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The structure of strained Cu films deposited on(01) surfaces at 720 K was investigated by x-ray
diffraction techniques. Our analysis shows that a single Cu monolayer adopts a pseudomorphic structure with
the first three interlayer spacings significantly relaxed. The two-layer structure consists of a commensurate,
uniaxially modulated stripe-phase reconstruction. Modeling the diffraction intensities through application of
simulated annealing techniques, together with least-squares refinement, has led to a crystallographic descrip-
tion of this structure in terms of a set of three-dimensional modulation functions. We find that the reconstruc-
tion persists through both Cu layers, and leads to relaxation of the Cu and Ru interlayer spacings. We also
calculate the average strain distribution as a function of position across the unit cell.

INTRODUCTION worth commenting that the absence of such information is
not as surprising as it might at first seem. Scanning tech-
The bimetallic interface comprised of a thin Cu film niques are limited to probing the topmost layer, while dif-
grown on a R(D003) substrate has been a focus of discus-fraction studies have been limited by the large number of
sion of epitaxial strain accommodation for nearly 20 parameters required to o_lesc_rl_be the stripe modulatlon. The
yearsl—21 The interest in this system derives in part from thelatter problem can be simplified by the introduction of a

catalytic properties of the RA001) surface, which supports suitable set of modulation functions with a smaller number
hydrocarbon conversion reactiofs?> Inde,ed its catalytic of parameters; however, it is still difficult to find global op-
activity can be enhanced by as much as a f;iCtOI’ of 40 in thima since the parameters tend to be strongly correlated.

presence of a submonolayer coverage of&@enerally, the trotgrtessl hasthbeden ma«;l]e in t.h's Iaf[ez by thel_appllllcatlor;hof
catalytic properties of Cu on R000]) are believed to origi- statistical methods, such as simufated anneaiing. INevertne-

nate in the modification of the electronic band structure in_less, the impact of these methods on x-ray surface crystal-

duced by the interfacial strafi=2® The bulk near-neighbor lography has been limited to date. . .
spacing of Cu is smaller than that of Ru by 5.8% at room In this paper, we describe detailed x-ray scattering studies
; rQf the structure of the one- and two-layer reconstructions of

Cu on RY000) at 720 K. The crystallographic analysis of
|1pe data was performed using both least-squares refinement
and simulated annealing techniques. Our results confirm the
seudomorphic character of the single-monolayer structure,
ut extend that picture to include the relaxation of the Cu and
Ru interlayer spacings. For the commensurate, stripe-phase

studies have shown that the first Cu monolagdt.) grows ) : . .
pseudomorphically on R00021), followed by the formation I‘e(.:OI’]StI’UCt.IOI’], we Qenved a set of three—dlmen_f,lon_al modu-
' lation functions, which show that the reconstruction involves

of a uniaxially compressed stripe phase upon further Cu o . :
depositionj,lo,%/z,15—17g%t higher C?u cgverages bulklike Cu 2 uniaxial modulation of both Cu layers. The displacements

islands form in coexistence with the stripe ph&s&2tOur transverse to the modulation direction are approximately

own recent x-ray scattering studies have probed the real—tim%Inusoldal and_ on_Iy slightly out of phase W|th|n_the two lay-
rs. The longitudinal modulation is asymmetric across the

growth of these structures, and uncovered a surprising prof— i ) .
erty of the stripe-phase wave vector, namely, that it locks t it cell and different for the two layers. On the pas!s c_)f
the substrate with unit cell size depending on temperature. hese results, we have calculateq the average strain distribu-
The growth properties of these thin films, and their Olepen:uon across the unit cell. Interestlr_lgly, it is inhomogeneous

' nd appears smaller on average in the top Cu layer than at

dence on temperature, continue to challenge curre . . ) .
P 9 nt e interface. Finally, we find that the Ru substrate is later-

theories?® . o .
In spite of the importance of the pseudomorphic ana‘.a”y und|storteq and eXthItS. only small relaxations of the
|é1_terlayer spacings near the interface.

stripe phases, there remains a serious lack of detailed, stru
tural information concerning their properties, particularly of
the buried layers. It is not clear from the literature, for ex-
ample, whether the stripe phase for two layers of Cu on Ru The x-ray experiments reported in this paper were per-
exists only within the topmost Cu layer or involves a bilayerformed using beam line X22C at the National Synchrotron
reconstruction. Likewise, very little is known about the re- Light Source(NSLS). This beam line is equipped with a
sponse of the underlying Ru substrate to Cu adsorption dient, cylindrical, platinum-coated focusing mirr@pot size
any coverage. This kind of information is crucial to an over-~1 mm) and a Gél11) double-crystal monochromator. In
all understanding of the structure, and adds insight to théhe present experiments we used monochromatic x rays with
energetics of strain evolution at interfaces. In this regard, it in energy of 10.5 keV. Preceding the x-ray experiments, the

