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Structure and morphology of the Ag/MgO(001) interface during in situ growth
at room temperature
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The structure and morphology of Ag deposits grown at room temperature on high-qualitfOMyGur-
faces have been investigatedsitu, from 0.2 to 300 equivalent monolayefiL) of Ag deposited. Surface
x-ray diffraction and grazing incidence small angle x-ray scattering parallel and perpendicular to the surface
were combined. Nucleation, growth, and coalescence of islands are found from 0.2 ML. The average in-plane
width, height, and in-plane separation of growing islands are deduced and are found to reproduce well the Mg
1s x-ray photoemission spectroscopy spectrum previously reported by other authors. The height over width
ratio of the islands is~0.37+0.05 at all stages of the deposit. Ag grows in cube-on-cube epitaxy with
respect to the Mg@O01) substrate. A very unusual evolution of the state of strain in Ag with increasing amount
of Ag deposited is observed. Below 4—-6 Misland width smaller than 90 A the small Ag islands are
coherent with the MgO. Below 1 Mlisland width smaller than 35 )Athey have their bulk lattice parameter,
and between 1 and 4 ML they become more and more strained by the MgO substrate, with an average lattice
parameter intermediate between those of Ag and of MgO. Around 4—6 ML, the islands reach a critical size and
misfit dislocations are introduced at the edges. Above 30 ML, the film is almost continuous, and the interfacial
misfit dislocations reorder to form a square network, oriented afth@ directions. Stacking faults appear in
Ag at this stage. A small amount of twinned Ag also starts to grow around 4 ML. This unusual evolution of the
strain in the Ag islands and the following introduction of misfit dislocations are interpreted on the basis of a
one-dimensional Frenkel-Kontorova model involving a very weak Ag-MgO interaction and a weak corrugation
of the interatomic potential. Quantitative measurements and analysis of the MgO crystal truncation rods
(CTR’s) during growth were shown to provide different structural parameters of the interface that are important
for theoretical calculation, especially the epitaxial site, above oxygen atoms of the substrate, and the interfacial
distance (2.520.1A). The origin of the interference along the CTR's is discussed according to the strain
state of the epitaxial AJ.S0163-182609)14131-9

[. INTRODUCTION site among the three possible ones: above O ions of the sub-
strate, above Mg ions, or in between, above the “octahedral
Metal-ceramic interfaces are present in numerous techneite,” and the determination of the interfacial distance be-
logical areas, such as thin films, composite materials, microtween the last Mg@01) plane and the first AQ01) plane.
electronics, catalysis, and protection against corrosion or in- The experimental determination of these two interfacial
dustrial glasses. The thermal, mechanical, chemical, oparameters, and more generally, of the structure and mor-
electrical properties of these materials often depend on thehology of the Ag/MgQ@00Y) interface during the growth, is
atomic structure of the metal/ceramic interface they containthus very important to test the theories. However, the Ag/
From a theoretical point of view, the properties of metal-MJO(00D) system is experimentally difficult to study be-
oxide interfaces are difficult to predict because the interact3use only few characterization tec;hmqugs can be used. The
tion is very complex at the atomic levEl® The interfacial charge build-up effects due to 'the insulating pharacter 9f the
energy contains several terhthat are of the same order of s_ubs_trate _?Ed 'ghe_we_ak adhesion ofdAg harr:d;cap rr}o'it Ir(;ves-
magnitude. Their relative weights are difficult to estimatetlgatlons' e Intrinsic structure and morpnology of Ag de-

) posits on Mg@001) are also difficult to determine because
_because of the lack of experimental data. The AQ’WD) they are very sensitive to the preparation of the N@@)
interface has been chosen by numerous theoreticians as

. . & L i sfirface. For example, the amount of Ag in cube-on-cube
prototypical metal-oxide systembecause it is relatively gpitayy strongly decreases if the substrate temperature is

simple. It has a fourfold symmetry, Ag is a noble metal andnigher than 50°C or if the surface is slightly contaminated
hence, no chemical reaction takes place at the interface; thf-y C or Ca® This may explain why different studie!

epitaxy is cube-on-cub®? and the contribution of epitaxial disagree on the growth mode of Ag on MgO at room tem-
strains to the interfacial energy is often neglected, because @erature(RT).

the moderate lattice parameter mismatet2.98%, between Moreover, very little is known on the processes of relax-
fcc Ag and rocksalt MgO. Moreover, the Mg@1) surface  ation of the lattice parameter misfit between Ag and MgO.
relaxation is very smalfl,and thus the surface can be consid-Although some studies claimed an initial two-dimensional
ered as a simple truncation of the bulk. Two important ques{2D) growth, according to most investigations, the growth is
tions for theoreticians are the determination of the adsorptionf the Volmer-Weber typéi.e., 3D), and for thick deposits,
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the misfit is known to be relaxed by an ordered array ofin Sec. IV. The conclusion follows.
interfacial misfit dislocation$?'® An important question is

thus to analyze the way the Ag lattice is “connected” to the
MgO one during cluster growth; what is the residual strain in

Ag and its evolution. In particular, what are the processes The GIXS and GISAXS experiments were performed us-
involved in the transformation from an coherent to an inco-ing the SUV surface diffraction setup of the BM32 CRG/IF
herent island. We call “coherent” an island that is free from (Collaborating Research Group / Interfacdseamline at
interfacial dislocations, i.e., it hd$ Ag planes “connected” ESRF(European Synchrotron Radiation Facility, Grenoble,
to N MgO planes at the interface. By contrast, an incoherenErance.?! The UHV chamberbase pressure 2.18'mbay,
island contains interfacial defects such as stacking faults ocequipped with two Be windows, is mounted on a six-circle
dislocations. Note that, in a coherent island, the adsorbatdiffractometer of ‘z-axis” type, which allows to perform
atoms in the first plane are not necessarily exactly above th&imultaneously the deposits and the diffraction measure-
substrate sites, but their in-plane displacement with respeenents. This chamber is also equipped with an electronic
to the substrate sites should not exceed half the in-plane di®ombardment furnace, an ion gun, reflection high-energy
tance between these sites. Hence, an island can be coherefgctron diffraction and Auger electron spectroscopy sys-
with the MgO only if its lateral size is smaller than a given tems, and several molecular-beam epitaxy cells. Ag was
critical size(except if the Ag in the island is strained to the deposited by means of a Knudsen cell, with a deposition rate
MgO in-plane lattice parametefThis definition implies that of 0.36 monolayer(ML)/min (i.e., 0.73 A/min calibrated
there exists a preferential adsorption site for the Ag on thevith a quartz microbalance prior and after the x-ray measure-
MgO surface. ments.

Finally, it is important to analyze how the ultimate misfit ~ The preparation of the Mg01) substrate has been de-
dislocation network is constructed. The mechanism by whictscribed in detail elsewherelt leads to MgQ@001) surfaces
dislocations are introduced is very well known in the case othat are very flat and of high-crystalline quality, free from
the growth of a 2D fully strained film, but it is much less any impurity, with in-plane domain size larger thanuin,
well known in the present case of 3D relaxed growth, al-average terrace size of 6000 A, and a rms roughness of 2.4
though it was described in the seventies by Van deA. These surfaces are therefore almost ideal, so that one can
Merwel? In the case of the growth of a 2D fully strained expect the growth of Ag to proceed in a way as close as
film, which happens when the adsorbate-substrate interactigppssible to the “intrinsic” one.
is strong, the introduction of the misfit dislocations corre- The measurements were performed on cumulative Ag de-
sponds to a “cracking” of the film, with an extended reor- posits, the growth being interrupted during the measure-
ganization of the adsorbate-adsorbate and adsorbateients. The Miller indexegH K L) are expressed in recipro-
substrate bonds. The elastic energy stored in the strained fileal lattice units(r.l.u) of MgO, using the bulk fcc unit cell
increases proportionally to its thickness, up to a point wheréaygo=4.2119 A). Thel index corresponds to the compo-
it is energetically more favorable to relax the misfit by dis- nent of the momentum transfer perpendicular to the surface.
locations. In the case of 3D growth of a partially strained or For the GIXS measurements, the x-ray beam energy was
relaxed adsorbate, the sole increase of the islands width natget at 18 keV. This high energy allows measurements of
rally leads to a critical size for which dislocations are intro- crystal truncation rod§CTR’s) over a large range of perpen-
duced at the edges. We will see that this is the case for thdicular momentum-transfer values. The incident angle of the
Ag/MgO system. x-ray beam with respect to the surface was set at 0.08°, i.e.,

