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Nanoscale strain distribution at the AgÕRu„0001… interface

H. Zajonz* and Doon Gibbs
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000

A. P. Baddorf and D. M. Zehner
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6030

~Received 14 November 2002; published 30 April 2003!

We present an x-ray scattering study of the structure and strain distribution of the orthorhombic (20320)
reconstruction of a one monolayer Ag film grown on Ru~0001! at T5690 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 Cu/Ru~0001!.
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INTRODUCTION

There has been increasing interest in recent years in c
acterizing strain distributions at surfaces and interfaces,
ticularly within the context of metallic thin film growth. The
strain distribution has been identified as one of the key qu
tities that determines the interfacial structure, and ther
controls the resulting thin film electronic properties. For t
bimetallic catalysts composed of Ag or Cu on Ru~0001!, for
example, it is believed that the catalytic activity may
tuned by varying the interfacial strain,1–6 which originates in
the thin film-substrate lattice mismatch at the interface. A f
understanding of these processes has remained elusive,
ever, in part from the lack of a detailed characterization
the interfacial atomic structure. This problem is particula
challenging in the cases of Ag and Cu films grown on
surfaces since they are known to form complex, one and
dimensionally modulated structures, which are ordered
nanometer length scales. On the one hand, scanning pr
provide beautiful images, which capture qualitative featu
of the local structure. On the other hand, diffraction tec
niques lead to models requiring the determination of ma
unknown parameters, but this allows the average structur
be obtained over long length scales.

Progress on these problems has recently been mad
x-ray diffraction studies of Cu on Ru~0001! through the use
of simulated annealing techniques to analyze the meas
intensities.7 In the case of Cu on Ru~0001!, the average bulk
lattice misfit at the interface is 5.8% leading to a net tens
strain within the Cu film after it is deposited. The resultin
bilayer reconstruction has been described by stripes of d
cations in both Cu layers separating regions of faulted
and hcp stacking~measured with respect to the Ru substra!.
The x-ray scattering studies showed that the stripe perio
ity remains commensurate with the substrate, but varies w
temperature, taking values between 4 and 5 nm. Such a
tailed description of the interfacial structure permitted cal
lations of the corresponding inplane strain distribution. T
strain was likewise found to be inhomogeneous, and orde
in a stripe lattice of nanometer length scale. This leads
0163-1829/2003/67~15!/155417~8!/$20.00 67 1554
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50% reduction of the average strain relative to a pseudom
phic bilayer.

In this paper we describe the results of x-ray scatter
studies of the monolayer reconstruction of Ag on Ru~0001!
at T5690 K. In contrast to Cu, the bulk near neighbor spa
ing in Ag is 6.3% larger than that of Ru which leads to
average compressive strain at the interface. Earlier scan
tunneling microscopy~STM! studies have shown that sub
monolayer Ag forms a two-dimensional dislocation structu
on Ru~0001! at room temperature with a;436 nm2 unit
cell.8,9 At higher Ag coverages, a variety of locally ordere
~and disordered! structures is observed, including stripelik
and herringbone-like structures with long dimensions va
ing between 6 and 14 nm. After annealing to 800 K a
recooling to room temperature, a single Ag monolayer
reported to form a corrugated, herringbone-like struct
with a;5320 nm2 unit cell.

Here, we report a crystallographic study of the monola
Ag/Ru~0001! interface in which the film deposition and cha
acterization were carried out at a fixed, high temperature
690 K. The intensities were fitted to a set of multidime
sional modulation functions using simulated annealing te
niques. The resulting model of the complex orthorhom
(20320) reconstruction consists of a distorted, hexago
dislocation network separating regions of fcc and hcp sta
ings of the Ag film relative to the underlying Ru~0001! sub-
strate. The average unit cell dimensions are 5.4
39.374 nm2, which are approximately commensurate wi
the substrate. In addition, it is found that the Ru substrat
laterally undistorted, exhibiting only small relaxations of th
interlayer spacing near the interface, and no buckling. On
basis of these results, we have calculated the average
plane strain distribution across the Ag unit cell at 690
Remarkably, it resembles a simple stripe structure with
4–5-nm stripe separation, similar to what was observed
Cu on Ru~0001!. Upon cooling from 690 K to room tempera
ture, our films transform to a more disordered, possibly m
tiphase structure whose dimensions resemble the subm
layer structure reported earlier on the basis of ST
studies.8,9 Sorting out how the various observed structur
©2003 The American Physical Society17-1
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FIG. 1. A section of the in-
plane diffraction pattern for Ag on
Ru~0001! observed by x-ray scat
tering.
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depend on deposition and annealing history, and explo
the different sensitivities of the two probes to the extent
ordering over a range of length scales, remain fascina
problems for future work. In the following, we describe th
experimental procedures used in this work, and then pre
our results and discussion.

