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Synchrotron x-ray scattering has been used to investigate the structure and growth of perhaps the simplest of
all films: xenon physisorbed on the Adl1) surface. High-resolution x-ray scans of the in-plane structure and
lower-resolution scan@pecular and nonspeculaf the out-of-plane order were performed. The Xe films were
prepared under both quasiequilibrium and kinetic growth conditions, and have fewer structural defects than
those investigated previously by others on graphite substrates. Under quasiequilibrium conditions, the bulk
Xe-Xe spacing is reached at monolayer completion, and the monolayer and bilayer lattice constants at coex-
istence are inferred equal to within 0.005 A, consistent with theoretical calculations. The Xe/vacuum interface
profile for a complete monolayer and bilayer grown at quasiequilibrium is found to be sharper than for
kinetically grown films. At coverages above two layers, diffraction scans along the NWe({oil for
quasiequilibrated films are consistent with the presence of two domains having predominakB¢ atacking
sequence and rotated 60° with respect to each other about the surface normal. Annealing of these films alters
neither the population of the two domains nor the fractiolABA stacking faults. The thickest film grown
under quasiequilibrium conditions exceeds 220rdsolution limited. Under kinetic growth conditions, x-ray
intensity oscillations at the Xe anti-Bragg position of the specular rod are observed as a function of time,
indicating nearly layer-by-layer growth. Up to four complete oscillations corresponding to a film of eight layers
have been observed before the intensity is damped out; the number of oscillations is found to depend on the
substrate temperature, the growth rate, and the quality of tli&lAgsubstrate. The specular reflectivity from
kinetically grown films at nominal coverages of three and four layers has been analyzed using a Gaussian
model which gives a film thickness standard deviation of 0.5 and 1.0 layers, respectively. Diffraction scans
along the Xe(Ol) rod of these films indicate a larger fraction ABA stacking faults than found for thicker
films. These results demonstrate the difficulty of kinetically growing Xe films thicker than two layers which
have an ideal slab geomety50163-18209)03723-¢

I. INTRODUCTION topological differences in the rare-gas monolayer phase dia-
grams on graphit&.

Heavier rare gases physically adsorbed on close-packed Above a monolayer thickness, not only do calculations of
single-crystal metal surfaces are usually considered to be thaructural and thermodynamic properties of rare-gas films in-
simplest of all films for theoretical study? Since the zero- crease in complexity, but the difficulty of growing high-
point motion of these atoms can be neglected, the adatonguality films increases as well. The low-energy electron dif-
adatom and adatom-substrate interactions can be represenfeaction (LEED) experiments of Ungurist al* showed that
relatively easily and accurately by analytical expressions.it is very difficult to achieve ideal layer-by-layer growth for
For this reason, rare-gas films are expected to provide film thicknesses above two layers under quasiequilibrium
benchmark for the degree of understanding which one canonditions. In these experiments, the attenuation of a Ag
hope to achieve for other physisorbed films. diffraction peak is monitored as a function of the substrate

These expectations have been largely realized for Xe, Ktemperature while dosing with a constant flux of gas. Only
and Ar monolayers adsorbed on a(Agl) surface. The de- two distinct steplike decreases in intensity were observed
localized conduction electrons of the silver yield a smoothemupon lowering the temperature, corresponding to monolayer
effective surface than found on insulating substrat€em-  and bilayer condensation. The binding energies of higher
prehensive experimentdl and theoretical studiés’ have layers are so closely spaced that, with experimentally achiev-
provided a rather detailed understanding of the monolayeable control of temperature and pressure, one cannot resolve
phase diagram, lattice spacings, latent heats, and heats ioflividual layer condensations above two layers by this
adsorption. In contrast, it has been somewhat more difficulLEED isobar method.
to achieve the same degree of understanding for these mono- In the case of growth far from equilibrium or “kinetic”
layers adsorbed on the basal-plane surfaces of graphite, agrowth, experimental investigations by helium-atom
other widely used substrate, where registry effects due to thecattering, photoemissiot? thermal desorptioft!° and
lateral variation(corrugation in the adatom-substrate bind- surface-plasmon-resonartéechniques provide evidence of
ing energy are largérindeed, corrugation effects result in layer-by-layer growth at least up to three layers. The situa-
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tion has been reviewed by Gibson and Sibener in their seence of monolayer and bilayer solid films in order to com-
ond paper of Ref. 9. Their thermal-desorption spectrgpare results with the LEED isobar experiments of Unguris
showed distinct desorption temperatures for the first threet al* For Xe/Ag111), they found a lattice constant discon-
layers of gas with each higher layer desorbing at a lowetinuity at the monolayer-bilayer transition of less than 0.005
temperature. In addition, they found that dosing a completed consistent with the LEED experimerftsHowever, their
trilayer with a small quantity of gas resulted in a peak orcalculations gave a significant difference between the film
shoulder appearing on the low-temperature side of théattice constant at the transition, referred to as the monolayer
trilayer desorption peak consistent with the third layer beindimit of compression, and the measured lattice constant of
more strongly bound than the fourth. Gibson and Sibenesolid bulk Xe. This result conflicted with the LEED
noted that the narrow angular widths of the elastic featuresxperiment$,which found the bulk and film lattice constants
observed in their He-atom-scattering experiments providet the limit of compression to be indistinguishable within an
qualitative evidence of a sharp film/vacuum interface. Theyaccuracy of 0.01 A.
also cited the distinct surface vibrational spectra observed by In a subsequent paper, Bruch and*Nieported model
inelastic He-atom scattering for one, two, and three layers ofalculations for Xe trilayers on the Afill) surface. They
the rare gases on the Adl1) surface as evidence of layer- found these trilayers to be more stable than the formation of
by-layer growth’ bulk Xe as well as the Xe trilayer on the graph{@001)
Gibson and Sibener's thermal-desorption experimentsurface. BothABA stacking of a hexagonal-close-packed
were consistent with earlier results of Ref. 10. The latter(hcp structure, andABC stacking of a face-centered-cubic
found the area under the thermal desorption peaks from thgtructure were considered. Although calculated energy dif-
saturated first and second layer of Xe(A@l) to be the same ferences were small<0.5 Katom 1), ABA stacking was
(within 5%) and hence the same particle density for bothmore favorable.
layers to within this uncertainty. From their x-ray photoelec- The stability of Xe trilayers on the A@11) surface rela-
tron spectroscopy experiments, the authors of Ref. 10 cortive to the bulk phase is in accord with the experiments re-
cluded that layer-by-layer growth occurred up to threeviewed abové: ! However, there has been little experimen-
layers?® Also, a weak knee in the photoemission intensitytal investigation of the stacking sequence of Xe films on this
from the Xe(3ls,) level suggested adsorption of a fourth Xe substrate.  Neutron-diffraction ~ experiments  ori®Ar
layer on Ad111). multilayer films adsorbed on polycrystalline graphite found
The surface-plasmon-resonance experiments of Qian argbme evidence for coexistence ABA and ABC stacking,
Bretz'! offered additional evidence of layerwise growth in with the ABC sequence dominating as the film thickéfs.
this system. They observed steplike features up to about folBut, as noted above, these experiments were hampered by
layers in the diffuse light intensity scattered from Xe films capillary condensation.
adsorbed on polycrystalline Ag substrates. Thus, despite the remarkable simplicity of these proto-
It should be emphasized that the experiments describetypical films and a large number of experiments, basic ques-
above have not provided guantitative measure of the tions concerning their structure remain unresolved. These in-
roughness of the film/vacuum interface. Such microscopiclude the following:(1) To what extent can the films be
structural properties of the films are best probed by diffracgrown layer-by-layer?2) Above bilayer thickness, are suc-
tion techniques. In the case of multilayer rare-gas films, mostessive layers identical in structure and mutually commensu-
of the previous diffraction studies have been performed omate?(3) What is the stacking sequence of the layers and are
graphite substrates. Neutron-diffraction experimént-  there stacking faults®4) What is the density profile at the
quire exfoliated substrates to achieve the requisite high sufilm/vacuum interface(5) What is the ultimate film thick-
face areas. Only quasiequilibrium growth is possible withness?
these substrates, and capillary condensation effectave From the foregoing discussion, it can be seen that ad-
tended to obscure the multilayer structure of the film. Indressing these questions experimentally requires not only
addition, profile analysis of the powder diffraction patternsgrowing high-quality multilayer rare-gas films but doing so
lacks the sensitivity to detect fractions of a layer. For thesainder conditions where the most structurally sensitive probes
reasons, it has not been possible to characterize the densitgn be applied. One of these probes is synchrotron x-ray
profile of the film/vacuum interface with sufficient precision scattering, which has developed rapidly in recent years as a
to confirm layer-by-layer growth above film thicknesses oftechnique forin situ monitoring of surface structure during
two layers. film growth. The method has been applied to layer-by-layer
Rare-gas films have been investigated on single-crystajrowth at semiconducttt!’ and metal surfac® as well as
graphite substrates in x-ray-diffraction experiments utilizingat a metal-semiconductor interfate.These experiments
a rotating anode sourc@ For Xe films on the0001) graph-  have exploited the extreme brilliance of synchrotron x-ray
ite surface, a high degree of stacking disorder prevented desources to obtain submonolayer sensitivity, as well as high
tailed modeling. Also, the use of a vermicular graphite as aesolution in reciprocal space for a precise determination of
gas ballast to measure and maintain a precise Xe coveragé&uctural parameters. Unlike more surface-sensitive probes,
failed to eliminate the possibility of capillary condensationthe penetrability of x-rays allows one to follow the structural
effects. evolution of the surface region from monolayer thickness to
In addition to these these experimental investigationsbulk.2°
there have also been theoretical studies of the structural and Common to these surface x-ray experiméhiS’has been
thermodynamic properties of rare-gas multilayers on thehe demonstration of layerwise growth by the observation of
Ag(111) surface. Wei and Brudf considered the coexist- intensity oscillations in the specularly reflected x-ray beam
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(incident and reflected angles equak a function of time. analysis of films physisorbed on single-crystal substratés.
The amplitude of these oscillations is a sensitive measure ofhe chamber has both a wide temperature range and an
structural perfection in the surface region. While in this re-situ LEED capability, and mounts on a standard four-circle
spect they are similar to intensity oscillations routinely ob-x-ray diffractometer. Our use of a single-crystal substrate
served by reflection high-energy electron diffraction duringwithout a polycrystalline ballast for coverage determination
film growth by molecular-beam epita?y the reflected x-ray eliminates capillary _condensation effettsaand allows f_ilms
intensity permits a kinematic analysis allowing a more de-© be_ grown W|t_h a higher degree of structural perfection than
tailed modeling of surface structure and morphology. previously achieved’ _ o