There is also basic interest in this system concerned wit
characterizing the interfacial structures that occur versus C
coverage and substrate temperature. Earlier scanning tunn
ing microscopy and low-energy electron diffractidrtEED)

EXPERIMENT
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Ru(000Y) crystal(diameter 6 mm and thickness 1.5 mwas * exp. daia

mounted in the ultrahigh vacuum(UHV) surface ] ~ bestfit forhep site, R, 72.6%
diffractometer’® which is operated at a base pressure below ¢ - IS oh I
1x 10" Torr. Surface preparation involved sputtering at E —
300 K with 1 keV Ar ions followed by repeated cycles of
oxygen annealing to remove carbn’> The sample was 1 3
heated from the back by electron bombardment from a tung-  J
sten filament, and the temperature was measured by & |
WRe5%-WRe26% thermocouple. Cu was evaporated ontcg E
the RU000Y) surface from a resistively heated Knudsen cell £

to produce coverages of one or two layers. The depositior§ 10
rate was calibrated from oscillations of the x-ray reflectivity
observed at thé000J) position and was set at about 0.1 ML
per minute. Using an Auger electron spectrometer equippec
with a cylindrical mirror analyzer, we found that no traces of 1
contaminants were present on the crystal surface to withir ¢
the sensitivity of the instrumer(t-0.01 ML). The surface ;
orientation of the crystal was polished to within 0.1° of its L L I L
crystallographic(0001) plane. The bulk mosaic width was Qe
about 0.07°.

The substrate temperature was fixed at 720 K. This tem- FIG. 1.(1,0,~1L) and(0,0,01) CRT's for a monolayer of Cu
perature was chosen based on our earlier studies, whic’ .Rl(.OOO.]). The diampnds represent the measured intensities; the
showed that the domain size of the stripe phase reachedSg!id line is the best fit to the data based on &X5u)-hcp layer
maximum of ~800 A at this temperature. In addition, we with |_nterlayer rela_lxatlo_ns{see tex_l Th_e dash_ed line shows the
found that the widths of Cu superstructure reflections broad2€st fit of @ model in which Cu resides in fcc sites. The model of an
ened substantially upon cooling to room temperafﬂ]ra. earlier LEED study(Ref. 13 is shown by the dotted line.
total of 960 integrated intensities were measured Iea®iS  |yeral relaxations, including the possibility of an ordered
geometry by rotating the sample around its surface normalconsiruction. The only deviations of the structure from
and subtracting the diffuse background sighiaThis set of  igeal termination that then remain to be investigated are the
reflections includes symmetry-equivalent data taken for bothegisiry, interlayer relaxations, and Debye-Waller factors of
the pseudomorphic 1 ML structure and the bilayer stripeyhe syrface layers. This information is contained in the inten-
phase reconstruction. Symmetry reduction of the data set Iiies distributed along the crystal truncation rddSpecifi-
sulted |n_477 npnequwalent rgflectlons. The error of the d'f'cally, the superposition of diffraction amplitudes from the
fracted intensities was estimated from the measuredsiaxed surface and from the undisturbed Ru can interfere,
reprodumb_lhty of symmetry-related reflectlgns, and Pro-thereby altering the intensities along the (0,0)0and (1,0,
duced an internaR value of 17% based off| for all re- 1y 545, Our experimental results and analysis for a
flections. The data were corrected for polarization, Lorentzmonolayer of Cu on R@00) are shown in Fig. 1. The
factor, active sample area, and the resolution function of thgjamonds represent the experimental data and the solid line
instrument. For the analysis of the pseudomorphic structurgqys the best fit based on a minimization of the weighted
(1 ML), 84 data points were acquired along ,theszgom)ea,nd residual Ry (log;d 1]) with respect to the logarithm of the
the (1,0-1L) crystal truncation rod$CTR's).™ For the  meagured intensity, To obtain this fit, the first three layer
reconstructed bilayer structure we obtained a set of 118 Siyistances, a Debye-Waller factor for the topmost two layers,
perstructure reflections, including 50 in-plane and 68 superynq an overall scaling factor were adjusted in a least-squares
structure rod reflections. In addition, 241 CTR data pointSefinement.
were measured along the (0,0p, (1,0-1L), (2’,0’ The best fit gave a weighted residualRf, of 2.6%. The
—2L), (21-3L), (1,2;-3L), and (1,17-2L) CTR'S.  \ariation of the off-specular (1,8,1,L) rod intensities con-
Rod data were taken up to a maximum normal momentungirms hep stacking of the Cu layer on R01). This result is
transfer ofQ,=3.67 A~1 which is equivalent to 2.5 recipro- in agreement with earlier LEED measureméritand veri-
cal lattice units ofc*. These results are presented in thefigg 5 pseudomorphic arrangeméfig. 2). From this it fol-
conventional crystallographic notation of the Ru substratgyys that a monolayer of Cu on RR003) is 11% less dense
with the inplane lattice constaatequal to 2.706 A at ro0M  than bulk Cu, and therefore that a tensile strain is present at
temperature. The lattice constant normal to the surfa®  the surface. For comparison, the dashed line in Fig. 1 shows