EXPERIMENT

The x-ray scattering experiments reported here were
ried out in an ultrahigh vacuum chamber on beamline X2
at the National Synchrotron Light Source. Most details of
experimental setup can be found in Refs. 7 and 10. The
crystal had a 10-mm diameter and was polished to wit
0.1° of the crystallographic~0001! plane. The bulk mosaic
was 0.07° at the~1, 0, 21, 1! reflection. The sample wa
heated from the back by electron bombardment techniq
and its temperature monitored by a type-C thermocouple.
After sputtering at 300 K with 1-kV Ar ions followed by
repeated oxygen annealing cycles,10,11 the surface was found
to be clean, as determined from Auger electron spectrosc
With the Ru sample at 690 K, Ag was deposited onto
surface using a resistively heated Knudsen cell. The dep
tion rate was calibrated from oscillations of the x-ray refle
tivity observed at the~0001! position, and set at about 0.
ML per minute.12 In all subsequent experiments, the su
strate temperature remained fixed at 690 K. This tempera
was chosen on the basis of separate studies which sho
that the average domain size of the Ag reconstruct
reached a maximum of;800 Å at this temperature.13 We
found, moreover, that the widths of all of the in-plane A
superstructure reflections broadened substantially upon c
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within domains.

A total of 665 integrated in-plane intensities were me
sured in thez-axis geometry at 690 K by rotating the samp
around its surface normal and subtracting the diffuse ba
ground signal.14 This set of reflections included symmetr
equivalents, which was then reduced to 317 nonequiva
reflections. The error of the diffracted intensities was e
mated from the measured reproducibility of symme
equivalent reflections and produced an internalR value of
17% based onuFu2 for all reflections. The data were co
rected for the polarization, Lorentz factor, active sam
area, and resolution function of the instrument. For the
constructed surface, we obtained a set of 98 superstruc
reflections, including 68 in-plane and 30 rod reflections.
addition, 219 data points from bulk crystal truncation ro
CTRs ~Ref. 15! were measured along the (0,0,0,L), (1,0,
21,L), (2,0,– 2,L), (2,1,23,L) and (1,1,22,L) CTRs. Rod
data were taken up to a maximum normal momentum tra
fer of Qz53.67 Å21, which is equivalent to 2.4 reciproca
lattice units. These results are described in the conventio
crystallographic notation of the Ru substrate, where at ro
temperature the in-plane lattice constanta52.706 Å and,
normal to the surface,c54.282 Å.

RESULTS AND DISCUSSION

Diffraction pattern

A section of the surface diffraction pattern obtained fro
a close-packed single layer of Ag on Ru~0001! grown at
690 K is shown in Fig. 1. We observe a hexagonal arran
7-2



itie
a
.
d

ib
ri
a
as
. 1
er
o

rv

ne
s

tro
he

s
a

e
o
ie
al

i
rth
41
K

io

rd

ce

f

th
er

le
t

ili

rs
th

n
le
d
.

t t
tio

re
and
nd

r
em-
era-
ge
ak

th
es

and
is-

ol-
n

at
uc-

the

he
ate

en-
y
re.
ks,
ary
al
red

ec-

ts
sued
ible
TM
rac-

ur-
in-
ions
t su-
tro-
cat-

her
ad-
the
yer
TR
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ment of superstructure reflections with detectable intens
close to the Ru bulk Bragg reflections, consistent with
orthorhombic (20320) reconstruction. Each symbol in Fig
1 indicates a rod oriented parallel to the surface normal
rection along which the scattered x-ray intensity is distr
uted. The large, open circles represent CTRs, which a
from the truncation of the hexagonal Ru substrate. CTR’s
indexed using the substrate lattice periodicity and p
through bulk Ru Bragg reflections. The filled circles in Fig
originate from the surface reconstruction, which has a p
odicity different from the substrate. The relative sizes
these symbols correspond to the logarithms of the obse
~integrated! intensities.