The brilliance of synchrotron x-ray sources also allows, !N thiS paper, we report results obtained with this chamber
measurement of the wave vectd® () dependence of the in sync_hrotron x-ray scattering studies of the structure of
specular reflectivity from adsorbed films at coverages as low(€non films adsorbed on the AdLD) surface. We chose the

as a monolaye?? These specular scans measure the Fourie e/Ag(111) system for a number of reasons. Xenon has the

transform of the atomic density profile perpendicular to thelargest x-ray cross section of the rare gases, and had already

surface, and can be analyzed kinematically to infer the numbeer.‘ used in synchrotron diffg’;‘;’“"” studies qf monolayer
ber of atomic layers in the film, the density of atoms within n:eg[!ng ofn the Aglldl) sutr_fack; Sompg;(anIYebll__iEg

a layer, the height of the first film layer above the substrate> UdI€S OF rareé-gas adsorption by Unguelsal.” establishe

and the separation between film layers, i.e., a quantitativ{ahe structure and thermodynamic pr_opertles.of the Xe mono-
characterization of the film roughness. While specular He 2Yer, and, to a lesser extent, the bilayer. Since the corruga-

atom scattering has been reported from rare-gas films on tHPN of the adatom-substrate potential is less for Xe2Ag)

Ag(111) substratd. its wave-vector dependence was a art an on graphite, and there is a large mismatch between the
9(111) P Pp lattice constants of the Xe monolayer and the (34d)

ently not measured resulting in only a qualitative measure o . - .
y g yaq surface’ registry effects seen for the first Xe layer during

the film roughness. il h hitd should be minimized
In a specular reflectivity measurement, there is no Wavemuv\} ayher gr%wt on graap tl f Ollj € m|?|m|zef ) il
vector transfer parallel to the surfad® = 0), so that spatial /€ have determined structural parameters of muitiayer
Xe films not only at quasiequilibrium but also under kinetic

correlations within a film layer are not probed. However,growth conditions. In probing the multilayer structural pa
non lar x-r ns along Bragg r f the?filare . - .
onspecula ay scans along Bragg rods of the meters inaccessible to LEEDRef. 4 and He-atom

sensitive to these lateral correlations and, in principle, can bE? . . i
used to determine the stacking sequence in the film. As Wécatterlng", we obtain a more sensitive measure of structural

have seen, it is of particular interest in rare-gas films to dePerfection in such films than has heretofore been achieved. A

termine whether the films actually have tA8C stacking preliminary repoft of this yvork was published in Ref. 2.6'
sequence expected for the bulk fcc structure or whether there Th? rest of th!s paper IS orgam;ed as fOIIOWS' Section Il
might be stacking faults corresponding to thBA stacking contains a d_escrlpt|on of the expenmental tec_hnlque. Results
of an hcp structure. Again, these issues are difficult to ad§1nd discussion are presented in Sec. |ll, with experiments

dress with LEED and He-atom scattering which probe onl onduct_gd at quasiequilibriu_m pres_ented in Sec. ”.A and

the topmost layers of the film. nonequmbnum growth experiments in Sec. I B. Section IV
The intrinsic collimation of a synchrotron x-ray beam ascontains a summary and conclusions.

well as its intensity permit higher-resolution scans in recip-

rocal space than is possible by LEED or He-atom scattering. Il. EXPERIMENTAL DESCRIPTION

This capability can be used to obtain extremely precise mea-

surements of the intralayer lattice constants of the film as its

thickness increases. It is of interest to exploit this precision Our ultrahigh-vacuum chamber for synchrotron x-ray

in measurements on films as structurally simple as the rarscattering from films physisorbed on single-crystal surfaces

gases. In particular, we shall see that it allows a more senshas been described in detail elsewh@r&,so that we only

tive measure of the lattice constant discontinuity atgive a brief description here. The chamber mounts on a stan-

monolayer-bilayer coexistence. dard Huber Model 5020 diffractometer with horizonéahnd
Unfortunately, synchrotron x-ray-diffraction studies of the 26 axes. It is small enough to allow the entire chamber to be

structure and growth of physisorbed films have lagged berotated rather than rotating the sample within the chamber to

hind those on semiconductor and metal surfaces. The reasoashieve the desired scattering geometry.

for this are in part the technical difficulties of achieving a  Despite its small size, the chamber has several features

wide temperature range—high enough to clean the singlexhich make it particularly well suited for investigations of

crystal metal substrate while sufficiently low to adsorb thephysisorbed and other weakly bound films. The compact lay-

weakly bound film. In addition, there is need for relatively out allows in situ characterization of both the film and

rapid independent characterization of the film and substratsingle-crystal substrate by LEED and Auger spectroscopy

such as byn situ LEED. These capabilities must be achievedwithout moving the sample from the x-ray scattering position

with an ultrahigh-vacuum chamber compatible with the reg-and without moving the LEED/Auger optics. A commer-

uisite x-ray diffractometer. cially available pulse-counting, position-sensitive electron
To exploit the advantages of synchrotron x-ray diffractiondetector systeniQuantar Technologyrequires a very low

for surface structure determination and to overcome some afcident electron-beam curreft-10 pA), thereby minimiz-

the problems encountered in previous x-ray studies of physng desorption of weakly bound films. Due to the sensitivity

isorbed films, we have constructed an ultrahigh-vacuunof the electron multiplier in front of the LEED detector to

chamber which is particularly well suited for structural photoelectrons produced by the synchrotron x-ray beam, the

A. Ultrahigh-vacuum chamber
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LEED system cannot be used while the x-ray beam is on. ;
However, the LEED and x-ray measurements can be done 4,51
alternately with sufficient speed that the LEED system pro-
vides a convenient means of characterizing the substrate ant
film just prior to and during the x-ray experiment. The

LEED/Auger system was also of great value in performing a
“dress rehearsal” of the x-ray experiment prior to bringing 4.40 L c ? i

the chamber to the synchrotron. I | s |
Another feature of our chamber essential to these experi- /
ments is a low-temperature capability. Using a commercially =~ 438 [ ]

available closed-cycle He refrigerat¢APD Cryogenic
sample temperatures down to 30 K could be achieved. In 432 - 4
addition, an electron bombardment heater allowed heating to L . . .
high temperature@p to 1300 K for cleaning and annealing 30 40 50 60 70 80
the Ag substrate. T(K)

)
INTY (arb. units)