equal to 4.282 A. the best fit for a model with Cu in fcc positions on (R002).
The fitted intensity distribution along the (1;01,L) rod
RESULTS AND DISCUSSION clearly deviates from the experimental dat®(=5.7%)

making fcc stacking of the Cu layer unlikely.
1 ML of Cu on Ru (0007 The analysis of the (0,0)0) and (1,0-1,L) rods also
The in-plane diffraction pattern of the Cu monolayer onallows the determination of interlayer spacings at the surface
Ru(0001) showed no evidence of additional superstructurewith respect to Ru bulk. Table | lists the interlayer distances
reflections for any substrate temperature up to 720 K. Thisbtained in this study together with the findings of earlier
implies that neither the substrate nor the adlayer exhibitsliffraction studies of this system. The table also includes the



10 438 H. ZAJONZ, A. P. BADDORF, DOON GIBBS, AND D. M. ZEHNER PRB 62

(a) The model deduced in the LEED study noted aiidie
represented by dashed lines in Fig. 1. Its residRypdf 8.2%

Cuy ‘ ' .———- implies that it does not accurately describe our data. Specifi-
001 d;=+5.94(10)% cally, it yields an expansion of the Cu-Ru spacidg by
[oo1] : ‘ : .
Ry, only one-fourth of our observation, and otherwise gives dif-
d2;=-0.56(8)% ferent relaxations of the first and second Ru layers. With
Ru, OO G 3 " reference to a clean, relaxed ®001) surfacet*>3°the LEED
d3=-0.23(8)% study implies an additional contraction of 0.6—0.7 % of the
Ru; O O@'— Ru-Ru interlayer distance upon Cu deposition. In contrast to

that, we find that the first Ru interlayer distance expands by
1.5-1.6 %. This expansion is expected in charge-smoothing
and bond-order modef§,and is also in agreement with lin-
earized augmented plane-wave calculations. However, the
calculations predict only a 0.5% expansion of the Cu-Ru
spacing™® It should be noted that this prediction does not
consider the effect of temperature on the structure, which
could be a reason for the discrepancy.

It is worth remarking that the observed pseudomorphic
structure is accompanied by a drop of the work function by
0.32 eV upon Cu depositioH. This implies that the large
Cu-Ru spacing is related to the change of the electronic band

FIG. 2. Side(a) and top(b) view of the hcp Cu/R(©001-(1x1)  Sstructure at the surface. In this regard, it has been suggested
structure. by angle-resolved ultraviolet photoemission studies and sur-
face linearized, augmented plane-wave calculations that the
. . Cu 3d and Ru 4 states overlap sufficiently in the pseudo-
interlayer spacings of the clean, reIaer(@l]g)]) surface  morphic regime to introduce a “true” interface stafeThis
obtained by both LEED and x-ray scatten’r?gf’.. relatively strong bonding to the Ru substrate could explain

The average metallic radius of a Cu atom is 5.8% smallethe formation of a strained but stable pseudomorphic over-
than that of Ru. It follows that in a hard-sphere model of thelayer. The idea of hybridized bands is also supported by
structure a Cu atom resides 4.1% deeper in the hollow site ¢dhermal desorption spectroscopy, which showed that the
the RY000)) substrate than would a Ru, assuming there areCu-Ru binding energy for the first monolayer is significantly
no relaxations present at the surface. With respect to thibigher than that for subsequent Cu lay&¥s.
idealized spacing, we find that the distance between the Cu
layer and the topmost Ru layer is expanded by 894, as Two layers of Cu on Ru0009)

indicated by the labedl;, in Fig. 2(a). In contrast, the spac-  The deposition of an additional Cu layer to the single-
ings of the following two layers are contracted by 66  monolayer system leads to a stripe-phase reconstruction as
for d,3 and by 0.28)% for ds,. Relaxation of subsequent has been described earlfet®>*>~*"Figure 3 shows a sche-
Ru layers did not significantly improve the fit to the model, matic representation of the diffraction pattern of the bilayer
suggesting that these layers adopt bulk Ru spacings. Cu reconstruction on RQ001) as observed in our x-ray ex-
Our model also includes a root mean squaileS) vi- periments al =720 K. The in-plane diffraction pattern con-
brational amplitude for the topmost two layers. For Cu, wesists of rows of superstructure reflections with detectable in-
find a surprisingly small RMS amplitude of 0. A which  tensities close to the Ru bulk Bragg reflections, consistent
implies a rather smooth surface and a strong Cu-Ru bondingvith a uniaxial reconstruction. The underlying hexagonal
The interfacial Ru layer has a RMS amplitude of 0.09 A, symmetry of the R(D001) surface implies that there are
which is within 5% of its bulk value at 426 K. three equivalent in-plane directions, and therefore three do-

(b)

TABLE |. Surface x-ray diffractionSXRD) (Ref. 36 and LEED(Ref. 13 results.