Grazing incidence x-ray scatterigGIXS) and grazing 5 of the critical angle for total external reflection of MgO.
incidence small angle x-ray Scatteritd®'’ (GISAXS) are  This was mandatory to minimize the background arising
well suited for characterizing the structure and morphologyfrom Compton scattering and from point defects in the bulk.
of metal/oxide interfaces during their growth by molecular- The x-ray beam was focused both horizontdH}) and ver-
beam epitaxy, because they are insensitive to the insulatinigcally (V), with a full width at half maximum(FWHM) of
character of the substrate and they can be usesity, in 0.42-mm(H)Xx0.39-mm (V) and a divergence of 1.3-mrad
ultra-high vacuumUHV). (H)x62-urad (V). The sample surface was vertical. The

This paper presents GIXS and GISAXS results on theopening of the two pairs of detection slits was fixed at
growth of Ag on Mgd001) at room temperaturéRT). The  1-mm(H)x1-mm(V) (corresponding to an angular accep-
experimental conditions are first describ@ec. 1). The re- tance of 0.11f for the measurements of the MgO CTR's.
sults are then presenté8ec. Il)). A first subsection(lllA)  They were set at 1-mrfV/) X6-mm (H) for in-plane measure-
concerns the morphology and structure of the deposit. Thenents.
strain state at the Ag/MgO interface, of which a short ac- GISAXS measurements during growth were performed
count was given in a previous lett¥tjs discussed in a sec- three times to test different experimental setups. A first mea-
ond subsectiorilll B). A third subsection(lll C) presents a surement was performed with a standard scintillator detector,
detailed analysis of the evolution of the M@ID1) crystal  with an angular acceptance fixed at 0.33 mrad by a slit in the
truncation rod¥?° (CTR’s) during growth, allowing the de- vertical direction and integration of the GISAXS signal in
termination of the epitaxial site and interfacial distance.the horizontal direction, perpendicular to the surface. Two
Combining the information given by the different measure-measurements were performed with a position-sensitive gas-
ments finally allows to propose a new description of thefilled detector of 100xm resolution, located at 500 mm from
growth mode of Ag on MgO. Possible mechanisms at thehe sample. In all three cases, the x-ray beam energy was
Ag-MgO interface leading to this growth mode are discussedixed at 13 keV. The incident angle was set at 0.2°, slightly

II. EXPERIMENTS
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FIG. 1. In-plane GISAXS data during room temperature growth et 1001 Mgﬁ:cfc:o/cig_—:_woz
of Ag on MgO(001). The logarithm(with base 10 (Ref. 56 of the g £
intensity, measured with a scintillator detector, is reported as a 5018 goahT 4 m="——50
function of the logarithm(Ref. 56 of the in-plane scattering angle o & XX 0
8. The amountd of deposited Ag in equivalent ML is indicated 0 10 20
above the corresponding curve. The intensity measured on the clean eAg (ML)

MgO(001) substrate was subtracted.

FIG. 2. (a) Left scale: average in-plane widthof Ag islands as
above the critical angle for total external reflection of MgO a function of the amoun® of deposited Ag in equivalent ML,
(0.17° at this energy'® The beam was collimated in the deduced from in-plane GISAXS data using an empirical determina-
vertical direction, with a residual divergence ofu4ad, and  tion (solid diamonds It is compared to the average in plane domain
focused in the horizontal direction. Its size at the samplesize deduced from the FWHMuw of the rocking scans around the
position was reduced to 3&m (H)x200-um (V) by several Ag (2.06 2.06 0 (solid circles and(2.06 0 0 (open circles Bragg
presample slits. A lead beam stop located just after the ex!@eaks. These scans were fitted with Lorentzian distributions. The
beryllium window was used to stop the beam transmittedn-Plane domain size is given by:iZAQ; whereAQ=Q;.Aw,

through and the beam reflected by the sample. Q, being the in-plane component of the momentum transfer. The
dashed line shows the width of the islan@sodeled as truncated

pyramidg used to calculate the XPS curve. Right scale: average

IIl. RESULTS AND ANALYSIS island height as a function &, as deduced from two independent
out-of-plane GISAXS measurements using a position-sensitive de-
A. Structure and morphology of the deposit tector (solid and open trianglgsThe dashed line shows the height
of the islands used to calculate the XPS cur(®: Left scale:
1. Small angle scattering: morphology Evolution of the average in-plane interislands distaBceith the

Let us first present the GISAXS data at different stages oftmounté of deposited Adiin equivalent M. The results of three
the growth, which yield information on the morphology of different measurements are reportegen circles with a scintillator

the Ag deposit. Figure 1 shows in-plane GISAXS measuregietector; solid triangles and open diamonds with a position-

. o _ sensitive detectgr The dashed line shows the interislands distance
r:;gti/lLWI\}\?hetrZ% isS(;;]ngllga:;%un(:e(:fe?jtgpr)o;irtoe r:f;g Ttk?e zvo- used to calculate the XPS curve. Right scale: fraction of the MgO

lution is tvpical of f leati th d surface that is covered by A@.e., coverageas a function ofé
ution 1S typical of a process ol nucieation, growth, an Coa'(solid squares compared with the coverage used to calculate the

lescence of islandj_s‘S.SmaII angle sgattering is already fpund XPS curve(dashed ling (c): Evolution of the Mgk XPS line
for #=0.5ML, which shows that islands are present in thegnen squargsduring the RT growth of Ag on Mg@01) (from
Ag deposit from the very beginning of deposition. For@ll  Ref. 24, compared to layer by layer growtsolid line) and a cal-

the intensity has a clear maximum at a finite valiygx of  culation using a model of truncated pyrami@®ef. 33 with h(6)
the in-plane detector angle, which shows that the in-plane-0.759+13.5 andk(6) = 1.50+ 10 (dashed ling

positions of the islands are correlated. The average in-plane
interislands distanc® (Fig. 2) is approximately given by Let us begin with the island size. The evolution of the
D =\/dyax Where\ is the x-ray wavelength. The three mea- average in-plane island widthwas deduced by an empirical
surements, one with a scintillator detector, and two with amethod?’ in which it is given byd=1.916Q; , whereQy is
position-sensitive detector, yield a very similar increas®of the momentum transfer value at which the intensity on the
with 6 [Fig. 2(b)]. right of the GISAXS peak is 8% of the maximuifi.This
Previous investigations concluded to different growthlocation is attributed to that of the first zero of the first-order
modes(3D or Volmer-Webef??3 2D then 3D or Frank van Bessel function. The island wid{liFig. 2@)] is found to in-
der Merwé*=29. It is thus important to estimate the fraction crease steadily between 0 and 22 ML. The average island
of Ag that is in 3D form, in order to determine if all the height was deduced from out-of-plane GISAXS data, re-
deposit is 3D or if a 2D fraction can also be present at thecorded with the position-sensitive detector. Figure 3 shows
beginning of the growth, that would not be detectable withas an example the scattered intensity as a function of the
GISAXS. For that sake, we need to estimate the averagperpendicular momentum transf€y, , for an amounté
island shape and size. =6 ML of deposited Ag, after integration parallel to the sur-
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' : : : : : photoemission spectroscof¥PS) data during RT growth of
B Ag on cleaved Mg@01) substrate$* Based on qualitative
arguments, the original interpretatfénwas initial 2D growth
of Ag, followed by 3D growth. Using the generalized
model® we found that, in order to reproduce simultaneously
the GISAXS and XPS data, the clusters had to be described
by truncated pyramids limited by facets tilted by 45° with
. . . . respect to th€001) plane. This is consistent with the cube-
Q2 (&) 0.04 0.0 on-cube epitaxy. The parameters of the model were the un-
coverable part of the surfaeethe truncation heighk, of the
pyramids(i.e., k levels starting from the top of the pyramids
are not occupied by atomand h, which is such that 2{
, f +k) is the separation between the centers of two neighbor-
0 0.1 Q (,5(1) 1 ing pyramids. The value of is directly given by the evolu-
L tion of the coveragee=0.1, i.e., 10% of the surface is never

FIG. 3. GISAXS intensity as a function of the logarittiRef. ~ COVered by the Ag overlayer, which was confirmed by scan-
56) of the perpendicular momentum transfer, after integration par!iNg electron microscopy inspection of 1500 Acthick depos-
allel to the plane, for an equivalent amount of Ag deposited of 6itS. In order to reproduce all the GISAXS and XPS ddta,
ML. The origin of the oscillations of the intensity is not understood. @ndk had to be left linearly dependent on the thickn@sa
In the inset, the natural logarithm of the intensity closest to theVery good agreement with all these data from different ex-
origin is reported as a function of the square of the perpendiculaperiments[see Fig. 2c)] was obtained for the following
momentum transfer. The linear trend shows that the Guinier lawaws: h(6) =0.759+13.5 andk(6)=1.50+10. Physically
can be used to deduce the average island height. this means that the growth is always 3D sifg@®)=13.5

andk(0)=10 (a layer-by-layer growth correspondshe- 1
face. Perpendicular to the surface, the islands are not corréndk=0) although during the completion of the first layer of
lated, and hence the Guinier law is valid. This is confirmedthe truncated pyramids a small quantity of Ag will grow like
(Fig. 3 for all deposits by plotting the logarithm of the in- @ 2D layer. The general shape of the islands is given by the
tensity as a function of?. The evolution of the average truncated pyramid but the morphology of the islands changes
island height as a function of is reported in Fig. @) for ~ continuously during the growth: the island density decreases
two independent measurements. It increases steadilyayith (N increasesand the top of the islands becomes larger and
approximately proportionally to the island width. This allows larger (k increasep Within this model all available data are
to deduce the height-to-width ratio of the islands, which var-"eéproducedFig. 2) without any additional parameter. This
ies between 0.3 and 0.42 with an average value of 0.3fescription corresponds naturally to a nucleation, growth and
+0.05. continuous coalescence process.