The most intense superstructure reflections observed
to the ~1,0,21,0! Ru CTRs represent the primary Ag peak
Typical counting rates were 20 000/sec at a 200-mA elec
beam current in the storage ring. The absolute value of t
wavevectors at 690 K isuqu52.2647(2) Å21, which is to be
compared with that of the Ru CTR of uqu
52.3220(2) Å21. Defining a superstructure cell with edge
along the@100# and@120# directions, respectively, suggests
two-dimensional reconstruction corresponding to 19319 Ag
atoms lying on top of 20320 Ru atoms. The smaller satellit
reflections near the primary peaks originate from a tw
dimensional modulation of the Ag layer, and have intensit
up to 1000 times weaker than the primary peaks. Gener
such a modulation results in the loss of site symmetry
three-dimensional space, and leads in this case to an o
rhombic superstructure cell of average dimensions 5.
39.37 (nm)2. The width of the primary satellites at 690
was measured along the~010! direction and found to be
;0.001 rlu, which corresponds to an in-plane correlat
length of about 800 Å.

The separations between the primary and higher o
peaks give the incommensurabilitiesd andd8 of the system,
and define a two-dimensional reciprocal space unit
~shown by the rectangle in Fig. 1!. The average periodicity
alonga is increased by a factor of 1/d with d;1/20. The real
space superstructure lattice vectorb is enlarged by a factor o
1/d8 ~with d8;A3d) and rotated by;30° with respect to the
corresponding hexagonal lattice vector of the Ru~0001! sub-
strate. It is interesting that during deposition the value of
primary Ag wave vector shifts abruptly at monolay
completion toward the commensurate valued51/20. This is
reminiscent of the lock-in behavior observed upon comp
tion of a Cu bilayer on Ru~0001!.10 However, in the presen
case the values ofd andd8 continue to increase slightly with
increasing coverage above 1 ML~by ;0.001 Å21/5 ML!,
and we defer a discussion of the possible commensurab
to a later paper.10

The x-ray diffraction pattern obtained at 690 K diffe
from the idealized patterns that might be expected on
basis of the structures reported in the STM studies.8,9 For
example, the pattern expected for an ordered herringbo
like structure is comprised of two independent length sca
the first arising from the underlying stripe periodicity, an
the second corresponding to the elbow or kink periodicity16

These are not observed at high temperature. We suspec
the origin of these differences lies in the sample prepara
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procedures. The monolayer films in the STM study we
grown at room temperature, flash annealed to 800 K,
then cooled to 300 K. In contrast, our films were grown a
studied at elevated substrate temperatures~690 K!, which we
believe favors equilibrium film growth, consistent with ou
observation of the largest ordered domains at higher t
peratures. However, even when grown at elevated temp
tures, the Ag monolayer does not exhibit true long-ran
order, which would correspond to resolution-limited pe
widths, nor are we able to prove that the present grow
conditions correspond to equilibrium. These kinds of issu
have also been encountered with the Cu/Ru~0001! system in
which differences among the structures reported by STM
x-ray diffraction10 also appear to depend on annealing h
tory.