1 ML Cu/Ru000)) Clean R@0002)
This study Ref. 13 Ref. 36 Ref. 13
T=720K(SXRD) T=293K(LEED) T=293K(SXRD) T=293K (LEED)

Cu layer orientation hcp hcp

Ad;_, Cu-Ru; (%) +5.9410) +1.5

Ad, 3 Ru-Ru, (%) —0.568) -2.8 —2.201) -21
Ad;_, Rug-Ruy, (%) —-0.2398) 0.0 —-0.4011) -0.1
Ad,.5 Rus-Rus (%) 0.00 +0.5 +0.306) +0.5
Ads_ Rus-Rug (%) 0.00 +0.5 0.00 -0.1
Adg.; Rus-RU; (%) 0.00 -0.7 0.00 -0.6

RMS Cuil (A) 0.042)

RMS Rul (A) 0.093) 0.064)
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matrix (3%%). This matrix specifies a rectangular cell in
which 17 Cu atoms lie on top of 16 Ru atoms along[th@0]
direction. The superstructure lattice vechois enlarged by a
factor of |3 and rotated by 30° with reference to the corre-
sponding hexagonal lattice vector of the(R00J) substrate.
The periodicity alona@ is increased by a factor of 16, which
defines the period of the bilayer reconstructicee Fig. 5
- ‘ below).
(1,1,-2,0) A three-dimensional description of the modulated surface
generally leads to plane symmetBa. In the present case,
b there are potentially 164 atoms in the surface unit cell, each
(1,0,-1,0) with three positional parametexsy, andz, when relaxations
o > of up to five atomic layers are assumed. The net result is that
- ! approximately 492 components are needed to describe the
structure. A least-squares fit with such a large number of
@ Rubuk parameters requires a very large data set if the goal is the
O Two layer Cu stripe phase (3 domains) determination of a unique model. This is a common problem
e in x-ray surface diffraction, although reliable structural mod-
FIG. 3. Schematic diffraction pattern for the three observed do-eIS have bflen derived with overdetermlnat!on by up to a
mains of the Cu bilayer reconstruction on (B00D. The small  factor of 4™ In the present case, the required 2000 data
rectangle represents the surface unit cell. A detailed description capQints could not be collected because the intensities of the
be found in the text. higher-order Fourier components of the structure drop rap-
idly toward zero in the accessible range of reciprocal space.
Sgﬂs is an intrinsic property of many modulated structiffes.

mains of the reconstruction on a Ru terrace. Each of the e were therefore compelled to reduce the number of free
produces additional reflections around the bulk peaks of thstructural arameters bp introducing a set of modulation
Ru substrate. The intensity distribution along the superstruc; P y g

ture rods is continuous, as expected from a t\No-dimensiona{PnCtionS' These fpnctions describe the spatial di;placement
structure. The CTR’s occur with the in-plane periodicity of of the atoms starting from an unmodulated atomic arrange-

: ; ent in which 17 Cu atoms lie parallel to 16 Ru atoms along
IEZ Sﬁrfgézgggﬁzeiggn:hg\?vi ci:rc])nFr;gctsthem perpendicular t e[100] direction. The final model is derived by adding the

The spacing between the superstructure reflections alon (I)lj)e tgfthae SczfrzgcOnr:gi(:lu'atss?ti;%ngg?nh‘(oxgé b’(;z{d?g?
he[210], [110], and[120] directions(see Fig. 3 defines z b gp componeiry, &

th : ' ' bili i bil . h each atom. The argumexin f(x) defines the position along
the incommensurability of the Cu bilayer with respect t0 g |attice vectom that points in the direction of the modu-

the Ru substrate. Figure 4 displays a radial scan through thgijon A set of periodic functions that proved to be suitable
Ru (1,0,-1,0.19 CTR showing the principal Cu peak to- ¢ the present Eroblem is P

gether with Cu satellite reflections up to third order. It should

4

(0,0,0,0) ¥ e

be mentioned thaf is not constant during the growth of the f(X)=ay 1 SIN( 27X+ Py 1) +ay ,SIN(37X+ Py o)
second Cu layer and does not appear to correspond simply to
a commensurate value. Rather, upon completion of the sec- +ay 3Sin(4mx+py 3, (1a
ond Cu layer, a small contraction of about 0.02 A between
Cu atoms is observed, artlocks to a commensurate value fy(X)=ay{1—cog2mx+p, 1) |+a,1—cog4mx
of & at 720 K?! The superstructure cell is described by the
+ p2,2)]! (1b)
Ru(0,1-1,0.15) fux)=az{1—cog4mx+p3]+azdl—cog8w-x
7 +p32)]; (10
) Cul ordec These Fourier series can be truncated after the second or
g 1o 4 third element depending on their accuracy. The matrices
z
E Cul. order a;y 12 azg P11 P12 P13
T Cu -2.order A=| a1 a» O and P=| p21 P22 O
Cul order azy asz O P31 P32 O