For estimating the amount of 3D Ag, we need to estimate !N summary, the growth is 3D from the very beginning,
the shape of the Ag islands. Unfortunately, to our knowl-and the average height-to-width ratio of the islands is of the
edge, nothing is known on the exact island shape for Rerder of 0.3%0.05.
growth. Information is available only for higher substrate
temperaturé®3%1231.3%5ince x-ray scattering realizes an av-
erage over all islands and since no signal specific of facets Figure 4 shows radial GIXS measurements along the
was detected at wide angles, it is not possible to assign ¢4 00.1) and H H 0.1) directions. These scans cross the
particular shape to the average island. In order to get a roughigO CTR’s and Ag rods aH=2 and H=2.06, respec-
estimate of the amount of Ag on these islands, we consideregively. For all deposited amounts, scattering is observed near
a hexagonal packing of truncated spheres of 0.37 aspect réhe location for relaxed AgH~2.062), which shows that
tio, with an interisland distanc®. Below 10 ML, the Ag  Ag in cube-on-cube epitaxy is present, and that it is at least
amount obtained with this calculation is very close to thepartially relaxed.
total amount deposited. This supports a model of 3D growth Comparison between the widths of rocking scans around
without 2D fraction. the (220 and(200) Ag Bragg peaks shows that these widths

With these assumed islands shape and distribution, there dominated by the finite domain size effect: the broaden-
fraction of the Mg@001) surface that is covered, i.e., the ing due to in-plane mosaic spread is negligible. The average
coverage, can be estimated. Figu®)Zhows that already in-plane domain size deduced from these measurements is
~20% of the surface is covered for smal(<2 ML). The = compared in Fig. @) to the average in-plane island size.
coverage next increases continuously to reach a maximum ®&emarkably, the island width and the in-plane domain size
~0.9 for #=14 ML. Interestingly, very small angle scatter- are nearly identical up t6=10 ML. Above, the domain size
ing appears in the GISAXS data around this depositegrogressively saturates around 120-130 A. This saturation
amount, revealing the presence of large islands whose posivill be discussed later.
tions are no more correlated. This likely results from the Combining these results with the GISAXS ones shows
beginning of the percolation of the islangee Fig. 20)]. that the major part of Ag is in cube-on-cube epitaxy and in

In order to check the validity of these results, we used ahe form of islands.
recently described quantitative description of the 3D As already mentioned in a previous lettefrom 4 ML,
growtt™ to reanalyze previously published raw Mg g-ray  twinned Ag was also detected, but in a much smaller amount

(o2

3
Intensity (10 Counts/s)

I

N

2. Wide angle scattering: structure and morphology
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Stacking faults in Ag were also found to appear from 10
1 300 ML (HHO0.16) ML.8 These stacking faults produce rods of scattering ori-
ented along thé11l) (Ref. 34 directions, which cross the
scan of Fig. 4b) at H=1.96 andH=2.16° The resulting
peaks are clearly visible on the scan performed at 300 ML
[Fig. 4(c)] for L=0.16, in which the stacking fault rods ap-
pear atH=1.92 andH=2.2.

B. Strain evolution in Ag islands
1. Qualitative description

From the preceding section it appears that the major part
of Ag is in cube-on-cube epitaxy with a lattice parameter
close to that of bulk Ag. For estimating the strength of the
Ag-MgO interaction, an important question is how the Ag
islands are connected to the substrate at the different stages
of the deposit. Are the Ag islands “floating” on the MgO
surface without being influenced by the lateral position of the
atoms in the MgO, or are there strains reflecting the fact that
the Ag atoms of the first plane undergo an attractive force
toward a particular adsorption site of the MgO, and the fact
that Ag has a different lattice parameter than MgO?

This information can be deduced by analyzing the evolu-
tion of the position(which gives the average in-plane lattice
parameter, the width and the shape of the Ag scattering
along radial scansFig. 4). The strain evolution in the Ag
deposit can then be decomposed into three stages, schemati-
cally shown in Fig. 5.

1.1. Stage a: Coherent islands

At 0.5 ML, the Ag scattering is centered dn=2.06,
showing that the Ag has, on the average, its bulk lattice
parameter, as if the deposited Ag was not “feeling” the
presence of the MgO. Between 0.5 and 4 ML, the Ag islands
become progressively strained by the substrate, with an av-

H (MgO r.l.u.) erage lattice parameter intermediate between thaF of MgO
and that of bulk Ag. The presence of only one peak in the Ag

FIG. 4. Radial scans during room-temperature growth of Ag onScattering indicates that the Ag islands are coherent with the
MgO(001), measured atL=0.1 along the K 00.1) (@ and MgO.

(H H 0.1) (b) directions, as a function of the amount of deposited ~ 1.2. Stage b: Dislocation formation
Ag. The logarithm(Ref. 56 of the intensity is plotted versus. The Around 4-6 ML, i.e., for an island width about 90 A, an
different amounts, 0, 0.5, 1, 1.5, 2, 3,4, 5, 6, 7, 8, 9, 10, 11, 13, 15unusual change occurs: along botth H 0.1) and d 00.1)
17, 19, 22, 25, 28, 32, 36, 42, and 72 ML, are indicated above thelirections, the Ag peaks split into two components, one cen-
corresponding curves. The second scan at 72(Mick line) was  tered around the expected valug = 2.06) for fully relaxed
done with an opening of the vertical exit slits of 0.5 mm instead Ong, and one centered arourtdl=2.03. These two compo-
1 mm. The curves corresponding to the different deposits have beafients grow with the deposited amount between 6 and 20 ML.
shifted vertically for clarity. Vertical lines indicate thd=2, H We will show below that this phenomenon arises from the
=2.03, andH=2.06 positions. Above 10 ML, the incident angle jntroduction of dislocations in the Ag islands. At this stage,
was increased in order to compensate for the refraction effects. We dislocations are not ordered.
was °f|xed at 0.08° from 0 to 9 ML, at°0.12° for10and 11 ML, at  Thg |ink between the introduction of misfit dislocations
0.15° from 13 to 19 ML, and at 0.22° from 22 ML. A scan mea- n the appearance of two peaks in the lattice parameter
:;rr?:%"(‘)g ﬁfiﬂgﬂg izséﬂal'i: 0‘”116) dqlrlectl?_n IS alslc(n Shg";f‘t) oo distribution of Ag can be understood intuitively. Indeed, in

' 1y rev g the disiocation peak and the WO 5, isjand containing dislocations, Ag is under tensile strain
shoulders, symmetrical with respect to the Ag peak, arising from ; . .
rods of scattering from stacking faults in Ag. This scan was per_par.allel to the Sl,!rfapg In régions Iocateq far fro.m .the d'SI.O'
formed with an incident angle of 0.25° and exit slits at 0.5-mmcat'o_n cores, Wh'_le it is under compressive S”a”f‘ In th_e dis-
(V)X 2-mm (H). Iocgtlon core regions. In contrast, in an island without inter-

facial defects, Ag is under tensile strain everywhere.
1.3. Stage c: Ordering of dislocations.

than Ag in Continuity with the MgO StaCking. Its grOWth was Above 20 ML, the(203 2.03 Olpeak continues to grow,
monitored by performing rocking scans around %20  \hile the (2.03 0.01 progressively disappears. This is typi-
Bragg peak for twinned Ag, which is located atl (K L)  cal of the formation of a network of misfit dislocations at the
=(1.37 0.69 1.37) for Ag twinned along the (1) planes?® interface, as already reported in previous investigattdn$.

