thatperstructure data originate only from the Ag monolayer
the origin of these differences lies in the sample preparationeconstruction. However, fitting the superstructure and CTR

Data and parameters
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FIG. 2. (a) Contour plots of
the observed x-ray intensities
around the Ru(1,0-1,0.15 re-
flection at 420 K(left) and 590 K
(right). (b) Scans of the primary
Ag satellite along th¢010] direc-
tion at 590 K(circles and 420 K

| l I I I I I I T I T I T I l I (squares
0.0 0.92 0.94 0.96 0.98 1.00 1.02 1.04 090 0.92 0.94 0.96 0.98 1.00 1.02 1.04
@) HI'CC Hrec
Ag superstructure reflections at
D T=590K
8000 | o T-a20K
—_— — Fit to Gaussian
8
g 6000
=
=,
2 4000
a
8
=
= 2000+
T 3 T T T T
-20x10 -10 0 10 20
{b) K [rec. latt. units]

data together permits finer distinctions to be made amontpyer distances, two scaling factaier in-plane and out-of-
different models and enhances the overall reliability of theplane dati and a roughness paramegt® This corresponds
analysis. to 26 parameters in all. The parameters were determined us-
Due to the presence of stefend the phase symmetry of ing an adapted fast-simulated, reannealing algorifHfithat

the RU000) substratg the surface exhibits a maximum of was implemented in a program which is able to describe a
six rotational domains, which requires an incoherent intenwide variety of modulated surface configurations. To avoid
sity averaging of overlapping CTR and superstructure rodhe dominance of strong CTR reflections during the refine-
intensities. The model parameters include 20 coefficients tanent, we minimized a weighted residual with respect to the
describe the modulation of the Ag layer, thréepmosj  logarithm of the measured intensiyOur best fit resulted in
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Structure and lateral strain distribution of Ag/Ru(0001) The average Ag reconstruction is dominated by a large,
hexagonally distorted, two-dimensional dislocation network
reminiscent of the misfit dislocation structure observed by
Hwanget al® in an earlier STM study at submonolayer cov-
erage. Our analysis shows further that the dislocation regions
are separated by small regions of fcc and hcp stacking of the
top layer with the Ru substrate, which is also hexagonal. The
small hcp and fcc regions in the Ag film are indicated by
polygons in the superstructure cell with solid and dashed
lines, respectively. Within these polygons, the Ag atoms ex-
perience an optimized Ag/Ru coordination, together with a
significant compressive strain relative to Ag bulk. The di-
: mensions of these highly strained regions within the unit cell
superstrueture eell size: are relatively small in comparison to the dislocation arrays,
which accounts for the net strain relaxation at the surface. It
also appears plausible that the network of hcp and fcc
patches with maximum coordination at the interface play a
role in driving the wave vector of the reconstruction toward
the commensurate value of 1/20 under the given conditions.
From this perspective, the reconstruction may be viewed as
an hexagonal array of dislocation domains, separated by
patches of hcp and fcc stacking. In this sense, it is a disor-
dered two-dimensional analog of the uniaxial stripe-phase
reconstruction, which occurs for bilayer films of Cu on
Ru(0002).

The details of the lateral Ag reconstruction are described

FIG. 3. (a) Top view of the orthorhombic (2020) reconstruc- by a set of two dimensional modulation functions. A set of
tion of Ag/Ru0001). The Ru substrate is not shown. The shadingperiodic functions, which proved to be suitable for the
indicates the extent of corrugatiofin) Lateral strain distribution as  present problem, is
a function of atom position. The shading indicates the percent de-
viation from bulk Ag-Ag spacing.
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fx(X,y)=ay1SIN(27X+ Py 1) + a3 2SIN37X+ Py o)

+ay 3Sim4mx+ +a;{1-coq2wy+
Ry(log;d11)=5.5% for a model withP1 symmetry. It roSitAmtpigl+aid 42y +Pid]

should be noted in this respect that other adlayer symmetries
(including P6, P3, andP2) were also considered, but these
always gave weighted residuals greater than 20%. It is worth
adding that the use of modulation functions in the fitting fy(X,y) =a, 1SIN(27X+ P, 1) + a5 ,SIN(37- X+ Py o)
instead of the displacements of independent atoms within the

unit cell implies that the number of free parameters in the +a,3SIN47-X+Ppgt+a, 1—cog2my+p,sa]
model depends not on its symmetry, but rather on the number ' ' ’ ’
of Fourier components employed.