Cu 3. order
8

1 —— T e contain the amplitudes and phases of the Fourier compo-
010 005 000 H[rec.olfti.units] 0.0 015 020 nents, respecti_vely. They represent the parameters that ulti-
mately determine the modulated structure. An independent
FIG. 4. Radial scan through tff,1, —1,0.15 CTR of the stripe ~ Sét has been assumed for each modulated atomic layer.
phase showing the Ru CTR, the principal Cu reflectiperoth or- From this we obtain a diffraction amplitude for the modu-
den, and higher-order satellites of the modulated reconstruction. lated superstructure which can be written as
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IAENC R 3
8 i IePaTeRTR ® 7030
L agdn 2PP Bao=030)%
buried Cu P 3

dy3>=+2.5(7)%
[001] Ry mm S O\ (7)

d34=-2.0(2)%
" %A () )()Ij )5 T
Ru 3 45—~V °
( )( )( )( K FIG. 5. Structure of the stripe
Cu in hep 4 N ) . 4. S . 4 Cuinhep phase.(a) shows the side antb)
stcking Ter dlslocatlo+n region Cu in fcc sta*cklng order dlslocall0+ﬂ Teglon| iacking order the top view of the bilayer recon-
®) \ /20 A C 2 e 0 6 & e s Yo struction. The rectangle ifb) rep-

",;.'_’_,' @ =0 @ > = resents the superstructure cell.

simulated reannealing calculations and then refined with a
FaufhkD) =2 f (hkl) least-squares program. To avoid the dominance of strong
" CTR reflections with their relatively small errors close to the
x @2 mHNX+Fx )]+ Kyn+ fy ) 1120+ F2000 1 () Bragg peaks during the refinement, we minimized a
weighted residual with respect to the logarithm of the mea-
The indicesh, k andl are the components of the reciprocal sured intensity® Our best fit resulted inR,(log;{!])
lattice vector for a specific reflection.f,(hkl) is the form  =3.4%.
factor that describes the scattering of tite atom with ref- The resulting model of the Cu stripe phase is shown in
erence to a particular wave vector.x,(y,,z,) is the coor-  Fig. 5. The upper part of the figure displays a side vieyy
dinate of thenth atom relative to the unmodulated layer. ~ Whereas the bottom patb) presents a top view with the
The analysis was performed with “very fast simulated Superstructure cell outlined. One of the most striking features
reannealing” algorithnf§ in combination with least-squares ©f the reconstruction is its persistence through both Cu lay-
refinement techniques. Simulated annealing is well suited t§'S- This implies that the formerly pseudomorphic Cu mono-
finding the best global fit to a nonlinear function in a multi- l2yer increases its density by one extra atom for every 16 Ru
dimensional parameter spafe*its primary advantage is its atoms .anndloo] in order to accommodate the tensile strain
ability to move away from the local optima of the cost func- ar;[ ths w;terfacz._(;ntere_sungly, aﬂd|?_g in-plane modulation to
tion. Thus, its capacity to find the global optimum is nott e Ru layers did not improve the fit. . .
confined to the initial conditions, which are given by the startf FltgurefG d|s$lays theafdetal:cs ?{1 ﬂ][e rc(a:flnled r(nc)>dulgt|on
model. Since it is a statistical method, it is model indepen unctionsf,(x), f,(x), andf,(x) for the top Cu layera) an

dent | incible but the adiustabl : b for the buried Cu layetb), in Fig. 5. These functions trace
ent in principle but the adjustableé parameters can be Cofpe atomic displacements with reference to an unmodulated
strained to remain within the limits for which a realistic so-

§ structure as a percentage of the corresponding superstructure
lution can be expected. lattice constants. Table Il lists the resulting coefficients de-
fined in Egs. 1a-1(c). Referring to Fig. 6, the transverse
Fitting displacements,(x) andf,(x) in each layer are slightly out
of phase. f,(x) describes the corrugation of the Cu layers

We now turn our attention to the details of the refinement.