444 -

Xe-Xe Spacing (A

B. Sample preparation FIG. 1. The Xe-Xe spacing as a function of temperature for a Xe
S . film in equilibrium with a constant Xe flux. The background pres-
The Ag111) sample(10 mm in diameter, miscut0.29) sure in tﬂe chamber was maintained~at.7x 10’7T0rr.gThe insF()et

was cleaned by repeatedzcydes of Xe _SpUtte(E_hg at 350 shows the A¢LO) LEED spot intensity observed under the same
K, 500 eV, and 0.2%:A/cm®) and annealing30 min, 850 K ongitions. In both plots, arrows mark condensation of the first
until there were no detectable impurities on the surface agyer (a), the second layeB), and the bulk(C).
determined by Auger spectral analy$i€® After this treat-
ment, the out-of-plane mosaic spread wa8.3°, and the For specular reflectivity measurements, we modified the
in-plane mosaic spread was about 0.17° as measured in X-rgyyr-circle diffractometer by mounting a linear drive with a
scans transverse to the Ag) crystal truncation rods. The yotary motion on the detector arm so that the detector could
sample temperature was measured by a Au-chromel thermge scanned perpendicular to the vertical scattering plane.
couple(accuracy+2 K, relative precision+0.25 K). Witha  Thjs so-called “rotating detector five-circle diffractometer”
chamber base pressure of<A0 '°Torr, the sample re- (Refs. 28 and 2Pallowed specular reflection of the x-ray
mained clean for about eight hours. Xenon films were preheam from the sample within our UHV chamber. The scat-
pared by exposing the Agll) surface to a constant flux of tered beam divergence is determined by a pair of slits
Xe gas(99.9995% minimum purityfrom a dosing tube situ- mounted on a flight path situated in front of the detector. For

ated 1 cm in front of the substrate. specular reflectivity measurements, the incident beam wave-
) length was reduced to 1.0 A in order to increase the maxi-
C. X-ray scattering mum wave-vector transfer perpendicular to the Bdl) sur-

Our experiments were performed at beam line X18A aface @Q.). The slit sizes were adjusted in this operating
the National Synchrotron Light Source. A bent, cylindrical, mode so that the spectrometer had a longitudinal, transverse,
platinum-coated mirror was used to focus the x-ray bean@nd out-of-plane resolution widttFWHM) of 5.6x 1072,
vertically and horizontally. The sample was aligned using3.9<10°%, and 3.8<10 2A~', respectively, at the bulk

three bulk Bragg reflections of the Ag substrate, 42 Xe(003) or “anti-Bragg” position.

(002, and (11). The alignment was then checked by scan-
ning through the A@LO) truncation rod at different values of
the wave vector transfer perpendicular to the surfére, A. Quasiequilibrium experiments

For measurements of the lattice constant of the Xe film, In thi i ¢ ted fil
we operated the Huber diffractometer in the four-circle h this section, measurements are reported on fiims grown

mode. The incident beam was defined by motorized slitéJnder quasiequilibrium conditions by the "isobar” method

with a 3-mm separation horizontally and a 1.5-mm separaggﬁdtg;;he.th%Eflangem;errgse:f L:quqtshalr']. 'I;]herlslg_uq(em a
tion vertically. Its wavelength of 1.2208 A was selected by a S with yer was sured with nigh precisi S

double (flat) Si(111) monochromator. A GA11) analyzer Zlfunctlon of f|||m th|cknes|s byﬂ:n-g(l:nemtgﬁractlon sg?ns.
was used in the scattered beam to improve resolution in the s0, nonspecular scans along the Xe(0bd were used to

wave-vector transfe®. In this mode, the spectrometer had amvestigate the layer spacing, stacking sequence, and ultimate

longitudinal, transverse, and out-of-plane resolution widthth'(:km'lSS of these films.

[full width at half maximum(FWHM)] of 1.0x10 3, 1.7
X104, and 8.3 10 2A "1, respectively, at the bulk Xe
anti-Bragg positior(see below. The Xe films were prepared with the UHV chamber
The bulk Ag lattice constant was measured at room temmounted on the x-ray diffractometer. Typically, a back-
perature and 33 K with the Ge analyzer in the scattere@round Xe pressure of-1.7X 10"’ Torr would be main-
beam. Our measured value differs from the reported Yalue tained in the chamber as the substrate was cooled slowly
by ~0.02%(0.0008 A. From the radial width of the AgO)  from a temperature of-85 K. The intensity of the AG.0)
truncation rod, we estimate a lateral coherence lemefB0  LEED spot intensity recorded for one such run is shown in
A for the bare Ag111) surface. the inset to Fig. £22*Upon lowering the temperature, three

Ill. RESULTS AND DISCUSSION

1. In-plane diffraction studies
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sharp drops in the LEED intensity are observed correspond-

ing to monolayer, bilayer, and bulk condensatitabeledA, 2000 L i
B, andC, respectively. Use of thein situ LEED system for fa)

this “isobar” measuremefit® allowed a precise determina-
tion of monolayer and bilayer Xe coverage without resort to
a gas ballast® However, as was the case in the original
experiments of this typ&there is insufficient resolution in
the temperature and LEED intensity measurements to ob-
serve individual layer condensations above two layers.

For the x-ray measurements of the Xe-Xe spacing in the , , .
film, the LEED system was turned off after observing the 1.60 1.65 1.70 1.75
sharp drop in the A@O) spot intensity corresponding to Q, (A7)
monolayer condensatidigee the arrow labeledl in the inset 1200 . | <
of Fig. 1). As noted above, this prevented severe saturation
of the LEED detector. In-plane x-ray scans through the
Xe(10) diffraction rod were then performed using the
Ge(11]) analyzer in the scattered beam, as noted in Sec. Il.
To describe these radial and transverse scans, we use the
components of the wave-vector transfeek;—k; parallel
and perpendicular to the Abll) surface,Q, andQ, , re-
spectively. A radial scan is one in which the projectiorpf
onto the Ag112) surface is directed along the azimuth of the ' 10 11'5 150 1;5 130
Xe(10) rod, andQ, is incremented; while, in a transverse
scan,Q, is fixed at the distance of the XED) rod from the
origin and the azimuthal angle @ is incrementedsee the
inset on Fig. 6a) in Ref. 23. For both types of scar, FIG. 2. Typical scans from Xe multilayers on a @41 sub-
remained constant throughout with a value @,  strate. The x-ray wavelength is 1.22 A, and teenstant perpen-
=0.2A"1. As found in earlier worl® both the radial and dicular component of the wave-vector transferQs =0.2 A™*.
transverse scans through the(X® rod can be fit well with The scan is taken with a GELD analyzer in the scattered beam.

a Lorentzian-squared line shape as illustrated in Fig. 2 fop ' Solid curves through the data are best fits to a Lorentzian-
. . squared line shape as discussed in the texRadial scan on a film
scans on multilayer Xe films.

. of thickness~42 layers prepared at a background pressure of 1.7
At monolayer coverage, the radial and transverse x-ray, 107 Torr and a temperature of 50.5 K. The peak at thé1Re

scans through the X&0) diffraction r0d5 confirm the results qition corresponds to a wave-vector transfer parallel to the sur-
of previous LEED(Ref. 4 and x-ray experiments of & face ofQ,=1.66 A%, and it is at the same azimuthal angl20°)
hexagonal lattice incommensurate but aligned with the subsg the Ag10) truncation rod.(b) Transversdazimutha) scan on a

strate. From the radial width of the XE0) and AJ10) rods,  fiim of thickness~11 layers prepared at a background pressure of
we estimate the Xe monolayer coherence length to-B80  5.8x 108 Torr and a temperature 6§43 K.

A (Ref. 31) compared to~850 A for the bare A¢L11) sub-
strate. The in-plane azimuthal width of the (X6) rod was
2.5°-6°, in reasonable agreement with previou

1500

1000

T
I

500 b

INTENSITY (counts/20s)

800 -

400 |-

INTENSITY (counts/10s}

AZIMUTHAL ANGLE (deg)

To place a bound on the difference between monolayer
Sand bilayer lattice constants at coexistence, we calculated the
mea;uremenfs’? line shape to be expected from two independently scattering

Figure 1 shows the temperature dependence of the xe'xleo\yers with lattice constants differing hiya. Assuming the

spacing in a film ob_tained ff°”_‘ a series of radial scans eaks from each layer to have a Lorentzian-squared line
These were taken while decreasing the temperature under t ﬁape we determined the valuedd at which the scattering

same conditions as for the earlier LEED isobar measuremelgtummed from both layers would deviate markedly from this

shown in the inset. It is one of several such data sets takef}, shape. This yielded an estimate AR<0.005A at
with similar results. In some cases, the LEED system Wa?nonolayer-'bilayer coexistence '

turned on again briefly at a temperature just above pBint
In this way, bilayer condensation could be confirmed by ob-
serving the second downward step in the 2@ LEED spot
intensity. To investigate the stacking sequence and ultimate thick-
The solid line in Fig. 1 is the Xe-Xe spacing measured byness of films grown under quasiequilibrium conditions, out-
x-ray diffraction for bulk Xe*> We see that the bulk Xe-Xe of-plane scans were performed along the XéJbd after
spacing is reached by monolayer completitabeledB) to  completion of the in-plane scans. Unlike the specular reflec-
within our accuracy of+0.004 A?%33No deviation from a tivity measurements to be discussed below, these nonspecu-
Lorentzian-squared line shape in the radial scans was ollar scans could be performed with the diffractometer in the
served as the film thickened. In particular, there was no evifour-circle mode but, to increase intensity, without the Ge
dence of a splitting of the X&0) peak indicative of a differ- analyzer in the scattered beam.
ent lattice constant in successive layers of the film as The nonspecular rod scan of a multilayer film at a tem-
suggested by some computer simulatiths. perature of 47 K is shown in Fig.(8. It shows two peaks

2. Nonspecular rod scans



PRB 59 SYNCHROTRON X-RAY-DIFFRACTION STUDY OF THE . .. 15 469

I — — poral oscillations in the specularly reflected x-ray intensity

@ (101) analogous to those routinely observed in growth studies of
1 ] metals and semiconductors by reflection high-energy
electron-diffraction (RHEED). Next, specular reflectivity
scans on films of nominal thickness of 1-10 layers prepared
L | under various conditions of temperature and pressure are

5 (012) analyzed to determine the spacings and occupancies of the

layers. Finally, nonspecular scans on some of these films are
analyzed for the film stacking sequence, layer spacings, and
layer densities.