Log (INTENSITY) (arb. units)
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FIG. 6. Top: the different ways consideréside view for po-
sitioning the Ag island, in the case of a semicoherent Ag/MgO
interface. The misfit stresses at the interface between the Ag layer
and the MgO substrate were supposed to be relaxed by the disloca-
tion network described ihRefs. 37 and 3B Two cases were con-
sidered: in caséa), the dislocation lines are located near the island
edges, while in casf), they are located at the center of the island.
Bottom: corresponding radial scans along the K 0.1) (thick
lines) and H 00.1) (dashed linesdirections aroundH=2. An
intermediate peak located around 2.03 along both directions is ob-
Served only in caséa) of dislocations near the edges.
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FIG. 5. Schematic representation of the morphology and struc
ture during the first stages of growth of Ag on M@D1) at room

temperature, as a function of the amount of Ag depositedl side . . - i
view of the atomic positions within these islands is depicted. For al e.s“matlon and a rigidity of the Ag-MgO bond equal to the

deposited amounts below 30 ML, the deposit consists in Ag islandg'g'ley of _the Ag-Ag bond. Due to the symmetry, .thls cal-
with a height-over-width ratio of-0.37+0.05. The growth is de- culation yields a central column of Ag atoms that is exactly

composed into three stagéa) For 0< §<4—-6 ML, the Ag islands “qn-SIte” (ie., re_g'Stere)jon the MgO substrate, the relax-
are coherent with the MgO. Their lateral size is smaller that 90 A&tion of Ag causing the atoms of the other columns to be
Their in-plane lattice parameter is equal to that of bulk Ag at 0.5displaced from the registered positiofsee Fig. 3 These
ML, and then becomes intermediate between that of bulk Ag andlisplacements increase with the radial distance from the cen-
that of MgO between 0.5 and 4—6 M(b) Around 4—6 ML, on the  ter of the island. The intensity scattered by the island was
average, the islands reach a critical size90 A) above which then deduced by a Fourier transform. The calculated peak
disordered misfit dislocations are introduced near their edgps. position (H=2.047) was found to be independent of the is-
Above 30 ML, the film becomes continuous, and the dislocationdand size, provided the shape is kept constant. As for the
reorder to form a square network. On all figures, the arrows locatexperimental scans fa#<<4 ML (Fig. 4), only one compo-
the presence of a column in Ag that is exactly “on site.” The nent is present in the calculated Ag peak.
supercell used to calculate the crystal truncation rods is schemati- Let us now explain the splitting of the Ag peaks during
cally shown. the second stage. By analogy with the satellite observed for
very thick films>® it would be tempting to interpret the split-
We have recently showh that these dislocations are ori- ting of the Ag(220) peak as arising from the appearance of
ented along110 directions, with3 [110] Burger's vectors. ~ an interfacial dislocation network. However, the dislocation
network does not yield any satellite .03 0 0, so this
does not explain the splitting of tHe00 Ag peak. We pro-
pose instead that the splitting of the Ag20 and (200
This qualitative interpretation can be tested in a morepeaks be indeed due to the introduction of misfit dislocations
quantitative way by calculating the atomic positions in a Agat the Ag/MgO interface, but that, at this stage, the disloca-
island and deducing the corresponding radial scans. Numeriions are not ordered.
cal relaxation would be a method of choice, but, unfortu- The introduction of discontinuities between the MgO and
nately, no simple form exists for the interatomic potentials inAg lattices in the finite element calculation being quite dif-
MgO and at the Ag-MgO interfacéb initio methods cannot ficult, a simpler approach was used. The incoherent Ag is-
be used because the number of atoms to consider is too largand was modeledFig. 6) by a Ag island cut in a bidimen-
We thus resorted to simpler models. sional Ag layer presenting an ordered network of misfit
The first stage of small islands coherent with the MgO cardislocations at the Ag-MgO interfacé The atomic positions
be simulated in a first approximation by using a linear elasin the 2D layer were calculated using the linear-elasticity
ticity calculation to determine the atomic positions in thetheory®® assuming a rigid substrate. A square lattice of edge
coherent strained Ag island. This calculation was done usindislocation lines, spaced by 97 A and oriented along the
a finite-elements methot, assuming isotropic materials, a (110 type directions, similar to that observédor thick-Ag
hemispherical Ag islan@which is not too different from the layers on MgO, was simulated. A Gaussian island shape was
actual average shape, and should thus be adequate for a ficstosen, with a height given by the thickness of the layer

2. Simulation of the strain in Ag islands
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[N=5, 10 or 20 Ag(002) planeg and a FWHM fixed at 50 A

in order to avoid the effects due to the periodicity of the
dislocations lattice. Whatever the location of the dislocation
lines: near the edgd$ig. 6(a)] or centeredFig. 6b)], this
model produces a component di=2.03 along the

(H H 0.1) direction. In order to also obtain a component at
H=2.03 along the i 0 0.1) direction, at least some of the
Ag islands must have dislocation lines located near their
edgedFig. 6(@)]. This simulation therefore tends to confirm
that the second component appearing around 4—6 ML in the
Ag (220) and(200 Bragg peaks is due to the introduction of
misfit dislocations that are not yet ordered. It also indicates
that at least some of the dislocations are located at the edges
of the islands.

06 08 1.0 12 1.4

Log (INTENSITY) (arb. units)

C. Site and interfacial distance
1. Introduction

We have seen that, before dislocations are introduced,
there are residual strains in the Ag islands. This implies that
all interfacial Ag atoms are closer to a preferential substrate
site, which we therefore call “adsorption site.” When atoms 16 18 20 22 24
are displaced too much with respect to this site, interfacial L (M Or.lu )
dislocations are introduced, yielding “good-match” regions g e
n Wh'ﬁh the ads_orptlc_)n site can still be deflned_, and "bad- FIG. 7. Logarithm(Ref. 56 of the measured intensity along the
match” regions in which the Ag atoms do not sit on top of (11L) (@) and (2) (b) MgO CTR's, as a function of the out-of

any particular site. An important question is to determine th&ane coordinaté, for different amounts of deposited Ag. Incident
preferential adsorption site: is it above O ions of the sub—ang|e: 0.08° from 0 to 8 ML, 0.12° at 11 ML, 0.15° at 17 ML, and

strate, above Mg ions or in between, above the octahedrg)22° at 19 ML. FIG. 3. (11L) CTR. Deposits: 0 ML(open

site? Another important question is the average value of thgjrcles, 0.2, 0.3, 0.4 ML(open squarés0.5, 0.6, 0.7, 0.8, 0.9, 1,

interfacial distance, i.e., the distance between the last MgQ@ 5, 2, 4, 6, and 19 ML. FIG.®). (20L) CTR. Deposits: 0 ML

plane and the first Ag plane. (open circleg 0.2, 0.5, 1, 2, and 3 Ml(open squares4, 6, 8, 11,
Figure 7 shows the evolution witld of the intensities and 17 ML.

along the (2Q) and (11) Mg OCTR'’s. A remarkable fea-

ture of the Ag/MgO growth is the drastic modification of the

or SC Ag. Note that the Ag atoms of the SCF are not nec-

shape of the MgO CTRS induced by Ag dep(_)sition, even inessarily located above the MgO sites and do not necessarily
very small amounts. It is shown below that this effect can be}orm a continuous crystal

used to determine the adsorption site, the interfacial distance,
and the morphology for very small deposited amounts, pa-

rameters that are impossible to deduce from measurements of 3. Simplified model
the relaxed Ag Bragg peaks. In a first crude approximation, we could consider that
only the Ag atoms that are perfectly “on-site” contribute.
2. Origin of the interference The SCF would thus consist either in fully lattice-matched

Ag, or in separated “on-site” columns that are located at the
fcenter of the islands during the first three stages of the
growth, or exactly halfway between two dislocation lines
when the film is continuouésee Fig. 5. In this last case, the
F does not form a continuous crystal in the directions
arallel to the surface, even on the scale of the interatomic

It is important to note that the MgO CTR’s width khand
K is everywhere resolution limited, whatever the amount o
Ag deposited® This was deduced from radial and rocking
scan measurements of the CTR'’s for the bare substrate, a
for /=2 and 10 ML of Ag deposited. This observation al-
lows to define in a general way what are the characteristic pacing
of the Ag cau_sing the modifications of the Mg(.? CTR’s. The The MgO CTR’s can be modeled by calculating the in-
presence of mt_erference_ along the MgQ CTR.S and the a.bt'ensity scattered by the unit cell represented in Fig. 8. On the
sence of evolutpn of their transverse width |nd|cat<_e that th'srigure, Ag was supposed to sit on top of an oxygen site, but
phenomenon arises from Ag ato”!s that are correlaigthe he site can of course be varied. The occupancy of the Ag
substrate over very long lateral distances, and have the su lane located at a distancefrom the last MgO plane is
strate’s correlation lengtliresolution limited. This corre- described by a complementary error function:
sponds to pairs of atoms whose in-plane separation is equa[3 '
to exact multiples of the MgO lattice vectors, i.e., that have
the same internal coordinate in the MgO unit deil prolon- 1 7— 7
gation of the MgO lattice inside the AgWe call this frac- 0(2) = 07o1AL = erfc 'V'),
tion of the deposit “substrate-correlated Ag fractiofSCF 2N V2.0
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FIG. 8. Schematic drawing of the model used for fitting the o)
CTR'’s. Right: atomic positions. Ag atoms are represented by gray E:‘
circles, Mg ions by black disks, and oxygen ions by open circles. 2
Left: shape of the profile describing the occupancy of the Ag planes o
as a function of the coordinatgperpendicular to the surface. In this
figure, the substrate was supposed to be perfectly flat. 0,y (ML)
1 z—2 FIG. 9. Evolution with the amourd of deposited Adin equiva-
where N= 2 gerfc (1) lent ML) of (a) the total amount of “on-site” Ag expressed in
Ag 2.0 number of ML (solid circles with error bajs compared with the