In order to obtain a model for the stripe phase, the calcula®s they follow the Ru surface potential, rising from hollow

. . . ) sites to bridge sitegand back along[100]. During the re-
tions were carried out using aII. 118 mdependgnt SUP.erStrU(ﬁnement of the corrugation function, it became clear that the
ture and 241 crystal truncation rod reflections simulta

. “coefficients for these layers are strongly correlated. There-
neously. Since CTR data are the result of a cohere y gy

" , “'fore, we refined the corrugation of only one Cu layer and
superposition of bulk and superstructure scattering, they ingge the resulting parameters for both. The maximum verti-

troduce a phase contrast, which is very sensitive to relaxe| displacement caused by the corrugation amounts to 12%
ations of the superstructure. The combination of superstrucsf the Ruc lattice constant. The functiofy,(x) describes an
ture and CTR data then permits finer distinctions to be madgh_p|ane displacement of Cu chains by up to 18% of the
among different models and enhances the overall reliabilitsuperstructure lattice constant alof0], with a modula-

of the analysis. Due to the presence of steps, the surfaafon period twice that of the corrugation. The pattern that
exhibits a total of six rotational domains, which required emerges from these results involves transverse displacements
incoherent intensity averaging for overlapping CTR reflec-of all the Cu atoms from hcp sites of the Ru substrate to fcc
tions. Incoherent averaging for superstructure reflections insites as one travels along thE0] direction, thereby produc-
volved only a 180° rotated domain of the modulated over-ing stripes(Fig. 5. Between the stripes are dislocation re-
layer. The fitted parameters included 24 coefficients tagions in which the Cu atoms reside in quasibridge sites.
describe the modulation of the Cu bilayer, the four topmost The longitudinal modulatior,(x) along[100] is different
layer distances, two scaling factors for in-plane and out-offor the two layers, involving displacement amplitudes of up
plane data, and a roughness paramgt&t 31 parameters in  to 0.6% for the buried layer and 0.3% for the top Cu layer, as
total. The parameters were first estimated using our adapteghlculated with respect to the superstructure lattice conatant
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20 4-5- £{x)*10 of Cu atoms along [100]
1 fv(x) of Cu atoms along, [120] x
1639 f'Z(x) of Cu atoms along [001] &= A

&

Ru surface differs locally due to the Cu corrugation. Taking
the corrugation function into account produces a maximum
local compression of the Cu film in the Ru hollow sites of
3.5% and a maximum expansion of 4.5% in the bridge sites.
These values assume that a Cu atom on a Ru bridge site is
4% elevated in comparison to one in a hollow ditesing
ideal Cu and Ru metallic radif® We find further that the
layer distancedy, between the first two Ru layers is com-
pressed by 2(@)% and thatd,s is compressed by 0()%.

The roughness parametgrwas found to be 0.138), a
value that is reasonable for metal surfaces as defined by
Robinsor®* The introduction of this parameter improves the
fit to the CTR significantly, reducing the weighted residual
from 4.6% to 3.4%. The root mean squared deviation from
the mean of the height-height correlation functierkys,
has a value of 0.9 A% and is related to the step height of the
Ru substrate. Our treatment did not include a domain size
distribution, thereby assuming a surface roughness that is
caused by uncorrelated steps.

The best fit to all the measured data is shown in Figs.
7(a)—7(d). Figure Ta) compares the calculated intensities of
the (HKO) satellite reflections to the measured intensities on
a log-log scale. These intensities are most sensitive to the
in-plane surface structure and play a central role in its deter-
mination. All the data points should fall on the solid line if

Modulation Period [x/27] the model is in perfect agreement with the experiment. As
may be seen, the agreement is excellent. The upper inset in

FIG. 6. Modulation functions of the top Cu layés) and the ~ Fig. 7(a) displays an electron density contour of the Cu bi-
buried layer(b) f(x), f,(x), andf,(x) represent the displace- layer projected onto a plane. The lower part shows the dif-
ment of a Cu atom alonffL00], [120], and[001], respectively. For ference Fourier map using the measured intensities. There
f4(x), f,(x), andf,(x) equal to zero, the model gives 17 Cu atoms are almost no residual features of the electron density distri-
for every 16 Ru atoms alond 00]. bution, which emphasizes the good agreement of our model

with the in-plane superstructure data. For comparison, the
(a=16ag,). This difference is perhaps not so surprisingopen circles in Fig. (& plot the results if the buried Cu layer
since the buried layer is in direct contact with the Ru sub-were pseudomorphic and the top layer modulated. It is clear
strate and is, therefore, more affected by the lattice misfit. Irthat the large discrepancies eliminate this model as a possi-
any case, the longitudinal modulation is considerably smallebility.
than either transverse modulation. Figure 1b) shows theQ, dependence of the (16,1

Interlayer relaxations of the Cu bilayer and the subsequent §,2—268,L) and (25,2— §,—2— §,L) superstructure rods
two Ru layer spacings were also considered in our calculabetweenL=0.2 and 2.5. The diamonds represent the experi-
tions; however, relaxation of deeper layers did not improvemental data and the solidlines are the best fit. The agreement
the fit. As shown in Fig. 5, we found that the Cu bilayer between measurement and calculation is again excellent to
contracts on average by 013% if the ideal metal radius for within the errors. The dashed line in this figure repeats the
Cu is assumed as a referefféélhe average expansion be- prediction of a model with a pseudomorphic Cu interface and
tween the buried Cu layer and the Ru substratg, is  modulated top layer.