INTENSITY (arb. units)

0.5 1.0 1.5

1. Oscillation experiments
Q, A"

An advantage of x-ray scattering over RHEED is that the
scattering can be treated kinematically to a good approxima-

(b) tion. To analyze the specular reflectivity of the Xe(A@l)
system, we introduce a simple one-dimensional model de-

| (018) L . o
(107) i scribing the Ag substrate and Xe film. The film is assumed to
(006) consist ofN complete layers of atoms above which are up to
(o] . . .
(015) three partial layers described by a layer fractign(6,<1,
1009 (003) 6,=6,,,; i=1, 2, and 3. Describing the substrate contribu-
[ 012) tion to the intensity by a crystal truncation f8d’ and ig-
(101) + (003) noring constant prefactors, the x-ray specular reflectivity for
005} a film with three partial layers can be writtér®
‘/‘/H K
fyo| 1—€NQudxe
. . = i e!Q.1dagxe
FIG. 3. (a) Scan along the Xe(0} rod for a Xe film of thick- gxz‘e 1—eQidxe
ness=36 layers at a temperature of 37 K and a background pres-
sure of 1.% 10 7 Torr. The peaks labeletl01) and (012) come 3 ) )
from different domains of the film rotated from each other by 60° + 2 gjelQL(dAgXeJr(Nﬂfl)dXe)
about the surface normal. The solid curve represents a Lorentzian- =1
squared fit to each peak as described in the té)t.Schematic 2
: . , fa |
representation of reciprocal space relative to(ftl) plane of a fcc + = 9 . 8(Q)), (1)
crystal. The positions of bulk reciprocal-lattice points are indicated "ﬂlAg(l_('fIQL Ag)‘

by circles and labeled in hexagonal notation. The position labeled

(009 is an anti-Bragg point of the reciprocal lattice. .
wheref anda represent th&-dependent atomic form factor

one atQ, =0.59A"! and the other at twice this value or and lattice constant, respectively, for either Xe or Ag, as
Q,=1.18 A", The first one at 0.59 A" corresponds to denoted by the subscript. The spacings between adjacent film
2m/(3dye), Wheredy,=3.54 A is the distance between ad- and substrate layers aig, andd,,, respectively, andgxe
jacent(lll) planes of bulk fcc Xe at this temperature. With is the Spacing between the first Xe |ayer and the Ag sub-
the aid of the reciprocal lattice drawn in FighBand labeled  strate. The first term in square brackets in Bl.represents

in hexagonal notatiort, the two peaks in the scan can be the contribution of the Xe film. The second term is that of the
indexed as th€101) and(012) reflections of a bulk fcc crys-  gemi.infinite Ag substrate or so-called crystal truncation

tal. They apparently arise from two unequally populated dogqq 36 \yhich, in the absence of the film, would give rise to a
mains of ABC stacking which are rotated 60° with respect to series of bulk Bragg peaks along the [DOrod at |

each other about the surface normal. ABA stacking of the =3,6,.... These peaks are connected by long tails which fall

. — 71 . .
ﬁg;ﬁ);erzztvgobuslgr:/isdult in a peak @, =0.89 A%, which is off as~ql_2, whereq, measures the distance from the )00

The peaks in the nonspecular scan of Fig) &an be fit Bragg peaks along t_he specu_lar rod. A_Debye-WaIIer factor
well with the same Lorentzian-squared line shape used fopas been neglected in E@), since we will mostly be mak-
fitting the in-plane peak&?® From their FWHM of 0.048 Ing comparison with specular scans at low temperature.
A~ we estimate a film thickness of37 layers. The thick- In Fig. 4 we show the intensity along the specularlj00
est film which we have been able to grow under these contod calculated from Eq(l) for the bare Ag substratesolid
ditions had a FWHM of 0.028 Al corresponding to~63  curve), for the substrate with a complete Xe monolayer ad-
layers. Note that these film thickness estimates are lowesorbed(dashed curve and for the substrate with a complete
bounds, since instrumental resolution has not been deconvie bilayer adsorbe@dotted curve In each of these calcula-

luted from the observed peak width. tions #,=0 (i=1, 2, and 3 as there are no partial Xe layers
o ) present. Bulk values ofiag, axe, dag, anddy, have been
B. Nonequilibrium growth experiments used for illustrative purposes, since, as shown in Sec. Il A,

In this section, we report investigations of the nonequilib-the Xe film structural parameters reach these values by
rium growth of Xe films. These include observations of tem-monolayer completio”® The value Ofdagxe is taken equal to
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(Q, =0.89A™")

INTENSITY

IINTENSITY {arb. units)

& Bilayer

0.0 05 1.0 15 2.0 25 3.0 0 ‘ ‘ ‘ ‘ ) ) )
Q &M 0 1 2 3 4 5 6 7
COVERAGE (layers}

FIG. 4. Intensity along the (0D specular rod calculated from _ _ 3 _
Eq. (1) for the bare Ag111) substratesolid curve, a monolayer of FIG. 5. Calculated x-ray intensity at the X@03) or “anti-
Xe adsorbed on this substrateng-dashed curyeand a Xe bilayer ~Bragg” position (Q, =0.89A™*) as a function of coveragesolid
layer adsorbed on the same substtaltstted curv Bulk structural ~ Curve). Ideal layer-by-layer growth is assumed; i.e., growth of a
parameters are assumed for the Xe film and Ag substegig: layer completes before the next layer begins. As in Figdghxe
=4.07A, ay,=4.36 A, dAg:2-35Ay anddy,=3.54A. It is as- =dy.=3.54 A. Near the minima the intensity is very sensitive to
sumed that the spacirthgx. between the Ag substrate and first Xe Jagxe: the dotted curve corresponds d@gx.=1.1Xdx, and the
layer is equal talye, the layer spacing in the Xe film. The vertical dashed curve tolagxe=0.9Xdxe.
dashed line marks the Xe “anti-Bragg” position indexéfmg) in

hexagonal notatiofisee Fig. &)]. layer growth(a layer completes before the next layer begins

Notice that the intensity at the oscillation minima does not
vanish and is very sensitive to the value of the Ag-Xe spac-
dye.=3.54 A consistent with our specular reflectivity data asind, dagxe, Which is varied by=10% in Fig. 5.

discussed below and does not represent a simplification of It is of interest to compare the calculated curves in Fig. 5
our model. with measurements of the the intensity at the Xe anti-Bragg

As can be seen in Fig. 4, the specular reflectivity prc)f”epoint of the specular rod during film growth. To achieve the

varies dramatically with the addition of each layer of the N€cessary control of the film growth rate, we could not con-

strongly scattering Xe film. The adsorbed monolayer profiledUCt these experiments at the higher pressures required for

L2 : uasiequilibrium as described in Sec. llIA1l. Instead, we
shows destructive interference between the scattering frorgOole d the bare Ag substrate to a temperature at which the
the Ag substrate and the Xe overlayer at low valueQof

) ) X ) o i 23 sticking probability of the Xe was larg@assumed to be close
with the intensity reaching a minimum @, =0.73A"*and 1, 1), and exposed the Afj11) surface to a constant Xe flux