I
gﬁne total amount depositetashed ling (b) the “on-site” Ag thick-

) ) ness(solid squares It is compared with the average island height
The parameters of this modeFig. 8) are the “total  geduced from two independent GISAXS measurements with the 1D

amount” of SC Ag OroraL, IN ML), the mean thickness of detector(crosses and open triangleZhe total equivalent thickness
SC Ag domainszy, , the additional roughness of the SC Ag of Ag deposited is also representéblid line). (c): the interplane
with respect to the substrate, (which takes into account a distancedagaq in Ag, perpendicular to the surface, compared with
possible dispersion in the height of the different domains ofhe distancesifyy, expected for bulk Ag, andizjay calculated
SC Ag), the interfacial distanc@ag.mgo, and the average according to isotropic elasticity for Ag strained in-plane to the MgO
distance between two SC Ag plane&g_Ag, which is as- lattice parametefdashed lines (d) Interfacial distancelag.ugo de-
sumed here to be uniform. Such a model can easily be useticed from the fits of the CTR'®pen circley and average inter-
for a quantitative analysis of the MgO CTR’s, which is per- facial distancedashed ling

formed by refining the values of the parameters using a Ieas{he comparison between the experimental CTR’s and the
square fitting of the intensities.

best fits for selected deposited amoustd-or the fits, the
MgO(00)) substrate was assumed to be unaffected by the Ag
deposit. The scaling parameter and the substrate roughness
were determined by a fit of the CTR’s measured on the clean

Using this model, a qualitative analysis of the sign of thesubstrate, the substrate roughnésd A rms being modeled
interference observed along the MgO CTR’s shows that thy a Gaussian distribution of the terrace heigftshey were
Ag atoms of the first plane preferentially sit atop of the oxy-then fixed during the fits of the CTR’s measured on the de-
gen atoms of the last MgO plaf&!! posits of Ag on MgO.

For a quantitative analysis of the CTR'’s, the experimental The first striking feature is the very small amount of SC
structure factors were deduced from the intensities measurely [Fig. 9a)]. It may be surprising that large effects are
either inL scans or by rocking scans, after normalizationobserved on the Mg@01) CTR’s with such a small SCF
with respect to the incident flux, subtraction of the back-amount. However, the MgO CTR'’s are extremely sensitive
ground measured on the clean MgO CTR'’s and applicationo the presence of Ag because its scattering power is 24
of the geometrical correction factot$.L-scans measure- times that of MgO on the “intense CTR’s(H andK even,
ments can be used here because the resolution-limited widthe MgO CTR intensity is proportional to the square of the
of the CTR’s implies that the intensity at a giverposition  sum of the atomic form factors of O and M@nd 150 times
can be integrated without moving the sample. that of MgO on the “weak ones'{H and K odd, intensity

The parameters of the model of Fig. 8t61aL, Zu, o, proportional to the square of the difference of the form fac-
dag-mgo, anddag.ag) and Eq.(1), represented in Fig. 9 as a tors of O and Mg,
function of 6, were determined by a simultaneous least- The second important result is the large values of the
squares fit of the (11) and (2Q) CTR’s. Figure 10 shows heighth of the SCHFig. 9b)]. The very small amount of SC

4. Site, interfacial distance, and other structural parameters
of the interface
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of Ag areapproximatelyidentical and “pinned” in the same
way on the substratésee Fig. 5 for a schematic pictiyeo
that the whole Ag deposit contributes to the modifications of
the MgO CTR’s. In other words, we propose a model of
partially relaxed islands correlateth the substrate. In such
a model, where the SCF is the whole deposit, all the Ag
atoms contribute to the MgO CTR’s, but with a weight that
decreases with increasing lateral separation from the central
“on-site” column. In a small island of relaxed Ag, the cen-
tral atomic column, which is perfectly “on-site,” fully con-
tributes, because all the “on-site” columns are not only
above MgO ones, but are in addition fully correlated via the
substrate. As interfacial Ag atoms lie farther away from this
central column, their contribution to the MgO CTR’s de-
creases for two reasons. The first one is that they are more
and more displaced from the “on-site” position. The second
one is that pairs of atoms located in different islands far from
the “on-site” column are less likely to be correlated by the
substrate, because the exact atomic distribution presumably
10 15 20 differs between different islands, especially if they are of
L (MgO r.l.u.) different sizes.
Let us first illustrate this model by supposing that all the
FIG. 10. Comparison between the measufebssesand cal-  islands areexactlyidentical and “pinned” in the same way
culated (solid lines MgO CTR'’s during the room temperature gn the substrate. In this case, the MgO CTR’s can be mod-
growth of Ag on MgQ001). The logarithm(Ref. 56 of the modu-  g|aq py calculating the intensity scattered by a supercell that
lus of the structure factor is plotted versus The dashed lines depends on the stage of the growth that is considered. For the
corre’spond to the clean Md@01) substrate. The (11) and (2Q.) stage(a) of the growth, the supercelsee Fig. 5 comprises a
CTR s have been represented on the sarseale a_llthough the_y are  comi-infinite MgO column with a square basis hexagonal
at differentH, K values. The curves corresponding to the different . . .
amounts of deposited Ag are shifted vertically for clarity. or Clrculgr, t.he exact Shape. IS r.]Ot Very.lmporlavmose
lateral size is equal to the interisland distance, and a Ag

Ag (0.02 ML at #=0.2 ML), and also the large values bf island that is either fully relaxed or slightly strained contain-
(about 3 planes ap=0.2 ML) both confirm that the SCF ing at its center a perfectly “on-site” colum(Fig. 5). For
does not consist in lattice-matched Ag. Indeed, if somestage(c) (continuous film with an ordered dislocation net-
lattice-matched Ag was present, it should be confined neawork), the unit cell is the supercell of the dislocation net-
the interface, so its thickness should not exceed one or twwork. The case of stagd) (islands containing dislocations
planes, and the major part of the first Ag plane would beis intermediate.

lattice matched, which would yield an amount of “on-site” A very simple estimation of the contribution of the Ag to
Ag close to the equivalent amount depositdat least for the MgO truncation rods allows to predict the differences
small 6. The values found foh indicate that, already at 0.2 that will appear in the diffracted intensity between this new
ML, Ag is in the form of islands with a height of several model and the first one. Let us assume for simplicity that all
planes: there is no stage of two-dimensional growth. Addithe Ag has its bulk lattice parameter, i.e., we model the
tionally, from Fig. 9b), for 6<6 ML, the thickness of the — g 5ML stage. The supercell comprises a semi-infinite col-
on-site” Ag is practically equal to the average island height |, n of MgO yielding a CTR centered @,=Qyq0, and a

deduced from the GISAXS data. This agrees with the mod?_x ; ST _
of 3D growth proposed above, and confirms that the SC fg\;;l(iﬂdg f,'g'(”fv\"j‘,jﬁ/f)' C?/riz?drgdam%‘on?n‘gafioah?aggvzogﬁe
extends from the interface to the surface of the islands, an gO CTR that decreases as the order of diffraction in-

that it is located near the center of the islariids., near the creases, since the spacing between the MgO and Ag rods

point of maximal height ) . 4 :
However, although the SC Ag is not lattice matched, and'¢r¢as€s withH and K while the width of the Ag peak

extends over a significant height, it is not only composed of€mains constant. _We experimentally observec_i this decrease
the central “on-site” columns either. Indeed, the amount of©f the Ag contribution along the CTR as a function of the rod
“on-site” Ag obtained with this simple model indicates that, ©'der, which confirms the validity of this last model. By
whatever the island size, there is more than one “on-site”contrast, for lattice matched or “on-site” Ag, the respective
Ag column per island. At 6 ML, for instance, the occupancyWeight of the Ag and MgO contributions to the MgO CTR
of the first “on-site” plane is 0.05 ML, which, combined Would not vary with the order of the rod.
with an interisland distance of 150 A and the hypothesis that
there is one island evelt50 A)?, leads to 125 “on-site” Ag
columns per island. One drawback of this general model is that it contains too
many parameters for a quantitative analysis. Even if we were
able to calculate the atomic positions in a Ag island given its
This observation led us to a more general model, insize and shape, we would have to introduce as free param-
which, at least forh<4 ML, we suppose that all the islands eters a mean island size, a mean shape, a mean interisland

Log | E, | (arb. units)

6. Validity of the interfacial parameters

5. General model
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other sites, the simulated CTR’s strongly differ from the ex-
perimental ones.