It is important to note in the present case that upon co
ing from 690 K to room temperature, the x-ray diffractio
peaks observed from the Ag monolayer broaden, and
570 K the film transforms to a new, more disordered str
ture. This is illustrated in Fig. 2~c!, which shows mesh plots
of the logarithm of the measured intensities around
Ru~1,0,21,0.15! CTR at 420 and 590 K~left and right, re-
spectively!. In order to display the hexagonal pattern of t
Ag superstructure reflections in an orthogonal coordin
system their coordinates have been transformed asH rec
5Hhex and K rec5Hhex12* Khex. At 420 K, there is an in-
crease of the unit vectora8 by a factor of 1.5 along all of the
close-packed directions. This corresponds to unit cell dim
sions of ;536 nm2 which is close to those reported b
STM for submonolayer Ag coverages at room temperatu
There is, in addition, a considerable broadening of all pea
and a band of diffuse scattering which connects the prim
Ag harmonics of the high-temperature structure. A typic
primary peak width in the lower temperature phase measu
along the @0,1,0# rec direction is 0.0126 Å, which is 50%
broader than the peak width at 590 K@see Fig. 2~b!#. These
correspond to correlation lengths of 500 and 800 Å resp
tively ~calculated as 2p/full width at half maximum!. Unfor-
tunately, it is very difficult to make quantitative statemen
about such a disordered structure, and we have not pur
the analysis further in this paper. However, it seems poss
that some or all of the local structures observed in the S
studies may be represented in the lower temperature diff
tion pattern with limited correlation lengths.

Data and parameters

In order to obtain a model for the reconstructed Ag s
face at 690 K calculations were carried out using all 98
dependent superstructure reflections and 219 CTR reflect
simultaneously. Since the CTR data represent a coheren
perposition of bulk and superstructure scattering, they in
duce a phase contrast, which can strongly influence the s
tered intensities between Bragg reflections. This furt
constrains models of the structure and orientation of the
layer with respect to the substrate unit cell. In contrast,
superstructure data originate only from the Ag monola
reconstruction. However, fitting the superstructure and C
7-3
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FIG. 2. ~a! Contour plots of
the observed x-ray intensitie
around the Ru~1,0,21,0.15! re-
flection at 420 K~left! and 590 K
~right!. ~b! Scans of the primary
Ag satellite along the@010# direc-
tion at 590 K~circles! and 420 K
~squares!.
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data together permits finer distinctions to be made am
different models and enhances the overall reliability of
analysis.

Due to the presence of steps~and the phase symmetry o
the Ru~0001! substrate! the surface exhibits a maximum o
six rotational domains, which requires an incoherent int
sity averaging of overlapping CTR and superstructure
intensities. The model parameters include 20 coefficient
describe the modulation of the Ag layer, three~topmost!
15541
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layer distances, two scaling factors~for in-plane and out-of-
plane data!, and a roughness parameterb.15 This corresponds
to 26 parameters in all. The parameters were determined
ing an adapted fast-simulated, reannealing algorithm17,18 that
was implemented in a program which is able to describ
wide variety of modulated surface configurations. To avo
the dominance of strong CTR reflections during the refi
ment, we minimized a weighted residual with respect to
logarithm of the measured intensity.19 Our best fit resulted in
7-4
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Rw(log10@ l #)55.5% for a model withP1 symmetry. It
should be noted in this respect that other adlayer symme
~including P6, P3, andP2) were also considered, but the
always gave weighted residuals greater than 20%. It is w
adding that the use of modulation functions in the fitti
instead of the displacements of independent atoms within
unit cell implies that the number of free parameters in
model depends not on its symmetry, but rather on the num
of Fourier components employed.

Model and method

Figure 3 shows an on-top view of the model, which w
derived from our x-ray diffraction data. The circles repres
the Ag atoms. The degree of shading is proportional to
corrugation on the Ru substrate, which depends mainly
the adsorption site. Possible adsorption sites range from
low to bridge to on-top sites, in addition to the dislocati
sites between these. Our analysis suggests that the sub
does not laterally reconstruct and it is, therefore, not d
played in Fig. 3. However, vertical relaxations of the t
three interlayer spacings~including the Ag layer! were nec-
essary to obtain a good fit of the out-of-plane data, as will
shown later.