+a;d1—cod4my+p;is], (1a)

+a,dl1—cog4ny+p,s], (1b)

These functions are combined Fourier series in which the
arguments depend on the position compongraedy of the
Figure 3 shows an on-top view of the model, which wasAg atoms within the superstructure cell. The partial series
. . . N that is dependent oxor y can be truncated after the second
derived from our x-ray diffraction da_ta. '!'he C”C'e$ representy third term depending on the quality of the fit. Equation
the Ag atoms. The degree of shading is proportional 10 the, ) renresents a periodically modulated transverse displace-
corrugation on the Ru substrate, which depends mainly ofent of Ag atoms along tHe.00] direction, which is coupled
the adsorption site. Possible adsorption sites range from hojy 53 modulated longitudinal displacement of Ag chains along
low to bridge to on-top sites, in addition to the dislocation [120]. Equation(1b) is analogous to Eqla) except that the
sites between these. Our analysis suggests that the substrgtgplacements are rotated by 90° with respect to those in Eq.
does not laterally reconstruct and it is, therefore, not dis{1a). This form permits a wide variety of modulated configu-
played in Fig. 3. However, vertical relaxations of the toprations to be examined. The final model is derived by adding
three interlayer spacingsncluding the Ag layer were nec- the value of the specific modulation functidg(x,y) and
essary to obtain a good fit of the out-of-plane data, as will bef,(x,y) to thex ory component of each atom of the unmodu-
shown later. lated arrangement. The argumertdr y in f(x,y) defines the

Model and method
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atom position along the inplane superlattice veaoor b, Results

respectively. N, The matricesA andP in Egs. (1a) and (1b) were deter-
The matrices A=(01t 912 "13 “14 12) and P mined as

2y 8y a8z Ay @y
— (P11 P12 P13z Pisa Pa . .
= contain the amplitudes and phases
(p21 P22 P23 P2y pz? p p

of the Fourier components, respectively. They represent thg(x,y),i=1 0.0080 0.0025 0.0000 0.00260.0038
parameters which ultimately determine the 1444andy  f,(x,y),i=2 0.0045 —0.0019 —0.0031 0.0019-0.0030

a1 a2 dis aig ais

components of the laterally modulated structure of the Ag Pi1 Pi2 Pis Pia Pis
film. f,(x,y) and fy(x,y) are then incorporated into the f (x,y),i=1 16.9 -81.6 1.67 20.8 139.3
phase factor of the superstructure amplitude, which modelsy(xy),i -2 —-10.9 0.97 1.00 ~10.7 751

the diffracted intensity as follows:
The roughness parametg@iwas found to be 0.23), a value
that is reasonable for metal surfaces as defined by

[ surf hKI) Robinson:> From this we may calculate a root mean squared
) deviation of the height-height correlation functioogys
=S (hkl)2mHhDat 0 Y 1My fy 0 Yol 12| =dgr,V/B/(1—B). Its value is 1.3 A2 which is close to the
n single step heightlz,=c/2 of the Ru substrate. Our treat-

@) ment did not include a domain size distribution, which is
equivalent to assuming that the steps are uncorrelated.

The best fit to all of the measured data is shown in Figs.

The indicesh, k and| are the components of the reciprocal 4(@—4(c). Figure 4a) compares the calculated intensities of
lattice vector of a specific reflectiorf,(hkl) is the form the (hkO0) satellite reflgctlons _to the measured ||jtgn3|t|es ona
factor, which describes the scattering of tha atom with log-log scale. These intensities are most sensitive to the in-
respect to a particular wavevector, (Y, ,z,) are the coor- plane surface structure anq play a central role in its determi-
dinates of thenth atom relative to the unmodulated layer. nation. If the model were n perfect agreement with .the ex-

The parameteS is a scale factor, which contains model in'dazrlnr?ae;tt’) ea I;g(;r:htehgaégrggﬂfn\{v;uggz:: eonr'z the solid line.
Sheepeggﬁg;gﬁnz‘sg:;(i;h;izﬁrfgse;r?uggg;zi;}’a;g&?ele InInterlayer relaxations among the Ag layer and the subse-

, o quent two Ru layer spacings were also considered in our
wh|ch_mult|pl_|essthe square of the structure factor2 for theaiculations. However, relaxations between deeper layers did
CTR intensities: Rz has the general form (18)/(1