Hence, this very simple simulation shows that, in this sys-
tem, a qualitative inspection of the sign of the interference
along the CTR’s using the “on-site” model allows to deter-
mine correctly the adsorption site.

Given this verification, we have to consider that the val-
ues deduced fodpg.pq [Fig. Ac)] anddag.o [Fig. Ad)] are
average values over the SCF, because these distances are
probably nonuniform within a given island, and may vary
slightly between islands of different sizes and different strain
states. The value of the average heidhy. 9b)] is probably
representative of the average height of the islands, since it is
the central portion of the islands that contribute the most.
This is indeed verified by the good match with the thickness

L (MgO r.L.u.) deduced from GISAXS$Fig. 9b)].
Finally, we do not attach a particular meaning to the total

FIG. 11. Calculation of the intensity scattered along theL(11 amount of “on-site” Ag[Fig. 9a)], because this parameter
(@ and (2@) (b) MgO CTR’s, by a supercell composed of a semi- serves to “hide” everything that is not modeled properly,
infinite MgQ(001) substrate and a small hemispherical island of Aglike the real lateral position of the atoms in the islands, and

at its bulk lattice parameter, with a ZO-A diameter. The |Ogar|thmthe d|Spers|0n on this parameter from one island to the other.
(Ref. 56 of the intensity is plotted versus. The interislands dis-

tance(i.e., the lateral size of the supergelas fixed at 66 A and
the interfacial distance was fixed at the experimental steady-state
value, 2.52 A[Fig. 9(d)]. The MgO substrate contribution is shown

Log (INTENSITY) (arb. units)

IV. DISCUSSION: INTERACTION BETWEEN Ag

as black squares and the Ag scattering as open triangles. For the AND MgO

(11L) CTR (a), open circles show the CTR intensity for either a Mg A. Site and interfacial distance

or octahedral epitaxial site, and the thick line shows the intensity for . ) .

an oxygen adsorption site. For the (§2CTR (b), the open circles The gdsorptlon site foun_d here, above O ions of the sub-
correspond to the octahedral site, while the thick line shows thétrate, Is |n31a?,gzrf‘azezr;ent with the results of all the recent
intensity for either an O or Mg site. calculations?13242=47and of a recent surface x-ray absorp-

tion spectroscopy studi. This result contradicts those of an

distance, and the dispersion over all these parameters, in cearlier high-resolution transmission electron microscopy
der to estimate the Ag-Ag correlation function and derive the(HRTEM) study;? which concluded to the existence of both
intensity. For the quantitative analysis of the MgO CTR’s,Mg and O sites because of the imaging(@00 misfit dis-
the simpler model of “on-site” Ag was therefore used. Of locations. However, we have sholrthat the actua(110)
course, this inadequately models the lateral position of th@rientation of the dislocations is consistent with the presence
Ag atoms, but it allows to derive the interesting parametersof only one adsorption site. Note that the difference in en-
the height of the SCF, the adsorption site, the interplan@rgy between adsorption above Mg and adsorption above O
distance in Ag, and the interfacial distance. is calculated to be small, and hence is the difference in en-

Let us first show that the adsorption site found with thisergy for different orientations of the dislocation network.
simplified analysis corresponds to the real adsorption siteThis could explain the different orientation observed on a
For this, we have calculated the intensity scattered by a suery thin sample by HRTEM.
percell [MgO columnt+hemispherical Ag island, cf. Fig.  Letus examine now the values 6fg g anddag.o [Figs.
5(a)] for the extreme case where Ag has its bulk lattice pa9(c) and 9d)]. Below 2 ML, these two parameters were
rameter(stage #=0.5ML). To make our simulation corre- found to be strongly coupled in the fits. However, good fits
spond approximately to the real situation at 0.5 ML, the lat-were obtained by fixinglag.aq to the value for bulk Ag for
eral size of the island was taken equal to 20 A, thef#<2 ML, which is consistent with the fact that Ag is close
interislands distance equal to 66 A and the interfacial disto its bulk parameter in stag@. Above 2 ML, these two
tance was fixed at the experimental steady state value, 2.5®rameters are well decoupled. The average interplane dis-
A [Fig. 9d)]. Figure 11 shows the (1) and (2@) CTR’s  tance dag.ag=2.00+ 0.02A is intermediate between ‘the
calculated with the central atomic column of the symmetricvalue for bulk Ag @E;Xg=2.043 A) and the value aiigﬁ'g
island set either on top of O or Mg, or the octahedral site=1.950 A calculated from the linear elasticity theory for Ag
The (11) CTR allows to distinguish between either the O strained in plane to the MgO lattice parameter. This value is
site on the one hand, or the Mg or octahedral sites on theeasonably close to the average out-of-plane Ag distance of
other hand, while the (20 CTR allows to distinguish be- 2.025 A deduced from our finite-element calculation of the
tween either the octahedral site on the one hand, or the O @trains in an island.
Mg sites on the other hand. The clear destructive interference The interfacial distance is found nearly constant, with an
experimentally observeFig. 7) on both sides of the Bragg average value ofipg.ygo=2.52+ 0.1 A which is very close
peaks along both CTR's is consistent only with the O siteto the most recent theoretical values, of 2°34,2.38%3!
The simulation with the O sitéFig. 11) qualitatively repro-  2.4774 2.4932492 504 2 45 to 2.64 A% depending on the
duces most of the observed interference at 0.5 ML. For thé\g coverage, 2.64 A>*3and 2.69% as well as to the ex-
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perimental value of 2.53 A found both by HRTEMRef. 129 Octahedral
and surface-extended x-ray-absorption fine structire.

These results on the epitaxial site and interfacial distance
show that the most receab initio calculations predict these
parameters correctly. One important remark is that most pub-
lished theoretical calculations neglect the lattice parameter
mismatch between Ag and MgO and assume perfectly “on-

site” Ag atoms. By contrast, in the real situation, Ag is never “on site” “disconnected”

completely strained to the MgO in-plane lattice parameter. | ar=ay a,> a, l

Therefore, even if most of the Ag atoms are close to a par- — N 1Y

ticular adsorption site(except those near the dislocation CACAYAY

cores, there are only a few that are perfectly “on site.” This

means that to be accurate, theoretical calculations of the in- [110] -

terfacial parametershouldtake into account the lattice pa- i

rameter mismatch and allow slightly “off-site” Ag atoms. FIG. 12. Frenkel-Kontorova model of the Ag-MgO interface

used to explain the evolution of strains in Ag during growth, i.e., as

a function of increasing island size. The Ag-Ag bonds, which tend

B. Evolution of the strain in Ag islands from the first stages to bring back the Ag-Ag interatomic distance to its bulk value, are
of growth to the introduction of dislocations much stronger than the Ag-O bonds, which tend to bring back the

. Ag atoms on top of the oxygen sites. This, in addition with the very
The growth model in three stages reported above clearlgma” amplitude of the interfacial potential corrugation, explains

shows that, at all stages, the strain anq the mor.phol.ogy ar\ﬁhy very small islands remain unstrained, because the lateral dis-
strongly Corr,elated' The_ Qbserved St_ram evolution is very lacements of interfacial atoms in the potential well result in a very
unusual: the _IS_Iands are initially unstrained, but,_as they g_ro mall increase of interfacial energy. As the Ag islands get wider,
beyond a critical size, they become progressively strain€ghejr central atomic column stays in “on-site” position while the
and introduce misfit dislocations. How can we explain thafiyerfacial atoms at the edges get more and more displaced with
the small islands are initially unstrained? Why do they nextespect to the bottom of the potential wells. The resulting increasing
become strained? Why are dislocations introduced in islandterfacial energy is released by a progressively increasing strain in
that are already partially relaxed? Finally, why do these disthe growing islands. The islands then reach a critical size at which
locations reorder? The elasticity calculation using finite elethe interfacial Ag atom at the edge is “disconnected.” This atom
ments presented in Sec. Il B 2 is clearly unable to provide amecomes the starting point of a misfit dislocation.

explanation for those facts.