then constructive interference with the intensity crossing thag.qm the dosing tube. Maintaining a background Xe pressure
of the bare Ag reflectivity aQ, =1.11A™%. In the case of 4591078 Torr in the UHV chamber, resulted in a mono-
the adsorbed bilayer, the specular reflectivity curve crossegyer deposition time of approximately 10 min as could be
that of the bare Ag at four points in tH@, range plotted. confirmed by LEED experimentS.We shall refer to growth
The crossing atQ, =0.89 A”* corresponds to an “anti- under these conditions as being “kinetic” rather than “iso-
Bragg” point of bulk Xe, the location along the specular rod baric.”
where the two Xe layers scatter 180° out of phase. The specular intensity at the anti-Bragg point as a func-
In the model represented by E@.), the specular reflec- tion of time is shown in Fig. 6 for kinetic growth at three
tivity of all films with an odd number of layers will cross different substrate temperatures. In each case, damped oscil-
each other at the “anti-Bragg” point, and all films with an lations having a two-layer period were observed. At 46 K
even number of layers will cross the bare Ag reflectivity [Fig. 6(@)] and 43 K[Fig. 6(b)], we observed four complete
curve at this point. Thus one can begin to see from Fig. 4 thadscillations corresponding to the growth of the first eight Xe
the reflected intensity at the “anti-Bragg” point should be alayers. The oscillation period is constant<d0% of a pe-
periodic function of the Xe coverage with a period of two riod. Although routinely observed in semiconductor and
layers?® This is to be distinguished from the case of ho-metal film growth, such oscillations, to our knowledge, have
moepitaxial growth where the specular intensity at the “anti-not been previously observed with physisorbed films by any
Bragg” point oscillates with a period of one layer as the diffraction technique. Multilayer growth of films physisorbed
coverage is increased. As the film grows thicker and itselbn highly oriented pyrolytic graphittHOPG has been stud-
approaches a semi-infinite slab, there will be a crossover toi@d under quasiequilibrium conditions by ellipsometric
one-layer oscillation period in this model. technique<; however, these do not allow one to predict the
At the Xe anti-Bragg point of the specular rod, E4) number of oscillations which might be expected under these
predicts the intensity to have a parabolic dependence on cokinetic growth conditions.
erage with the anticipated periodicity of two layers as illus-  Similar “oscillation” experiments were performed under
trated in Fig. 5. This can be seen by settihg 6,=6;=0in  a variety of conditions of pressure and temperature. As
Eqg. (1) and calculating the intensity in the ranges®,<1.  shown in Fig. &c), only one complete oscillation was ob-
The curves are continued by incrementMdpy 1 and repeat- served at the lowest attainable temperature of 33 K at the
ing the calculation so that they correspond to ideal layer-bysame pressure of 5010 8 Torr. Presumably, this is due to
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. . . . . . 2. Specular reflectivity scans

Open leak valve In the first set of specular reflectivity measurements, Xe

1 film growth was investigated under the conditions which
e 1 gave the largest number of intensity oscillations at the anti-
Bragg point of the specular rodemperature of 43 K and
background pressure of5.9x10 & Torr). Dosing of the
substrate was terminated at the points labéleB, C, D and
E in Fig. 6(b), corresponding to approximate Xe film thick-
- b § nesses of one, two, three, four, and ten layers, respectively.
After cooling the sample to 33 K, integrated specular reflec-
tivity scans were taken at these coverages and are shown in
Figs. 7 and 8.
E As described in Sec. Il, the specular reflectivity scans
c were performed in a horizontal plane with the diffractometer
A ) in a five-circle configuration. At each point along the (00
\ rod, the intensity was integrated transverse to the rod by
(c) 33K rocking the crystal about a vertical axis. The rocking curves
were fitted to a Lorentzian-squared functfrf> assuming a
constant background. For comparison with the specular re-
. . . , . . flectivity calculated from Eq.(1), the area under the
0 20 40 60 B8O 100 120 Lorentzian-squared fit was corrected for several effects. It
TIME (min) was divided by cdss where & is the scattering angléas
defined in Fig. 2 of Ref. 28to correct for the x-ray
FIG. 6. Time dependence of the x-ray intensity at the(8@)  polarizatiori® (the synchrotron radiation is polarized in the
“anti-Bragg™ point for various substrate temperaturés:46 K, () horizontal plang Also, it was multiplied by sif(8/2)~Q?
43 K, and(c) 33 K. After opening the leak valve, a constant Xe o correct for the Lorentz factor, the illuminated sample area,
plosmg rate is malntalned,gorrespondlng tq a background pressute 4 for the solid angle accepted by the dete®or.
in the chamber of-5.9x 10" Torr. In (b), points 'ab_elem’ B, C, In Fig. 7, the corrected experimental specular reflectivity
D, andE correspond to an apprOX|mate. Xe film thickness of ONneé,c.ans at nominal monolayer and bilayer coveragmsen
two, three, four, and ten layers, respectively. . L . .
circles are compared with fits to the specular intensity cal-
culated from Eq(1) after folding with the instrumental reso-
a slower Xe diffusion rate at this temperature which resultgution function? In all of the fits described below, the values
in a growth front spanning more than one layer. We alsoof dy, anddaq are fixed at their bulk values of 3.54 and 2.35
observed fewer oscillations under growth conditions closed, respectively. At a nominal monolayer coveragmrre-
to equilibrium. At a higher temperatures of 55—57 K and atsponding to terminating the Xe deposition at pohin Fig.
pressures of both 42610 8 and ~1.7x 10"’ Torr, oscilla-  6(b)], one can see that the fit to the specular reflectivity cal-
tions disappeared at film thicknesses of 3—4 layers. culated for a complete monolayéd=1 and6;=0; i=1, 2,
Even under similar conditions of temperature and presand 3 shown by the dashed curve in Figa¥is poor com-
sure, we could not consistently reproduce the number of og?ared to one in whictN and thed; are allowed to vary. The
cillations observed in the specular intensity. One possibiliy?est fit(solid curve is obtained with parameteli=1, 6,
is that the quality of the A@.11) surface varied between =019, a”ddAQXe:3-64A- _
measurements. In the two cases where the largest number of A desorption experiment conducted at the conclusion of
oscillations were observé#igs. 6a) and Gb)], the substrate "€ Specular scan provides strong support for the latter
was not sputtered prior to annealing. However, we did nofledel- As shown in the inset to Fig(d, the specular inten-

attempt a systematic study correlating the number of inten§Ity at the Xe antl—Bragg_ point was observeq to drop upon
. o : . . . _heating the sample. This intensity decrement is quantitatively
sity oscillations observed with sputtering time, annealing

time, and the A¢l11) surface roughness inferred from consistent with desorbing a second layer having a fractional

I flectivit t the b bstrat occupancy of 0.19 as obtained in the fit to the specular re-
Specular retiectivity scans of the bare substrate. flectivity. Later, the reflected intensity abruptly rises to that

In no case did the observed specular intensity oscillationg¢ ¢, pare Ag substrate, signaling the desorption of the first
have the parabolic shape and constant amplitude of tho§gyer |t is noteworthy that desorption experiments of this
calculated in Fig. 5. This indicates that the growth is notyne cannot be easily performed with more strongly bonded
strictly layer by layer, i.e., more than one partial layer issemiconductor and metal filni&-1°
present above a monolayer coverage. To obtain a more quan- Similar results are found for a bilayer film grown under
titative understanding of the intensity oscillations at the Xethe “optimal” conditions for oscillations as in Fig.(B) (a
anti-Bragg point of the specular rod, we terminated the filmtemperature of 43 K and a background pressure in the cham-
growth at times near the oscillation extrema and performeger of ~5.9x 10 8 Torr). Figure 7c) contains the specular
specular reflectivity scans. These were modeled to determineflectivity scan on a film grown by terminating Xe deposi-
the density profile of the Xe vacuum interface as described iion at a time corresponding to poil in Fig. 6b). The
the next section. dashed curve calculated for two complete lay@s-2 and

(a) 46 K

INTENSITY (arb. units)
v}
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FIG. 7. Specular reflectivity (09 scans on monolayer and bilayer filf@pen circley taken with an x-ray wavelength of 1.00 A. Scans
at 33 K after growing films under the conditions for which the largest number of intensity oscillations were observed at the anti-Bragg point
(temperature of 43 K and a background pressure-6f9x 10~ 8 Torr): (a) nominal monolayer coverage determined by terminating depo-
sition at pointA in Fig. 6b); and(c) nominal bilayer coverage determined by terminating deposition at Baimt=ig. 6(b). The inset tqa)
shows the intensity at the anti-Bragg point during a desorption experiment on a hominal monolayer film described in the text. There is an
abrupt intensity drop after heating for 50 s, and then an abrupt rise at 100 s to the reflected intensity of the bare Ag surface. Scans below 60
K on films grown at higher temperature®) Monolayer grown “kinetically” at a temperature of 64 K and a background pressure of 2.1
X 10" 8 Torr. (d) Bilayer grown “isobarically” with a background pressure of X210 7 Torr as the sample temperature was reduced from
84 to 61 K. At each point of the specular scan, the intensity has been integrated transverse to the rod, and corrected as described in the text.
Note the logarithmic intensity scale. Solid curves are best fits obtained using the partial-layer mode(19f &wd dashed lines correspond
to film thicknesses of exactly one layga) and(b)] and two layerg(c) and(d)], using the same value dfy4x as in the fits. Both calculated
and fitted curves have been folded with the instrumental resolution function. Structural parameters obtained from the fits are listed in Table
I

0,=0;i=1, 2, and 3 again provides a poor fit compared to  The fit to the monolayer specular scan in Figb)7and
one in whichN and 6; are allowed to vary. The best fgolid ~ and the bilayer scan in Fig.(d gave values of the Ag-Xe

curve is obtained with parametersl=1, 6,=0.64, 6, distancedagx.=3.58 and 3.64 A, respectively. These values
=0.08, 03=0, anddagxe=3.54 A+0.1A. agree within the experimental uncertainty with the value of