FIG. 3. ~a! Top view of the orthorhombic (20320) reconstruc-
tion of Ag/Ru~0001!. The Ru substrate is not shown. The shad
indicates the extent of corrugation.~b! Lateral strain distribution as
a function of atom position. The shading indicates the percent
viation from bulk Ag-Ag spacing.
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The average Ag reconstruction is dominated by a lar
hexagonally distorted, two-dimensional dislocation netwo
reminiscent of the misfit dislocation structure observed
Hwanget al.8 in an earlier STM study at submonolayer co
erage. Our analysis shows further that the dislocation reg
are separated by small regions of fcc and hcp stacking of
top layer with the Ru substrate, which is also hexagonal. T
small hcp and fcc regions in the Ag film are indicated
polygons in the superstructure cell with solid and dash
lines, respectively. Within these polygons, the Ag atoms
perience an optimized Ag/Ru coordination, together with
significant compressive strain relative to Ag bulk. The d
mensions of these highly strained regions within the unit c
are relatively small in comparison to the dislocation arra
which accounts for the net strain relaxation at the surface
also appears plausible that the network of hcp and
patches with maximum coordination at the interface pla
role in driving the wave vector of the reconstruction towa
the commensurate value of 1/20 under the given conditio
From this perspective, the reconstruction may be viewed
an hexagonal array of dislocation domains, separated
patches of hcp and fcc stacking. In this sense, it is a dis
dered two-dimensional analog of the uniaxial stripe-ph
reconstruction, which occurs for bilayer films of Cu o
Ru~0001!.

The details of the lateral Ag reconstruction are describ
by a set of two dimensional modulation functions. A set
periodic functions, which proved to be suitable for th
present problem, is

f x~x,y!5a1,1sin~2px1p1,1!1a1,2sin~3px1p1,2!

1a1,3sin@4px1p1,3#1a1,4@12cos~2py1p1,4!#

1a1,5@12cos~4py1p1,5!#, ~1a!

f y~x,y!5a2,1sin~2px1p2,1!1a2,2sin~3p•x1p2,2!

1a2,3sin~4p•x1p2,3!1a2,4@12cos~2py1p2,4!#

1a2,5@12cos~4py1p2,5!#, ~1b!

These functions are combined Fourier series in which
arguments depend on the position componentsx andy of the
Ag atoms within the superstructure cell. The partial ser
that is dependent onx or y can be truncated after the secon
or third term depending on the quality of the fit. Equatio
~1a! represents a periodically modulated transverse displa
ment of Ag atoms along the@100# direction, which is coupled
to a modulated longitudinal displacement of Ag chains alo
@120#. Equation~1b! is analogous to Eq.~1a! except that the
displacements are rotated by 90° with respect to those in
~1a!. This form permits a wide variety of modulated config
rations to be examined. The final model is derived by add
the value of the specific modulation functionf x(x,y) and
f y(x,y) to thex or y component of each atom of the unmod
lated arrangement. The argumentx or y in f (x,y) defines the

e-
7-5
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atom position along the inplane superlattice vectora or b,
respectively.

The matrices A5(a21

a11
a22

a12
a23

a13
a24

a14
a25

a15) and P

5(p21

p11
p22

p12
p23

p13
p24

p14
p25

p15) contain the amplitudes and phas

of the Fourier components, respectively. They represent
parameters which ultimately determine the 1444x and y
components of the laterally modulated structure of the
film. f x(x,y) and f y(x,y) are then incorporated into th
phase factor of the superstructure amplitude, which mod
the diffracted intensity as follows:

l surf~hkl!

5SU(
n

f n~hkl!e2p i $h@xn1 f x~xn ,yn!#1k@yn1 f y~xn ,yn!#1 lzn%U2

.

~2!

The indicesh, k, and l are the components of the reciproc
lattice vector of a specific reflection.f n(hkl) is the form
factor, which describes the scattering of thenth atom with
respect to a particular wavevector. (xn ,yn ,zn) are the coor-
dinates of thenth atom relative to the unmodulated laye
The parameterS is a scale factor, which contains model i
dependent constants. The surface roughness was mode
the Gaussian approximation by an additional factorRb ,
which multiplies the square of the structure factor for t
CTR intensities.15 Rb has the general form (12b)2/(1
1b222b cos 2pu) whereb(0,b,1) reflects the fractiona
occupancy of atoms in the surface layer as a result of st
Complete expressions for the surface and CTR intens
have been published elsewhere and will not be repe
here.7,12