The mechanism leading to the observed features can hgdsorbed on the preferential sixygen. The adsorption of
qualitatively understood by using a simple two-dimensionalag on MgO is usually described as physisorptfdmwith a
model of Frenkel-Kontorova typg®" to describe the Ag- mostly electrostatic bonding, containing only a very weak
MgO interaction. In this mode(Fig. 12, the vertical posi- metallic/covalent componert!*’ By contrast, the inter-
tions of the atoms are fixed. The force, which tends to bringatomic “springs” between the Ag atoms are quite strong,
back the adsorbate atoms of the first plane on top of theince the Ag-Ag adhesion energy is 1.36 2/fhe Ag-O
substrate site¢supposed to be fixeds described by a peri- bond is thus much weaker than the Ag-Ag bond. Therefore,
odic potential as a function of the lateral coordinate parallethe major part of the strains is not in Ag but at the interface,
to the interface, and the Ag atoms are harmonically boungh the form of lateral shifts between the adsorbate atoms of
together. The interatomic force between the Ag adatomsne first plane and their adsorption site. In addition, the am-
tends to bring back the interatomic Ag-Ag distance to itsplitude of the corrugation of the substrate-adsorbate potential
bulk value @zy“=aag/v2), while the adsorbate-substrate in the Frenkel-Kontorova model, is also very small. Indeed,
interaction tends to bring it back tdf,,”g'é= augo/v2. The  this amplitude is the difference between the adhesion energy
amplitude of the adsorbate-substrate potential is related ttor Ag above the unfavorable Mg or octahedral sites and the
the difference of adsorption energy between the preferentisidhesion energy above ©-0.3 and ~0.2 J/nf, respec-
site(i.e., on top of oxygenand the unfavorable sitése., the tively).
octahedral site, between two oxygen sites along (&) Figure 12 illustrates schematically the Frenkel-Kontorova
directiong. The strain state in the adsorbate is thus determodel for the extreme case of a chain of Ag atoms with the
mined by the respective weights of the Ag-Ag and Ag-MgO interatomic spacing of bulk Ag. The farther the Ag atoms lie
bonds, and by the value of the lattice parameter misfit. from the central “on-site” position, the more shifted they are

Remark that the Ag surface stress should in principle bevith respect to the potential minimum, which causes an in-
taken into account. It generally leads to a contraction ofcrease of the interfacial energy. The larger the islands, the
small nonsupported clustéfs>* and can make the “effec- larger the lateral shifts of the interfacial atoms located near
tive misfit” °° between Ag and MgO depend on the size ofthe edge, and thus the larger the corresponding increase of
the Ag islands. However, the neglect of the surface stresmterfacial energy. However, because the interaction of Ag
will not change the present qualitative interpretation. and MgO is small and the amplitude of the interacting po-

Let us examine the order of magnitude of the differenttential is small, even a large lateral displacement of the in-
parameters that intervene in this Frenkel-Kontorova modelterfacial Ag atoms with respect to the potential minimum
The adhesion energy between Ag and M¢D23 to 0.64 results only in a very small increase of the interfacial energy,
Jint [Refs. 1,5,31,32,42—47 #9is very small, even for Ag compared to the Ag binding energy. In other words, the po-
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tential well the Ag atom sits in on the MgO surface is flat Ag atoms. In fact, coalescence of neighboring islands is
enough in absolute value, compared to the Ag binding enprobably the main process of island growth, especially for
ergy, to allow some latitude in the lateral position of the Agstrained islands, for which the capture of individual atoms at
atom relative to the O site on the MgO surface. As long aghe island edges is energetically unfavorable. Let us consider
the islands are small enough, the total interfacial energy inwhat happens at the coalescence of two neighboring Ag is-
crease due to the cumulated lateral displacements of all ifands that are coherent with the MgO and that have both an
terfacial atoms with respect to the potential minimum re-"On-sit€” column at their center. When these two islands
mains negligible with respect to the Ag binding energy. As acoalesce, a defect appears at the region of contact since the

result, small Ag islands “float” on MgO with a weak attrac- qenters of the Fwo islands are not separatgd by exact mul-
téples of Ag lattice vectors. The energy of this defect grows

tion to sites above the O surface atoms and the Ag-Ag bonds" : S
in these islands are little affected by the substrate. This ha vith the area of contact betweeﬂ the_ tV\.'O |sland§, untl it is
pens until the average island size reaches a critical value oft'9¢ enoggh to make the resulting big island .Sh'f.t toward a
~35 A corresponding tod=1ML. When the island size configuration of smaller energy by a reorganization o_f the
Ag-MgO bonds. One expects the energy to be lower if the

increases above 35 A, the “line” of interfacial Ag atoms . ) .
becomes too long. If the Ag remained unstrained, the end A efect migrates toward the edges of the resulting large island,
' here less atomic pairs will be affected by the strain field of

atoms would be located outside the potential well above th S . ;
P e defect. If the resulting island is smaller than the period of

O atoms, and the increase of interfacial energy due to th incid ite latigeSL). the def il simplv di
cumulated lateral displacements of interfacial Ag would pelhe coincidence site attld. ), the defect wi Simply dis-
ppear, and the island will become coherent with the MgO.

too large. It becomes favorable to decrease the interfacia]™" ™ O : . :
it is larger, it will end up as an incoherent island with

energy by pulling out the edge atoms into the potential well. . . X
These edges atoms are thus strained, which, in turn, tendsgésmcat'o_n Ilnes_ hear the edges. Therefore, the final state of
strain the whole island. The strained state in the Ag island € large island in this proceassuming that Ag has enough

thus results from an equilibrium between the increase of A obility) is the same as if the island had grown by capture of

strain energy and the increase of interfacial energy due to th@dIVIduaI Ag atoms. To complete this description, in the

displacements of all interfacial Ag atoms with respect to the"@S€ of coalescence of two islands already containing dislo-

perfect “on-site” position. As the islands continue to grow, cations, one expects the reorganization of the Ag-MgO

an intermediate state is found, with a small tensile strain irf)on?_s to be 313i]nly dd:civetn by t%e. reéouls_;ﬁnﬂt])etweer; 'ghe (;:l)is-
Ag and significant displacement of the edge atoms with re:0cations and the detect, combned wi € repuision be-
spect to the potential well. tween neighboring dislocations.

This naturally leads to the introduction of dislocations at F'nt‘;’}"y% altlhough (l:on&plet?i Initio 't:/lalcoulatlonsbare n(:'t
the edges of the islands: an island will grow coherent withP©SSID'€ Tor farge isiands ot Ag on NgL, our observation

the substrate until it reaches a critical lateral size for whicHnat there is no fully strai_neojl Ag is consistent with the only
the atoms at the island eddim a 2D model sit halfway availableab initio calcglaﬂoﬁ thgt takes the misfit into ac-
between two O sites, i.e., above the octahedral site along t unt. Indeed, from th'.s calculation, t.he energy per atom of a
(110 directions (see Fig. 12 As the island continues to ully relaxed layer of five Ag atoms is 0.06 eV/atom lower

grow, these atoms will stay “disconnected” from the sub- than that of a fully strained film.

strate and the next atoms will be shifted by one site com-

pared to the Iattice'matched Ca($é. F|g 5) The “diSCOI’]- C. Ordering of interfacial dislocations
nected” atoms, on a barrier of the adsorbate-substrate

potential, will tend to lie farther away from the MgO to
minimize their energy. Each of these atoms will be the start
ing point of an interfacial misfit dislocation, which will build

When the islands coalesce, the dislocations progressively
reorganize into an ordered network because of the repulsive
force between neighboring dislocations arising from the
: - : long-range strain field of the dislocations. The satellite peak
itself progressively as the island grows. : .

brog y 9 1around(2.03 0 0, which should vanish for a perfectly or-

Hence, since the major part of the strains is not in Ag bu 12 defini ) S
at the interface, the appearance of dislocations does not co ered network?” definitely disappears as the order builds in.

respond to a “cracking” of Ag islands accompanied with a tthg same time, th? satellite €2.03 2.03 § becomes pro-
reorganization(cutting and re-formationof the adsorbate- gressively better defined.
substrate bonds as in the case of an initially lattice-matched
deposit, but is rather a simple geometric effect.

For a Ag island with the lattice parameter of bulk Ag, the V. CONCLUSIONS
critical island size above which misfit dislocations are ex- In summary, for the growth of Ag on a clean and flat
pected to appear is equal to the period of the coincidence siftdgO (001) surface at room temperature with a deposition
lattice between Ag and MgO, 97 A. For an island that israte of 0.36 ML/min., we explain how the structure and mor-
partly strained, like at 3 ML, the critical size should be largerphology evolve as schematically shown in Fig. 5.
than 97 A. Experimentally the average island size at which In agreement with the thermodynamic nonwetting charac-
dislocations appear is about 90 A, which is smaller than exter of the Ag/MgO interface, the growth proceeds by nucle-
pected with this mechanism alone. This result is not comation, growth, and coalescence of islands from the very be-
pletely understood. ginning of the depositiof0.2 ML). The height-to-width ratio

In the above description of the way dislocations are intro-of the islands is nearly constant during growtk,0.37
duced in an island, we have assumed for simplifying that the- 0.05. The film becomes practically continuous above 30
only process of island growth was the capture of individualML. Most of the Ag is in cube on cube epitaxy. A small
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amount of twinned Ag also grows above 4 ML, as well asinteraction potential. The presence of relaxed Ag from the
stacking faults above 10 ML. beginning of the deposition is consistent with the very small

A very unusual evolution of the strain state is observedadhesion energy between Ag and MgO.
with increasing amounts of Ag deposited. Below 1 ML, i.e., The epitaxial site is confirmed to be above O ions of the
for an average in-plane island size smaller than 35 A, the Adast MgO (001) plane, and the steady-state value of the in-
islands are essentially unstrained. Between 1 and 4 ML, i.eterfacial distance for large deposited amounts is found to be
for island sizes between 35 and 90 A, the Ag islands becoméag.mgo=2.52+0.1 A. These two results are consistent with
more and more strained by the substrate, with a lattice paall recent previous experimental determinations and theoret-
rameter intermediate between those of bulk Ag and MgOical predictions.