2.57)% if the metallic radii for the two species are ugéd. Figures Tc) and 7d) show the CTR dat&iamonds that
However, the effective spacing between this Cu layer and thavere simultaneously used in the calculation together with the

(a) top Cu layer (Cuy)

Modulation Amplitude [% of resp. latt. const.]

TABLE Il. Parameters of modulation functions.

aj1 aj 2 aj3 Pj.1 Pj.2 Pj.3

Top Cu Layer

xmod.,j=1 0.00164) 0.003%7) 0.00376) 12.626) 1.61(4) 3.342)

y mod.,j=2 0.891) —0.0012) 0 —0.475) —-71.42) 0

zmod.,j=3 0.0598) 0.0023) 0 0.083) 46(2) 0
Buried Cu layer

xmod.,j=1 0.0015%8) 0.00514) 0.00323) —0.643) 1.534) 3.01(3)

y mod.,j=2 0.0932) 0.00712) 0 —0.505) —59.53) 0

zmod.,j=3 0.0598) 0.0023) 0 0.083) 46(2) 0
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FIG. 7. All experimental SXRD data measured for the stripe phase. The diamond symb@isindicate the agreement of the
experimental in-plane intensitie$.() with the intensities I, derived from the best fit. The upper part of the inset shows an in-plane
electron density map of a section of the stripe phase. The lower part shows the difference electron density. The circles show the best fit to
a model in which the interfacial Cu layer remains pseudomorphic and only the top Cu layer is reconsthicsbédws the agreement
between two measured superstructure r@lamonds and our best mode(solid line). In analogy to(a), the dashed line indicates the
intensity distribution for a pseudomorphic buried Cu layer with a modulated Cu layer octalisplays four measured off-specular CTR’s
of the stripe phasédiamond$ in comparison to our refined modé&olid line), a clean, relaxed RQ00) surface(dotted ling, and a
pseudomorphic buried Cu layer with a modulated Cu layer or{dephed ling In analogy to(c), (d) depicts the (0,0,0,) together with the
(1,1-1L) rod.
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superstructure data. The measured off-specular rods in Fic
7(c) are well fitted by our model as can be seen by the solid

line. Deviations from the measured data are obvious only for 5
the (1,0;-1,L) rod and forQ, larger than 1.5. Figure(@d)

shows the (0,0,Q,) and (1,1;-2,L) rods which are also both 0
in good agreement with the experimental intensities. The

dotted line in each figure shows the intensity variation cal- -5

culated for an uncovered, relaxed Ru surfét@he differ-
ences from the stripe phase are most obvious for the g 2
(0,0,0L) and the (1,1 2,L) rods[Fig. 7(c)]. The other off- =y
specular rods from a hypothetical clean surface look similar ‘go
to their equivalents on the reconstructed surface. This is no =
unexpected since the overlapping amplitudes from the CTR’s B
and the surface reconstruction are very different in strength ©
The weak satellite reflections produce only a minor phase5
contrast with the CTR’s. '
A detailed description of the average Cu modulation func-
tions and vertical layer spacings now allows the strain distri-
bution within the Cu bilayer to be written in terms of the
Cu-Cu bond length deviations from their bulk values. Fig-
ures 8a)—8(c) display the deduced Cu-Cu bond lengths as a
function of their position along thgL0O] direction. The in-
sets in these figures represent the respective bond types. Fi
ure 8a) depicts the three different in-plane bonds lengths of
the top Cu layer, Fig. ®) shows the equivalent bond types
for the buried Cu layer, and Fig.(@ portrays the bond 00 02 04 06 08 1.0
length variations between the two Cu layers. The bond errors ~ Bond location along [100] [rel. units of latt. const. a]
are of the order of 1.5% and are not displayed. The dashed o
lines indicate the ideal bulk Cu bond length and serve as a F'G- 8. Cu-Cu bond lengths plotted along ##00] direction.
reference for whether a certain Cu-Cu bond at the modulate® the left, the ordinate is scaled in angstroms, on the right in units
interface is expanded or compressed. o_f (_3u n_earest-neighbor di_stance. The daghed Iing in ee_lch figure
Figures 8a) and 8b) show that the interfacial Cu layer is distinguishes Cu compression from expansion. The insé#,ith),