Due both to the complexity of the nonlinear function to
fitted, and to significant correlations among the model
rameters, least squares fitting methods are not well suite
this problem. Therefore, we used very fast-simulated, re
nealing algorithms17,18,20to determine the matricesA andP,
the surface roughnessS and the interlayer distances. Sim
lated annealing is in principle capable of finding the b
global fit to a nonlinear function in a multidimensional p
rameter space. Its primary advantage is its ability to mo
away from the local optima of the cost function, which nee
to be minimized. Thus, in comparison to least square refi
ment techniques, its ability to find the global optimum is n
confined to the initial conditions, which are given by the st
model. It is, nevertheless, a prerequisite that the theore
model must be able to describe the actual atomic arran
ment accurately, and the diffraction data must be sensitiv
a particular model. Here the in-plane data set turned out t
very sensitive to the lateral arrangement of the Ag atoms
the Ru~0001! surface. The computing time required to exa
ine 30 000 models with six domains of 2326 atoms per u
cell ~and for 317 reflections! was 36 h using a Pentium II
500-MHZ processor.21
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Results

The matricesA and P in Eqs. ~1a! and ~1b! were deter-
mined as

ai1 ai2 ai3 ai4 ai5

f x(x,y),i 51 0.0080 0.0025 0.0000 0.002020.0038
f x(x,y),i 52 0.0045 20.0019 20.0031 0.001920.0030

pi1 pi2 pi3 pi4 pi5

f x(x,y),i 51 16.9 281.6 1.67 20.8 139.3
f y(x,y),i 52 210.9 0.97 1.00 210.7 7.51

The roughness parameterb was found to be 0.23~4!, a value
that is reasonable for metal surfaces as defined
Robinson.15 From this we may calculate a root mean squa
deviation of the height-height correlation function,sRMS

5dRuAb/(12b). Its value is 1.3 Å,12 which is close to the
single step heightdRu5c/2 of the Ru substrate. Our trea
ment did not include a domain size distribution, which
equivalent to assuming that the steps are uncorrelated.

The best fit to all of the measured data is shown in Fi
4~a!–4~c!. Figure 4~a! compares the calculated intensities
the (hk0) satellite reflections to the measured intensities o
log-log scale. These intensities are most sensitive to the
plane surface structure and play a central role in its deter
nation. If the model were in perfect agreement with the e
periment, all of the data points would fall on the solid lin
As may be seen, the agreement is excellent.

Interlayer relaxations among the Ag layer and the sub
quent two Ru layer spacings were also considered in
calculations. However, relaxations between deeper layers
not improve the fitting and they were assumed to adopt
bulk Ru interlayer spacing. Our fits of the out-of-plane da
including the reflectivity, off-specular, and superstructu
data are displayed in Figs. 4~b! and 4~c!. The solid lines
represent the model, and the diamonds the experimental
We found that a simple hard sphere model of the Ag cor
gation measured with respect to the Ru substrate gave
best fit of the out-of-plane structure~see Fig. 5!, in contrast
to the significant buckling proposed for the interface at ro
temperature on the basis of STM studies.8 The average spac
ing determined between the corrugated Ag layer and the
substrate (d12) indicates a constant 3.60~6!% contraction
with respect to thec/2 lattice constant of Ru. The contractio
between the top Ru layer and the subsequent Ru layer,d23,
was 0.50~4!%. d34 is only slightly compressed by 0.18~6!%.

Strain accommodation

The formation of nanometer length scale dislocation
rays enables lateral strain accommodation through the ad
ment of near neighbor distances among Ag atoms. This
duces the average density of the Ag layer with respect to
underlying Ru substrate and provides a more bulk-Ag-l
lattice spacing. This phenomenon has also been observe
the Cu/Ru~0001! interface10,22,23and on clean Au~111! ~Ref.
16! and Pt~111! ~Ref. 24! surfaces. At the Cu/Ru~0001!
interface10,22,23a tensile strain originating in the 5.8% film
substrate lattice mismatch leads to the formation of unia
dislocation arrays separating regions of hcp and fcc stack
7-6
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FIG. 4. ~a! In-plane (HK0)
superstructure intensities plotte
as a function of their calculated
values on a log-log scale.~b! Plot
of the intensity of two superstruc
ture rods as function of momen
tum transfer perpendicular to th
surface. The diamond symbols ar
the experimental values; the soli
line represents the best fit base
on the model shown in Fig. 2~a!.
~c! Intensity distribution along dif-
ferent crystal truncation rods plot
ted vs momentum transfer.
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~stripes!. Typical stripe-phase separations vary between;4
and 5 nm depending on temperature.10 In that case, the exis
tence of a uniaxial reconstruction suggests that the st
relief occurs preferentially in one of the close-packed dir
tions within a domain. Perpendicular to that direction, t
adlayer remains pseudomorphic with the substrate and e
riences significant tensile strain.25 This behavior appear
consistent with a balance of the strain, on the one hand,
the strong chemical affinity between adlayer and substrat
the other hand.