! not improve the fitting and they were assumed to adopt the
+ 82— 23 cos 2r]) wherep(0<B<1) reflects the fractional pylk Ru interlayer spacing. Our fits of the out-of-plane data
occupancy of atoms in the surface layer as a result of stepgcluding the reflectivity, off-specular, and superstructure
Complete expressions for the surface and CTR intensitiegata are displayed in Figs.( and 4c). The solid lines
have been published elsewhere and will not be repeate@present the model, and the diamonds the experimental data.
here’12 We found that a simple hard sphere model of the Ag corru-
Due both to the complexity of the nonlinear function to be gation measured with respect to the Ru substrate gave the
fitted, and to significant correlations among the model pabest fit of the out-of-plane structufsee Fig. %, in contrast
rameters, least squares fitting methods are not well suited t@ the significant buckling proposed for the interface at room
this problem. Therefore, we used very fast-simulated, reantemperature on the basis of STM studieghe average spac-
nealing algorithm¥*82%to determine the matrices andP, ing determined between the corrugated Ag layer and the Ru
the surface roughnessand the interlayer distances. Simu- Substrate d,,) indicates a constant 3.68% contraction
lated annealing is in principle capable of finding the bestwith respect to the/2 lattice constant of Ru. The contraction
global fit to a nonlinear function in a multidimensional pa- Petween the top Ru layer and the subsequent Ru layer,
rameter space. Its primary advantage is its ability to moveV@s 0.504)%. dg4 is only slightly compressed by 0.%.
away from the local optima of the cost function, which needs
to be minimized. Thus, in comparison to least square refine- Strain accommodation
ment techniques, its ability to find the global optimum is not - the tormation of nanometer length scale dislocation ar-
confined to the initial conditions, which are given by the start.ay s enaples lateral strain accommodation through the adjust-
model. It is, nevertheless, a prerequisite that the theoreticghent of near neighbor distances among Ag atoms. This re-
model must be able to describe the actual atomic arrangpces the average density of the Ag layer with respect to the
ment accurately, and the diffraction data must be sensitive tQnderlying Ru substrate and provides a more bulk-Ag-like
a particular model. Here the in-plane data set turned out to bgittice spacing. This phenomenon has also been observed at
very sensitive to the lateral arrangement of the Ag atoms otthe Cu/R0001) interfacé®?2?3and on clean A(1L11) (Ref.
the RY(000Y surface. The computing time required to exam-16) and P¢111) (Ref. 24 surfaces. At the Cu/RQ001)
ine 30000 models with six domains of 2326 atoms per uniinterfacé®???3a tensile strain originating in the 5.8% film/
cell (and for 317 reflectionswas 36 h using a Pentium Il substrate lattice mismatch leads to the formation of uniaxial
500-MHZ processoft dislocation arrays separating regions of hcp and fcc stacking
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Inplane superstructure reflections

©

Crystal truncation rods
(2,1,-3,L)
FIG. 4. (8 In-plane HKO)
superstructure intensities plotted
as a function of their calculated

values on a log-log scaléb) Plot

of the intensity of two superstruc-

ture rods as function of momen-
tum transfer perpendicular to the
surface. The diamond symbols are
the experimental values; the solid
line represents the best fit based
on the model shown in Fig.(d).

(c) Intensity distribution along dif-

(2,0-2,L)

10 10 18
Calculated Intensity [arb. units]

®

Superstructure rods

(0.975,-0.025,-0.950,L)