Around 4—6 ML, i.e., for an island size of the order of 90 A,  Concerning the technique of surface x-ray diffraction it-
two peaks appear in the lattice parameter distribution of Agself, this study shows that measurements of the substrate
which arise from the formation of interfacial misfit disloca- crystal truncation rods can be used to characterize the adsor-
tions at the Ag islands edges, driven by the fact that thédate even when the adsorbate does not contain a fully
islands reach a critical size of the order of the period of thestrained part.
coincidence site lattice. Above 30 ML, the interfacial dislo-

cations reorganize into an ordered network, which has been

evidenced elsewheré!?

This unusual evolution has been interpreted in terms of a We would like to thank A. Bourret and I. K. Robinson for
very weak interaction between Ag and MgO, with rather flattheir critical reading of the manuscript, and J. Villain, C.
potential wells: this makes very small islands “float” un- Priester, C. Noguera, F. Lame, and T. Deutsch for valuable
strained on the MgO surface, while wider islands get strainedliscussions, and J. Jupille for his participation in one of the

ACKNOWLEDGMENTS

since the atoms at their edges sit on the steep portions of trexperiments.

* Author to whom correspondence should be addressed. FAX: 33 #I. K. Robinson, Phys. Rev. B3, 3830(1986.
76 88 51 38. Present address: Materials Research Laborator$’S. R. Andrews and R. A. Cowley, J. Phys.18, 6247(1985.
University of Illinois at Urbana-Champaign, 104 South Goodwin 2*http://www.esrf.fr

Av., Urbana, IL 61801. Electronic address: grenaud@cea.fr

IM. W. Finnis, A. M. Stoneham, and P. W. Taskbletal-Ceramic
Interfaces Acta Scripta Metall. Proceedings Series Vol(REr-
gamon Press, New York, 1990

2V. E. Henrich and P. A. CoxThe Surface Science of Metal Ox-
ides (Cambridge University Press, Cambridge, 1994

3Proceedings of the International Symposium on Metal-Ceramic

Interfaces[Acta Metall. Mater. Suppl. 401992)].

4C. Noguera,Physics and Chemistry at Oxide Surfac&am-
bridge University Press, Cambridge, 1996

5J. R. Smith, T. Hong, and D. J. Slorovitz, Phys. Rev. L&8,
4021(1994.

6p, Palmberg, T. Rhodin, and C. Todd, Appl. Phys. L&tt. 33
(1967.

A. K. Green, J. Dancy, and E. Bauer, J. Vac. Sci. Techndl59
(1979.

8D. G. Lord and M. Prutton, Thin Solid Film&1, 341 (1974.

90. Robach, G. Renaud, and A. Barbier, Surf. 01, 227
(1998.

10p, Gumard, Ph.D. thesis, Grenoble University, France, 1996.

1p Gueard, G. Renaud, and B. Villette, Physica 21, 205
(1996.

27, Trampert, E. Ernst, C. P. Flynn, H. E. Fischmeister, and M.

Ruhle, Acta Metall. Mater40, S227(1992.

13G. Renaud, P. Gunard, and A. Barbier, Phys. Rev. B, 7310
(1998.

ME. H. Van der Merwe, Surf. ScB1, 198 (1972.

15|, K. Robinson and D. J. Tweet, Rep. Prog. PH5,.599 (1992.

227, K. Green, J. Dancy, and E. Bauer, J. Vac. Sci. Technal59
(1979.

23y, Shigeta and K. Maki, Jpn. J. Appl. Phyks, 845 (1977).

24 Didier and J. Jupille, Surf. S&307-309 587(1994; F. Didier,
Ph.D. thesis, University of Paris Xl, 1994.

25K . Takayanagi, K. Yaki, and G. Honjo, Thin Solid Filrds, 137

(1978.

26T Harada, M. Asano, and Y. Mizutani, J. Cryst. Grovttg, 243
(1992.

27D, Thiaudiee, Ph.D. thesis, University of Poitiers, 1996.

28 Although a priori valid only for a distribution of cylindrical clus-
ters, this approximation was shown to yield a good estimation of
the in-plane width for very different island shapes.

294, Sato, S. Shinozaki, and L. S. Cicotte, J. Vac. Sci. Techol.
62 (1969.

%04, sato and S. Shinozaki, Surf. S&2, 229 (1970.

31T, Hong, J. R. Smith, and D. J. Srolovitz, Acta Metall. Mat3,
2721(1995.

323, Purton, S. C. Parker, and D. W. Bullet, J. Phys.: Condens.
Matter 9, 5709(1997.

33A. Barbier, Surf. Sci406, 69 (1998.

348 E. Warren, Prog. Met. Phy8, 146 (1959; M. S. Paterson, J.
Appl. Phys.23, 805 (1952; A. J. C. Wilson, Proc. R. Soc.
London, Ser. A180, 277 (1942.

35\We have shown elsewhefRef. 13 that these rods cannot arise
from facetted Ag and can only be attributed to stacking faults.

3%8p. Wong and M. D. Thoules, J. Mater. S&2, 1835(1997).

163, R. Levine, J. B. Cohen, Y. W. Chung, and P. Georgopoulos, F’W. Bollmann, Crystal Defects and Crystalline Interfaces

Appl. Crystallogr.22, 528 (1989.

(Springer, Berlin, 1970

178, M. Lairson, A. P. Paine, S. Brennan, N. M. Rensing, and B. J3BR. Bonnet, Philos. Mag. 46, 849(1992.

Daniels, J. Appl. Physr8, 4449(1995.
180. Robach, G. Renaud, A. Barbier, and P. @Garel, Surf. Rev.
Lett. 5, 359(1997.

%9The clean MgO CTR'’s width was estimated at 0.01° from the
width of a rocking scan around th@ 1 0.15 point. At this
location, the width of the resolution function is negligible since



PRB 60 STRUCTURE AND MORPHOLOGY OF THE Ag/Mg@O01) . . . 5871

the Bragg angle is the same for the MgO and the monochro?®A. M. Flanck, R. Delaunay, P. Lagarde, M. Pompa, and J. Jupille,

mator. Phys. Rev. B53, R1737(1996.
490. Robach, Ph.D. thesis, University of Grenoble, 1997. 49y. Schmberger, O. K. Andersen, and M. Methfessel, Acta Met-
41J. Harada, Acta Crystallogr., Sect. A: Found. Crystalldg.764 all. Mater.40, S1(1992.

(1992. _ 503, Frenkel and T. Kontorova, Phys. Z. Sowjetunids, 1
42p, Blechl, G. P. Das, H. F. Fischmeister, and U. Suberger, in (1938.

Metal-Ceramic Interfacesedited by M. Riile, A. G. Evans, M. 51 Ratsch and A. Zangwill, Surf. S93 123 (1993.

F. Ashby, and J. P. HirtPergamon, Oxford, 1990p. 9. 52G. Pacchioni and N. Reh, J. Chem. Phy404, 7329(1996.

43 ; - :
E. Heifets, F. Y. Zhukovskii, E. A. Kotomin, and M. Causa, 53y, Musolino, A. Selloni, and R. Carr, J. Chem. Ph$68 5044
Chem. Phys. Lett283 395(1998. (1998

44 H
45:; ?_'F:.?:f’ S;”ARE\&OLEE’ ﬁgsélgggéndo 3 Phvs.: Conden %¥N. Rasch and G. Pacchioni, iEhemisorption and Reactivity on
I;/Iatttlar88165.77('1996 ", ' r e PIYS. s Supported Clusters and Thin Filmedited by R. M. Lambert
16~ | ' ) and G. PacchioniKluwer Academic, Dordrecht, 199,7p. 353.
C. Li, R. Wu, A. J. Freeman, and C. L. Fu, Phys. Revi®8317 55R. Kern and P. Muller. Surf, ScB92 103 (1997

(1993. 56 . > . ) . .
474 X. Liu, H. L. Zhang, H. L. Ren, S. X. Ouyang, and R. Z. Yuan, Unless otherwise specified, the logarithm with base 10 is used in

Ceram. Int.22, 79 (1996. the figures.