Interestingly, the adlayer coupling seems to be less imp
tant in the Ag/Ru system, a point that is supported by the
that a simple hard sphere model describes the Ag corru
tion. In addition, we found no evidence for pseudomorp

FIG. 5. Simple hard sphere model showing a side view of
observed Ag/Ru~0001! reconstruction. The average interlayer rela
ations are indicated on the right hand side with reference toCRu/2
~2.1407 Å!.
15541
in
-

e-

nd
on

r-
ct
a-
c

stacking in any direction of the Ag film, although near
commensurate wave vectors still describe the Ag unit c
dimensions at high temperatures. Instead of one-dimensi
~1D! stripes of hcp and fcc phases, we observe a
hexagonal-like arrangement of dislocation domains separ
by smaller patches of hcp and fcc stacking. As a rough co
parison, the average ratio of the areas supporting dislocat
to those exhibiting hcp or fcc stacking is greater by a fac
of 4 for Ag/Ru~0001! than for Cu/Ru~0001!.

A detailed characterization of the average surface str
ture allows the calculation of the lateral residual strain in
Ag layer in terms of the deviations from the bulk Ag-A
bond lengths. The strain is defined here as the average
viation of the Ag-Ag bond lengths from the six neare
neighbors around each Ag atom. Figure 3~b! shows the lat-
eral strain distribution of the reconstructed Ag film as a fun
tion of atom position for the model shown in Fig. 3~a!. It
turns out that the average strain/atom is reduced to about
compared with the theoretical lattice misfit of 6.3%. The
maining strain distribution, however, is highly inhomog
neous. It peaks in an orthogonal network of ridges w
maximum bond length deviations of up to 7%. The regio
of elevated compressive strain shown in Fig. 3~b! occur in
and around the hcp and fcc patches in the film. Strain acc
modation occurs mainly in the regions of large misfit dis
cation. The Ag-Ag bond lengths in these regions show o
1–3 % deviations from their bulk values. Thus, although
atomic structure is complex, the underlying strain distrib
tion has an approximately stripelike structure with a str
separation of about 412 nm, which is qualitatively similar to
what has been observed for the bilayer reconstruction
Cu/Ru~0001!.7,24 This result simply reflects the fact that th
hcp and fcc patches in the Ag/Ru reconstruction tend to a

e
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within the unit cell. In contrast, for Cu/Ru~0001! @as well as
for Au and Pt ~111!# the hcp and fcc domains themselv
comprise the stripes. The similarities among the nanom
strain lattices in all these cases points to the importanc
long wavelength elastic interactions of the film with the su
strate, but a detailed understanding is still lacking.

An interesting final point concerns unpublished calcu
tions of Thayer and Bartelt,26 who find that our proposed
model is not an energy minimum of the Frenkel-Kontoro
model. In their simulations, they find that our structure
stead relaxes to a ‘‘bright star’’ structure. When we calcul
the corresponding diffraction intensities, however, we fi
that they are in clear quantitative disagreement with the m
sured data. This discrepancy remains unresolved.

We conclude by noting that the structural properties
Ag/Ru~0001! appear highly history dependent. We stress
this regard that the structures whose crystalline perfec
most approaches true long range order are those grown~and
characterized! at elevated temperatures, which we interp
as closest to equilibrium. The eventual use of systems s
as Ag or Cu on Ru~0001! in real applications, whether a
bimetallic catalysts or as templates for nanoassemblies,
ultimately depend on our ability to fabricate reproducib
long-range ordered structures. For this reason, we bel
that sorting through the complexities of the structures
served by scanning probe and diffraction techniques and
derstanding their connection to sample history is importa

SUMMARY

We have described an x-ray diffraction study of the str
ture of a single-layer Ag film on Ru~0001! at 690 K. The
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