y ferent crystal truncation rods plot-
l[)ar ted vs momentum transfer.
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(stripes. Typical stripe-phase separations vary betweeh  stacking in any direction of the Ag film, although nearly
and 5 nm depending on temperattffén that case, the exis- commensurate wave vectors still describe the Ag unit cell
tence of a uniaxial reconstruction suggests that the straidimensions at high temperatures. Instead of one-dimensional
relief occurs preferentially in one of the close-packed direc{1D) stripes of hcp and fcc phases, we observe a 2D
tions within a domain. Perpendicular to that direction, thehexagonal-like arrangement of dislocation domains separated
adlayer remains pseudomorphic with the substrate and expey smaller patches of hcp and fcc stacking. As a rough com-
riences significant tensile strafh.This behavior appears parison, the average ratio of the areas supporting dislocations
consistent with a balance of the strain, on the one hand, an@ those exhibiting hcp or fcc stacking is greater by a factor
the strong chemical affinity between adlayer and substrate oof 4 for Ag/Ru0001) than for Cu/R@0001).
the other hand. A detailed characterization of the average surface struc-
Interestingly, the adlayer coupling seems to be less importure allows the calculation of the lateral residual strain in the
tant in the Ag/Ru system, a point that is supported by the facfg layer in terms of the deviations from the bulk Ag-Ag
that a simple hard sphere model describes the Ag corrugdond lengths. The strain is defined here as the average de-
tion. In addition, we found no evidence for pseudomorphicviation of the Ag-Ag bond lengths from the six nearest
neighbors around each Ag atom. Figur@)3shows the lat-
eral strain distribution of the reconstructed Ag film as a func-
tion of atom position for the model shown in Fig(@R It

A<diz>=-3.60(6)% turns out that the average strain/atom is reduced to about 3%,
compared with the theoretical lattice misfit of 6.3%. The re-
Ru t A DO maining strain distribution, however, is highly inhomoge-
; BT neous. It peaks in an orthogonal network of ridges with
Ru 3 maximum bond length deviations of up to 7%. The regions

A=l 80 of elevated compressive strain shown in Figb)3occur in

Ru and around the hcp and fcc patches in the film. Strain accom-
Adgs=0.00(5)% modation occurs mainly in the regions of large misfit dislo-

Ru Y [001] cation. The Ag-Ag bond lengths in these regions show only
1-3 % deviations from their bulk values. Thus, although the
[100]<—T atomic structure is complex, the underlying strain distribu-

tion has an approximately stripelike structure with a stripe
FIG. 5. Simple hard sphere model showing a side view of theseparation of aboutznm, which is qualitatively similar to
observed Ag/R(D007) reconstruction. The average interlayer relax- What has be;ezg observed for the bilayer reconstruction of
ations are indicated on the right hand side with referenc8gg2 Cu/RUY0001."“* This result simply reflects the fact that the
(2.1407 A. hcp and fcc patches in the Ag/Ru reconstruction tend to align
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within the unit cell. In contrast, for Cu/R0001) [as well as  structure was solved using very fast-simulated reannealing
for Au and Pt(111)] the hcp and fcc domains themselves techniques. We found that the orthorhombic ¥22D) recon-
comprise the stripes. The similarities among the nanometestruction consists of a single Ag layer with an extended two-
strain lattices in all these cases points to the importance adimensional dislocation pattern, separating smaller patches
long wavelength elastic interactions of the film with the sub-of fcc and hcp stacking from regions supporting dislocations.
strate, but a detailed understanding is still lacking. The details of the in-plane structure are described by a set of
An interesting final point concerns unpublished calcula-two-dimensional modulation functions that can be used to
tions of Thayer and Barteff, who find that our proposed calculate the strain distribution on an atomic level. Through
model is not an energy minimum of the Frenkel-Kontorovathe reconstruction, the theoretical lattice misfit-06.3% is
model. In their simulations, they find that our structure in-reduced to an average value ©8%. The calculated strain
stead relaxes to a “bright star” structure. When we calculatedistribution is highly inhomogeneous and peaks in an or-
the corresponding diffraction intensities, however, we findthogonal network of ridges of strain with a 4—5-nm separa-
that they are in clear quantitative disagreement with the meaion. The result is strikingly similar to what is observed in the
sured data. This discrepancy remains unresolved. reconstruction of a bilayer of Cu on RA001). The analysis
We conclude by noting that the structural properties ofof the out-of-plane data suggests that the corrugation of the
Ag/Ru(000)) appear highly history dependent. We stress inAg layer follows a hard sphere model. The average interlayer
this regard that the structures whose crystalline perfectiospacing measured with respect to the underlying Ru substrate
most approaches true long range order are those gfamsh  is compressed by 3.6%. We found no indication that the Ru
characterizedat elevated temperatures, which we interpretlayers reconstruct laterally, however, the first two Ru inter-
as closest to equilibrium. The eventual use of systems sudayer distances are slightly compressed.
as Ag or Cu on R(000)) in real applications, whether as
bimetallic catalysts or as templates for nanoassemblies, will
ultimately depend on our ability to fabricate reproducible, ACKNOWLEDGMENTS
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