355 A obtained from a dynamical analysis of a LEED

o . experiment®® For both the x-ray and LEED experiments, the
could be grown under conditions closer to equilibrium, Weuncertainty indagee is +0.1 R Table | summarizes the

made additional specular reflectiyity scans at higher temperas ,crural parameters obtained by fitting the monolayer and
tures. For example, we grew a film kinetically at a tempera-b”ayer specular reflectivity scans in Fig. 7 to Ed).
ture of 64 K and a background pressure of>21D ° Torr. Above two layers, it was difficult to grow films having as
Under these conditions, only a single Xe layer will adsorb omjgh a degree of structural perfection as those at lower cov-
the Ag(111) surface(see Ref. 4 The specular scan for this erage. Films grown kinetically under the same conditions as
film is shown in Fig. Tb). In this case, we obtained a fit to jn Fig. 6(b) (a temperature of 43 K and a background pres-
Eq. (1) with parameterdN=1, ¢;=0.015, and¢,=63=0.  sure of ~5.9x10 8Torr) with deposition terminated at
The solid curve corresponding to these paramé&téssndis- point C (~3 layers showed the expected threefold modula-
tinguishable from the dashed curve in Figb)7calculated for  tion in the specular reflectivity scan as in Figag However,
a complete monolayer. the intensity extrema in the measured reflectivity were much
In another experiment, we grew a bilayer film isobari- smaller than those calculated from Ea) for exactly three
cally, as described in Sec. IlIA 1, at a background pressuréayers (dashed curve The agreement did not improve sig-
of 1.7x10 ' Torr, while slowly cooling the Ag substrate nificantly by deposition at higher temperatures as in Fig.
from 84 to 61 K. The lower temperature corresponds to the&(b). In this case, a background pressure of8.8
foot of the second-layer substéjust above poinC in the  x 108 Torr was maintained with Xe deposition beginning at
inset to Fig. ). Fitting the specular scan from this film in a temperature of 81 K which was slowly reduced to 59 K
Fig. 7(d), we obtained a best fit with parametéds=1, 6,  while monitoring the number of intensity oscillations at the
=0.97, 6,=0.06, andf;=0. In Fig. 7d), the solid curve anti-Bragg point of the Xe specular rod.
generated from these parameters is close to that of the dashedThe modulation in the specular scans became even
curve corresponding to two complete lay&ts. weaker at still higher coverages. The specular reflectivity

To see whether more perfect monolayer and bilayer film
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FIG. 8. Integrated specular reflectivity scans of Xe films at nominal coverages of taraad(b)], four[(c) and(d)], and ter{(e)] layers
taken with an x-ray wavelength of 1.00 A. Solid curves are best fits to the Gaussian model®¥, Bad the corresponding parameters are
listed in Table Il. Dashed curves are calculated from @gfor an integer number of layers at the nominal thickn@ssng the same value
of dagxe inferred from the Gaussian modeScanga), (c), and(e) were taken at a temperature of 33 K on films grown under the conditions
for which the largest number of intensity oscillations were observed at the anti-Bragdteomperature of 43 K and a background pressure
of ~5.9x 108 Torr); deposition was terminated at poir@s D, andE, respectively, in Fig. ). Scans inb) and(d) were taken on Xe films
grown at higher temperaturegh) Nominal three-layer film prepared by dosing the substrate at a constanbeatieground pressure of
8.8x 10 8 Torr) and slowly reducing the substrate temperature from 81 to 59 K while monitoring the x-ray intensity at the anti-Bragg point
of the Xe specular rodd) Nominal four-layer film prepared in the same way (&5 with a background pressure of %80 8 Torr and
growth temperatures in the range 78—-56 K.

scans in Figs. @) and 8e) were obtained by depositing Xe mean number of layers in a domainthe standard deviation
under the optimal conditions for temporal intensity oscilla-o of n, and the distancé,gx. between the top layer of the
tions and terminating at point® (~4 layer$ andE (~10  Ag(111) substrate and the first Xe layer. In this model, the
layers, respectively, in Fig. @). Neither scan shows the specular intensity is proportional to the expression
expectedn-fold modulation, with only the principal maxi-

mum and one or two secondary maxima being observed. 2n £, (1—eNQidxe

. . . . —(12)[(n-N)/o]? xel )
Again, growth at higher temperatures did not improve the [ o 2 \/_e m
situation as can be seen ferd-layer coverage in Fig.(8), N=1|ovy2m e
where deposition at a background pressure ©6.8 f ‘2
X 10 8 Torr began at a temperature of 78 K and ended at 56 iQ1 dagxe A9
K g p X @'~ L AgXe+ aig(l_eilQLdAg)‘ 5(QH) (2)

The weak modulation in these specular scans suggests
that these thicker films are rougher at the vacuum interface. The solid curves in Fig. 8 represent the best fit to the
To fit the specular reflectivity curves of these films, we havespecular reflectivity curves at coverages of three layers and
considered a simpler model rather than extending that of Ecabove using the Gaussian model of EB). Fitting param-
(1) to include more partial layers. The model assumes doeters at each coverage are given in Table Il. In all cases, the
mains of an integer number of layeksscattering indepen- fit is much better than for an integer number of layers at the
dently. These domains have a Gaussian distribution of thicknominal coveragédashed curvgsValues of the Ag-Xe dis-
nesses yielding three adjustable parameters in the model: th@ncedagy. are in the range 3.51-3.59 A.
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TABLE |. Results of analyzing specular reflectivity scans of T T T _—
nominal monolayer and bilayer Xe films adsorbed on a1A4) (@
surface. Structural parameters result from best fits to the model of
Eqg. (1): 6; is the fractional occupancy of thigh layer aboveN - ) .
complete layersiagxe is the distance between the @d 1) surface
and the first Xe layer, andl is the temperature of the reflectivity

scan. N i
Nominal '(b)' t— = — I
thickness N 6, 0, 63 dagxe B)  T(K) L ]
1 1 019 0 0 3.6% 33 g ’ .
1 1 0.01 0 0 3.58 ~60 i
2 1 0.64 0.08 0 3.54 33 i

2 1 0.97 0.06 0 3.64 ~60 = 7
8See Ref. 43. ’ * I I

(c)

The presence of independently scattering domains in
three-layer and thicker films suggested by these specular re-
flectivity scans is consistent with our interpretation of the .
nonspecular scans on thicker films. As we have seen in Fig.
3, a scan along the Xe(Olrod for the much thicker film i
(=36 layerg grown under quasiequilibrium conditions indi- ,
cated the presence of unequally populated crystalline film L (d)
domains separated azimuthally by an angle of 60°. Analysis N
of all specular scans at coverages above three layers indi- r
cates that these domains are well described by a Gaussian
thickness distribution.

INTENSITY (arb. units)

3. Nonspecular scans - .

Although analysis of the specular scans in Sec. IlIB2 0.4 038 12 16
allows a characterization of the atomic density profile at the q (A"
Xelvacuum interface, it does not provide any information on
the lateral order in the film near this interface. In Sec. IlA2, FIG. 9. Integrated nonspecular scans of the X&(@dd taken in
we reported nonspecular rod scans of relatively thick filmghe four-circle diffractometer modeéncident and exit angles equal
grown under quasiequilibrium conditions which showedfor films of various thicknesses. Solid curves are best fits to the
Bragg peaks along the Xe(Qlrod consistent with film do- model represented by Eqe3)—(5). Corresponding structural pa-
mains separated azimuthally by 60°. The peak positions angimeters are listed in Table li{@) Bilayer film prepared by the
widths allowed determination of the layer spacing and thick--=ED kinetic isotherm methoda S“E’gtfate temperature of 34 K
ness of the films which had predominantly ABC stacking and a background pressure of 2.70 . To”)'. Scan performed at
sequence. 34 K at a wavelength of 1.22 Ab) Trilayer film prepared by the

. . - . . LEED kinetic isotherm methoda substrate temperature of 37 K

In this section, we present similar scans for thinner films g .
Kineticall d . dit f t t and a background pressure of 8.20 ° Torr). The scan is per-

grown Kinetically unaer various conditions of tempera uref rmed at 37 K at a wavelength of 1.22 k) Same nominal

and pressure. Besides investigating the domain structure ilayer film as in Fig. 8). The scan is performed at 57 K at a

wavelength of 1.00 A(d) Same nominal four-layer film as in Fig.