. . . nd(c) define the bond typesa) displays the in-plane bonds of the
laterally expanded in the fcc regions and compressed in tht%p Cu layer (b) shows the in-plane bonds of the buried Cu layer,

hcp regions, relative to bulk Cu. Further, the top Cu layer : .
’ - . ! : d(c) d ts the diff t bonds bet the Cu | .
appears to be less strained in the fcc and hcp stripes than the (c) depicts the different bonds between the Cu layers

underlying Cu layer, indicating a negative strain gradient to- e ) .
ward the surface. More specifically, it becomes immediatel;)"owever* the deviations of these interlayer bonds from their
clear from Fig. 8a) that the bonds connecting parallel modu- idéal bulk values are on average smaller than those of the
lated Cu rows[Cuy.s,Cly.5,Clss,Cli in Figs. 8a) and !ateral bonds. In a_tddmon, itis oby|ou§ from I_:lgc8_that thg
8(b)] are expanded throughout the entire reconstruction b)lntgrlayer _bond d|stance.s are primarily strained in the dislo-
up to 7%. However, in the hcp stacking regions the Cu-C(fation regions of the stripe phase. _

in-plane bonds Ci, and Cy_ are compressed in the top and Fmally_, we recall that the sym.meftry of strlpg-phase re-
buried Cu layers by up to 4.5% and 7%, respectively. Thes§onstruction isP1 due to the uniaxial modulation of Cu
results mirror the fact that the strain relief occurs alphgo] ~ chains along100]. A higher symmetry in the strain distribu-
and not parallel to the modulated Cu rows. The interpla)}'on is not expected and not observed. St_ru_ctu_rally, a slight
between strain relief and the preference of Cu atoms folteral displacement of the two Cu layers is indicated by the
threefold coordination with Ru atoms is apparent in the fccoPServed asymmetry in the bond length between the two Cu
stacking region of the Cu-Ru interface. There we find thagayers. This results in a distortion of the three fpld coordina-
the buried layer is only slightly expanded aloig0] (by up tion of Cu atoms at the surface' by the qnderly!ng Iayer. For
to 2.5%, which leads to an optimized Cu coordination at the®<@mple, the last data point triple in Fig(cB (right side
expense of strain relief. The equivalent,Gubonds in the indicates th_at atom 3 is dlsplaced in the direction of atoms 5
top Cu layer are strained differently in this region. Theyand 6, making its vertical distance smaller than that to atom
show an average compression of 1% with the maximum irfH
the middle of the fcc stacking area. This implies that the top
Cu layer is less strained than the interfacial Cu layer.

We note that the Gu, and Cu.s bond lengths change
continuously in the dislocation regions. This allows the We have described an x-ray diffraction study of the struc-
above mentioned expansion of the Cu bilayer in and at théure of thin strained Cu films on R0001) at 720 K. We find
borders of the fcc region, and leads to the compression in thinat a monolayer of Cu is pseudomorphic on(G0J) in
hcp stacking area. Interlayer Cu-Cu bonds are mostly comagreement with earlier studies. The Cu film is, however,
pressed up to a local maximum of 6% as shown in Fi{g).8 highly strained due to the corresponding lattice mi&i8%)

(9,

n
Cu-Cu bond length expansion [%]

(9}

(=)

1
(%)

L e L L L N
(=]

SUMMARY
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with the Ru substrate. Our analysis reveals a 5.95% verticah which the Cu atoms reside in quasibridge sites. From a
expansion of the Cu layer calculated with respect to the aveletailed study of the bond length distribution in the stripe
erage ideal metallic radii of Cu and Ru, and a 0.56 to 0.23%phase, it can be shown that the interfacial Cu layer is ex-
compression of the top most Ru-Ru interlayer. Further Cypanded in the fcc regions and compressed in the hcp regions
deposition leads to a stripe phase reconstruction with aelative to bulk. Further, the top Cu layer appears to be less
6.25% denser packing in both Cu ad-layers. At 720 K, thisstrained in the fcc and hcp stripes than the underlying Cu
occurs through a uniaxial modulation of 17 Cu atoms ovelayer. Finally, the Ru surface is not modulated by the Cu
16 Ru atoms along thgL00] direction with a ¢° ) super-  bilayer, apart from small relaxations of the interlayer spacing
structure cell. The details of the bilayer reconstruction havenear the interface.

been analyzed by applying simulated annealing and least
squares refinement techniques to both superstructure and
CTR data simultaneously. Our analysis shows that the Cu
bilayer consists of two Cu chains which are approximately We acknowledge many helpful discussions with our col-
sinusodially displaced transverse to fi®0] direction. Lon- leagues Norm Bartelt, Jose De La Figuera-Bayon, John
gitudinal displacements of Cu atoms alofig0] are small, Hamilton, Bob Hwang, Karsten Pohl, and Andreas Schmidt-
however, their distribution is strongly asymmetric. The re-.BNL is supported by the U.S. DOE under Contract No.
sulting pattern consists of alternating stripes of hcp and fc®E-AC02-98CH10886. ORNL is managed by Lockheed
stacking of Cu on R{®001) as one travels along tHa 00| Martin Energy Research Corp. under U.S. DOE Contract No.
direction. These stripes are separated by dislocation regiof3E-AC05-960R22464.
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