TABLE Il. Results of analyzing specular reflectivity scans of Xe 8(d). The scan is performed at 55 K at a wavelength of 1.00 A.
films adsorbed on a A@11) surface with a nominal thickness

greatgrt thsn tofr_tecluatlhto(;hree _Iayers.dsltrufctural pr)]aramgtetr: COfAe films, our interest is in examining their stacking sequence
iﬁ)::n n%mise r 'Osf I(; eres ir?usséir;wr:iﬁ \iit‘; gn ‘g’are(:e(;‘e'jia tign in more detail. In two cases, we analyze nonspecular scans
. . Y . on the same films for which the specular reflectivity results
dagxe is the distance between the @Ad 1) surface and the first Xe - - . .
| ) iy were presented in Sec. 111 B 2. These films, having a nominal
ayer, andT is the temperature of the reflectivity scan. :
thickness of three and four layers, can be used to address

Nominal w_hether a Xe film _initially grows on the A@1l) substrate
thickness n o dagxe (A) T (K) with an ABC stacking sequence of the bulk _fc<_: crystal, or
whether it hasABA stacking faults characteristic of a hcp
3 2.98 0.55 3.51 33 crystal.
3 3.21 0.50 3.59 57 Unlike specular reflectivity measurements, these non-
4 3.88 0.78 3.50 33 specular scans could be performed while the diffractometer
4 4.80 0.98 3.56 55 was still in the four-circle mode. Scans along the Xé{01
10 10.5 1.84 3.54 ~33 rod are shown in Fig. 9 for four kinetically grown films

which have nominal thicknesses ranging from two to four
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layers. As with the specular scans, the intensity plotted at TABLE Ill. Results of analyzing scans of the nonspecular
each value ofQ, in the nonspecular scans of Fig. 9 repre-Xe(10d) rod for films adsorbed on a Agll) surface with a nomi-
sents the integrated intensity along a cut in reciprocal spaceal thickness of 2—4 layers. Structural parameters result from best
transverse to the (O} rod. These transverse scans were fit-fits to the model of Eq(3). ¢ is the fractional occupancy of the
ted to a Lorentzian-squared function, assuming a constarfyer aboveN complete layersq is the fraction of the film with
background. The product of the peak height and the FWHM\\BAstacking g s the fractlor_1 of the film which is rotated about the
of the Lorentzian-squared fit is proportional to the integratecUrface normal by 60°, aridlis the scan temperature.
intensity.
To analyze the nonspecular scans, we follow closely th
. . N
approach of Vlieget al. for the case of homoepitaxial crystal
growth?® We assume that the Xe film is laterally uncorre- 2 2 0.04 0 0.57 33
lated with the Ag@111) substrate, and introduce a two-level 3 3 0.09 0.34 0.57 33
3
4

ominal

ickness 0 a B T (K)

model of the Xe/vacuum interface. That is, we consider aga 0.62 0.23 0.62 57
film of N complete layers covered by islands of monolayersp 0.49 0.11 0.63 55
thickness which occupy a fractiof of the available area,
and whose in-plane correlations are described by a Gaussi&B8ame film as in second line of Table 1.
distribution® For simplicity, we did not consider partial oc- °Same film as in fourth line of Table II.
cupancy of higher layers. The derivation of the expression

for the total intensity along the (O rod (Bragg plus dif- I=(1-a)[(1-B)lagcit+ Bl a2l + e (1= Y) paga1
fuse is given in Ref. 47. Ignoring constant prefactors, we
obtain + ¥l agazl, )

wherel ogc; denotes the intensity contributed from the first
domain of ABC stacking, and g comes from a second
domain of the same stacking rotated 60° azimuthally from
the first. A similar notation applies to the domains having
ABA stacking. « is the fraction of domains havind\BA
stacking, whileB and vy are, respectively, the fraction of the
ABCandABAdomains rotated by 60°. Each intensity term in
Eq. (5) has the form of Eq(3). Explicit expressions for these
terms for three- and four-layer films with boBAandABC
stacking are given in Ref. 47.
The nonspecular scans in Fig. 9 were fitted to Gyafter
N—1 making appropriate corrections for the Lorentz factor, scat-
. o d tering geometry, and instrumental resolution as described in
ECN_nSZ:O f(ng)e': e, ) Ref. 48. The best fits are shown by the solid curves, and the
fitting parameters are listed in Table Ill. The parameger
As in Egs.(1) and (2), Q, is the component of the wave- was set to zero because the peak resulting from the 60° ro-
vector transfer perpendicular to the surface, dggis the tated domain oABA stacking was far out of the scan range.

A ‘
| = A—u[|ECN|2+ 2.0+ OEENF(N+1)e/ Q1 Ndxe

+ OEcnf* (N+1)e  'QLNdxe] 3

Here A is the sample area participating in diffractioh, is
the area of the Xe unit cell, anid is the Q-dependent Xe
atomic form factor. The “vertical” scattering amplitude-
from one column of the unit cell consisting &f complete
layers is

distance between adjacent Xe layers. In both Egs.and The films on which the nonspecular scans in Figs) 9
(4), the termf(n3) is the product offy, and a phase factor and 9b) were performed were grown kinetically by dosing
which depends on the type of the layey. For “A,” “ B,” the substrate at temperatures -84 and~37 K, respec-

and “C” layers of a fcc structuref(ns) is, respectively, tively, while monitoring the LEED X&L0) spot intensity.
fye, Fyee Q@31+ (1R]  ang f, eQil(1B¥)a1+ (23321 Note  The film thickness was determined by the total deposition
that the layer argumem + 1 of f in Eqg. (3) refers to the top  time, assuming unity sticking coefficient, and the previously
(partia) layer. Explicit expressions for thEcy for three- measured monolayer adsorption tiflSince the film in Fig.
and four-layer films with botPABA and ABC stacking are 9(a) is only two layers thick, the question of stacking se-
given in Ref. 47. guence does not arise; however, the width of the peak in the

The nonspecular scans on the three- and four-layer film§10) rod scan provides evidence of film domains azimuth-
cannot be fit well by models assuming either perf@BCor  ally separated by 60°. Fitting the peak width required about
ABA stacking?® For example, fitting the nonspecular scan ofan equal population of rotated and nonrotated domags (
the three-layer film in Fig. @) to a model with perfecABC ~ =0.57). For a similarly prepared three-layer film, the fit to
stacking gives a broad double-peak structure similar to thé¢he (10) rod scan in Fig. @) gave the same azimuthal
solid curves in Figs. @) and 9d). On the other hand, a distribution of domains 8=0.57). About a third of the film
model of perfectABA stacking produces a single peak cen-had ABA stacking @=0.34), and there was only a small
tered atQ, =0.89 A~ which is too narrow to fit the data.  fourth-layer occupancy§=0.09). As noted above, if only

In order to investigate the effect of stacking faults, we ABC stacking were present, there would be a double-peak
have considered a model in which domains of perf®8C  structure in the calculated profile as in Fig$c)9and 9d).
andABA stacking scatter incoherently. For each stacking doThis line shape would persist even if more than one partial
main, there may be a second domain rotated about the suayer were included in the model.
face normal from the first one by 60°. For such a model, the We can compare these results with nonspecular scans of
total intensity along the (1) rod can be written as three- and four-layer films grown kinetically at higher tem-
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as in Fig. 3a) consistent with scattering from two film do-
mains azimuthally separated by 60°. From the FWHM of
s T=33K these peak$~0.17 A1), we infer a film thickness 0&10
layers. The nonvanishing intensity observed halfway be-
tween the two peaks is indicative of some fraction of the film
having ABA stacking. Fitting the scans to the model repre-
sented by Eq(5),°° we estimate the fraction of the film with
ABA stacking to bea~0.10, which is comparable to the
fraction found for the four-layer filnjsee Table Il). That the
ABA fraction did not decrease further as the film thickness
increased from four to ten layers may be due to the low
growth temperatur€33 K) of the ten-layer film.

It was of interest to determine whether annealing of the
film could reduce the fraction 0ABA stacking faults. How-
ever, we see no temperature dependence df) (i scans
in Fig. 10 as the film is heated up to the multilayer desorp-
ot tion temperature of 59 K where only the uniform intensity
' : ' ' ' . . expected for the monolay€0l) rod remains(square sym-

00 02 04 06 08 10 12 14 16 bols in Fig. 10. We conclude that it is impossible to remove
Q (A% the stacking faults by annealing.

Thus the picture which emerges from these nonspecular
scans is that thé\BA stacking faults occur predominantly
. . i near the Ag111) interface during the initial stages of film
rod of a Xe film of thickness>10 layersi(@) 33 K, (b) 43K, (©) 49 o0 sh A will be discussed further below, these stacking
K, apd (d) 59 K. Note that multllgyer desorption occurs at 59 K, {aults may be pinned to steps in the Ag surface and hence
leaving only the monolayer. The film was grown at a temperature of ~ . - - .

resist annealing; or the stacking faults may result from strain

33 K with a background pressure in the chamber of 4.0. . 4 . .
% 10”8 Torr while monitoring the intensity at the anti-Bragg point induced in the first few layers of the film as a result of their

of the Xe specular rod. The scans were performed in the 1‘our-circlé00king to the upper Xe layers which have the bulk lattice
operating mode of the diffractometer at a wavelength of 1.22 A. constant.

1600

1200 +

800 |

INTENSITY (arb. units)

400 -

FIG. 10. Temperature dependence of the scans along thg (01

perature(56—81 K on which specular scans also were per-
formed [Figs. 8b) and &d); second and fourth entries in
Table II]. For these films growth was monitored by observ-  In this paper, we have reported synchrotron x-ray scatter-
ing intensity oscillations at the anti-Bragg point of the Xe ing studies of the structure and growth of Xe films adsorbed
specular rod. Fits to the (L0rod scans of both film§Figs.  on a Ag111) surface. Our results extend previous experi-
9(c) and 9d)] yield a slightly larger fraction of azimuthally mental studies of this system in several respects. For mea-
rotated domains £=0.62—0.63) (Ref. 49 than for films  surements of intraplanar lattice constants, the use of a syn-
grown at lower temperature, but smaller fractionsABA  chrotron x-ray source provides higher precision than
stacking («=0.23 and 0.11 for the three- and four-layer achievable with LEED and elastic He-atom scattering. More
films, respectively. The thickness of both films exceeds its significantly, the synchrotron x-ray technique allows us to
nominal value with the best fit giving a total coverage of address issues of “out-of-plane” structure which have not
3.62 layers for the three-layer film, and 4.49 for the four-been dealt with quantitatively by these other techniques.
layer film. We note that analysis of the specular reflectivitySpecular and nonspecular scans permit characterization of
of these films using the Gaussian thickness model also gawke atomic density profile at the Xe/vacuum interface and the
mean thicknesses greater than the nominal vatse3.21  stacking sequence in these films. We have been able to as-
(three-layer film andn=4.80(four-layer film). Although the  sess whether layer-by-layer growth occurs in these films
different models of the Xe/vacuum interface used in analyzabove three layers, to detect the presence of stacking faults in
ing the specular and nonspecular scans of these films makke initial stages of film growth, and to determine the ulti-
comparison of the results difficult, both types of rod scansmate film thickness. Crucial to the success of these experi-
indicate that the films grown at higher temperature are botments has been the development of an ultrahigh-vacuum
thicker and rougher than those grown at the lowest attainablehamber which allows synchrotron x-ray scattering to be per-
temperatures<37 K. formed on films of quality comparable to those investigated
From analyzing the nonspecular scans in Fig. 9, we see @arlier by other techniqués!! and of better quality than in
tendency for the fraction oABA stacking to decrease in the previous x-ray studies of multilayer rare-gas films adsorbed
thicker films, implying that theABA stacking faults are con- on graphite:®
centrated near the A1) surface. This possibility was in- For the intraplanar Xe-Xe lattice spacing of monolayer
vestigated further by depositing a thicker fifdosing time  and bilayer films, our results confirm with about a factor of 2
of ~2 h) with the substrate held at a temperature of 33 K anchigher precision those of earlier LEED studies by Unguris
a background pressure in the chamber ofx410 8 Torr. et al* We have shown that the monolayer and bilayer lattice
The (01) rod scans on this film are shown as a function ofconstants are indistinguishable at coexistence, being equal to
temperature in Fig. 10. Again, we see a double-peak patterwithin 0.005 A, in agreement with the calculations of Bruch

IV. SUMMARY AND CONCLUSIONS
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and co-workers*!® To this same degree of precision, we equal populatiorinote the intensity of th¢101) and (012
confirm the LEED resuftthat the Xe-Xe spacing reaches peaks in Figs. &) and Fig. 1Q indicates that there are pref-
that of bulk Xe at the monolayer limit of compressidni-  erential sites on the surface for nucleation of film growth.
layer onset The preferred sites may be related to the mechanism which
This result remains a challenge for theory. The latticealigns the Xe film with the substrate. Most frequently, this
constant calculated in Ref. 1% @ K for a bilayer with the alignment has been attributed to the nucleation of film
more stableABA stacking is about 0.01 A larger than the growth at step edges along the high-symmetry directions of
bulk value, and becomes equal to the bulk value for thehe surfacé.
trilayer. Thus the film reaches the bulk lattice constant a In addition, the nonspecular rod scans provide evidence of
layer earlier in the experiment than in the calculation. SinceABA stacking faults in the Xe films characteristic of an hcp
the margin of stability for the trilayer chemical potential en- structure as was found for polycrystalliféAr films.*? The
ergy with respect to that of bulk is small compared to thecapability of growing thicker films than in this previous
triple-dipole energy, this result suggests that understandingtudy has allowed demonstration that thBA faults occur
of the triple-dipole term is still incompleté. mainly in the interfacial region. The lateral extent of these
Our observation of intensity oscillation@nalogous to  stacking faults may also explain the decrease in coherence
RHEED oscillationg at the anti-Bragg peak of the Xe specu- |ength observed in radial scans near bulk condensation.
lar rod provide evidence of layerwise kinetic g_rowth Up 0 The number of stacking faults could not be decreased by
about eight layers on the AgiL]) surface, extending the up- annealing of the films. A possible explanation for this is that

per limit o_f about_Iclnur Iaye_rs mferred from a variety of ear- the stacking faults are “pinned” at the AiL1)/Xe caused
lier experimentS! Investigations of the temperature de- b

S : nucleation of film growth at step edges.

pendence of these oscillations suggest that their number ma)y It tivelv. the stacking fault th 1 int
decrease at low temperatures33 K) where diffusion rates Alternatively, € stacking faufts near the @gy inter-
are smaller. Fewer oscillations were also observed at ten{f’lce may have an intrinsic origin. If the complete monolayer
peratures and pressures closer to equilibrium. In addition, th@ere slightly compresse(br expandey re_latlve o the bu_lk
number of oscillations seems to depend on the quality of théAttice constant(by_ less than our ex_perlmenta_\l resol_ui)pn )
Ag(111) substrate in a manner which we have been unable tthen some rela_xat|on would be reqmred to relieve this _straln
quantify. and allow the_ first layer to Iock_ with the second and higher

Specu|ar reﬂectivity experiments have allowed us to Charla.yers of the film at the bulk lattice constant. TABA stack-
acterize the atomic density profile in a direction perpendicuing faults might be a product of such a relaxation process and
lar to the Xe/vacuum boundary for both kinetic and quasi-therefore be insensitive to annealing. Whether the origin of
equilibrium growth in films from monolayer to ten-layer the stacking faults is extrinsi¢pinning™ ) or intrinsic, there
thicknesses. We find very sharp boundaries for monolaye¢ould be domain walls separating regionsABA and ABC
and bilayer films grown at quasiequilibrium. However, for stacking. However, our experiments offer no direct evidence
films of three layers and above, which cannot be grown abf these.
quasiequilibrium, we find a broader profile which is well ~ Our direct measurement of the film thickness by out-of
described by a model of independently scattering domainplane scans corroborates the trilayer stability predicted by
having a Gaussian thickness distribution. For three-layethe calculations of Bruch and Nf. These studies favored
films the standard deviation in the mean thickness is abouABA over ABC trilayer stacks by energy differences ¢0.5
0.5 layers, which increases to about two layers for a ten-layei atom . Our nonspecular scans demonstrate tASIC
film. We have not been able to find kinetic growth conditionsstacking predominates in trilayer films. However, the appre-
which both significantly sharpen the Xe/vacuum boundary otiable fraction ofABA stacking faults supports a small en-
these multilayer films and which reduce the numbeABR  ergy difference between the two structures.
stacking faults(see below. Thus theQ dependence of the Although we observe intensity oscillations at the anti-
specular reflectivity confirms that the decay in the intensityBragg point of the specular rod only up to about eight layers
oscillations with time at the anti-Bragg point of the specularunder the most favorable circumstances, scans along the
rod results from a growth front spanning several layers.  specular rod demonstrate much thicker film growth under

Despite our evidence for roughening in thicker films, all both kinetic and quasiequilibrium conditions. We can place a
of our Xe films grown on a A@l11) substrate exhibit greater lower bound of~220 A (63 layers for the maximum thick-
structural perfection than those grown on a graphite substrateess of our Xe films on the A§121) surface. This value is
under nominal equilibrium conditiod$.We also note that limited by the out-of-planeQ resolution of our diffracto-
the specular reflectivity of the Xe film on a Abll) sub- meter.

strate is more easily investigated than on the graploit® While our results have demonstrated layerwise growth of
surface'® where the Xe(0l) scattering sits on the wing of Xe films to higher coverages than in previous experiments,
the graphite(002 peak. they have also shown the difficulty of maintaining structural

Both the high-resolution in-plane scans as well as theperfection in films above bilayer thickness. This suggests
nonspecular rod scans on films from bilayer thickness tsome caution in interpreting the results of other experiments
=36 layers are consistent with successive layers being ideron multilayer rare gas films such as the trilayers used in
tical in structure and mutually commensurate. Thel0bd lattice dynamics studies by inelastic He-atom scattetiiée
scans reveal two sets of film domains azimuthally separatebelieve it likely that these films either did not have a perfect
by 60° about the surface normal. Although these domainslablike geometry or could have had an appreciable fraction
should be symmetry equivalent on(Bl1) surface, their un- of ABAstacking faults. Thus comparison with lattice dynam-
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ics calculations on perfecABC trilayer slabs may not be Hansen, P. F. Miceli, I. K. Robinson, M. B. Webb, J. Z.
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