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Adatom formation mechanism on Ag„110… studied by quasielastic He atom scattering

L. Pedemonte* and G. Bracco
Istituto Nazionale di Fisica della Materia and IMEM-CNR, Dipartimento di Fisica dell’Universita` di Genova, Via Dodecaneso 33,

16146 Genova, Italy
~Received 30 May 2003; published 20 November 2003!

The temperature dependence of the diffuse elastic peak is measured using helium atom scattering on Ag~110!

along the^11̄0& azimuth. A previous study performed by our group@Phys. Rev. B66, 45 414~2002!# dem-
onstrates that this scattering contribution may be ascribed to silver atoms adsorbed on the flat~110! terraces. To
obtain information on the adatom creation process the evolution of the peak intensity is analyzed following the
method proposed by Silvestri, Graham, and Toennies@Phys. Rev. Lett.81, 1034~1998!#. In the case of Ag~110!
this method has to be modified to take into account the anharmonic contributions to the surface lattice
vibrations. The energy for adatom formation is determined to beEa5(0.3860.03) eV. This estimate is
compared with the predictions of molecular-dynamics simulations suggesting that adatoms are mainly released

from flat terraces and/or from̂11̄0& oriented step edges.

DOI: 10.1103/PhysRevB.68.205420 PACS number~s!: 68.43.De, 68.47.De, 68.35.Ja
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I. INTRODUCTION

Surface diffusion of adsorbed atoms and molecules p
a key role in most dynamical processes occurring on cry
faces such as chemical reactions, growth of thin film and
epitaxial layers, morphological equilibration of two
dimensional nanostructures, etc.1–3 The knowledge of the
microscopic mechanisms which govern adparticle diffus
is therefore of great interest from a fundamental point
view and for many technological applications. In the p
years diffusion on metal and semiconductor surfaces
been extensively studied both experimentally a
theoretically4–6 and self-diffusion on the~110! face of fcc
crystals has attracted the attention of the researchers bec
of its anisotropy leading, among other interesting features
a rich variety of nanostructures during sputtering a
growth.7 In the case of Ag~110!, elementary diffusion pro-
cesses have been described using molecular dyna
~MD!.8 In particular, adatom diffusion on the flat~110! ter-
races is demonstrated to be easy along the^11̄0& atomic
channels where jumping between first neighbor absorp
sites is suggested as the main diffusion mechanism. Al
the cross-channel^001& direction self-diffusion is proved to
be more difficult and to occur preferably by exchange. Fr
the experimental point of view, strong anisotropic surfa
diffusion is indicated as a key ingredient to understand
results of scanning tunnel microscopy~STM! measurements
of Ag/Ag~110! on the grow and the decay of islands in t
temperature range between 155 and 300 K.9–11 Anisotropic
energy barriers are also observed to play a crucial role in
morphological equilibration of rippled nanostructures bel
250 K.12,13 These low-temperature experiments have b
recently extended by the quasielastic helium atom scatte
~QHAS! study performed by our group.14–16 Briefly, self-
diffusion on the Ag~110! surface has been investigated in t
temperature range up to 800 K. Adatom jumping along

^11̄0& surface channels is detected above 600 K while al
the ^001& azimuth diffusion is observed above 750 K. Th
effective energy barrier for jumping is measured and go
0163-1829/2003/68~20!/205420~6!/$20.00 68 2054
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agreement is obtained with the adiabatic value calculated
MD.

Although the above mentioned studies provide a quite
isfactory picture of self-diffusion on Ag~110! a fundamental
step in understanding this process is to study how the m
ing adatoms are created. In this regard, we recall that
~110! face of silver is well known to develop a rich phenom
enology on increasing the sample temperature. For insta
an STM study suggests that the step edges which bo
~110! terraces start to meander above 500 K.17 At the very
same temperature, low-energy ion scattering~LEIS! mea-
surements show an extra increase of the mean vibration
plitude of the surface lattice18,19 which accompanies the on
set of surface roughening at 600 K.20–22 Whenever the
vibration amplitude of the topmost layer atoms is enhan
some of them overcome the potential barrier giving rise
vacancies/adatoms on the surface. A few percent of vac
cies is detected at temperatures slightly above 700 K w
LEIS ~Ref. 19! in good agreement with the results of M
calculations.23,24 A method to determine the energy of a
atom adsorbed on the surface has been introduced by Si
tri, Graham, and Toennies~SGT! in Ref. 25. There, the evo
lution with temperature of the quasielastic peak scatte
from the Ni~110! surface is analyzed but a greater adato
formation energy is obtained than predicted
calculations.26 The results of SGT have been further que
tioned by Theis who has suggested that the observed sca
ing contribution is not due to adatoms but is most like
caused by steps.27,28In order to gain a deeper insight into th
mechanism of adatom formation as well as to contribute
the discussed topic, we present a set of quasielastic he
scattering measurements performed on the~110! surface of
silver. The motivation to repeat the SGT analysis is given
our previous QHAS results which demonstrate that
quasielastic intensity diffused along the^11̄0& surface chan-
nels above 600 K has to be ascribed to silver adatoms
fusing on the surface.14–16Moreover, while the SGT analysi
assumes harmonic lattice vibrations, we show that surf
anharmonicity has to be taken into account to obtain a r
©2003 The American Physical Society20-1
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able estimate of the energy for adatom formation
Ag~110!.

The paper is organized as follows. Section II describes
experimental details, while the data and the analysis are
sented in Sec. III. Finally, in Sec. IV conclusions are mad

II. EXPERIMENT

Measurements are performed by means of the cust
built He atom scattering apparatus with time-of-flight~TOF!
detection system described in detail elsewhere.29 Briefly, the
supersonic He nozzle beam is produced at source temp
ture T0536 K and pressureP055 bar with most probable
energy of aboutE57.32 meV corresponding to wave vect
k53.76 Å21. The beam velocity spread results inDv/v
,1%. Before interacting with the sample, the beam
chopped into short pulses of a few microseconds of dura
by a rotating slotted disk. Then, the scattered fraction is
ferentially pumped, ionized, and mass selected at fixed t
deflection angleu t5110°. The incident angleu i and the
scattering angleu f refer to the surface normal and a
changed simultaneously by rotating the sample. The chop
to sample and the sample to ionizer distances are;73 mm
and ;728 mm, respectively. The base pressure of the s
tering chamber is in the 10211 mbar range. The Ag speci
men, spark cut from a single crystal ingot and chemom
chanically polished in the~110! orientation within 0.2°, is
cleaned in ultrahigh vacuum by Ar-ion sputtering and anne
ing cycles until the usual diffraction pattern is obtained. T
full width at half maximum of the specular peak measur
on a well prepared sample provides an estimate of the s
tering coherence length of about 700 Å. The crystal tempe
tureT is measured by aK-type thermocouple with reproduc
ibility withi n 5 K and accuracy615 K.

III. RESULTS AND DATA ANALYSIS

Figure 1 shows typical energy-converted TOF spec
measured at crystal temperatures between 210 and 80

FIG. 1. Energy converted time-of-flight spectra for He scatte

from Ag~110! along the^11̄0& azimuthal direction at increasin
surface temperature. The beam energy isE57.3 meV, the incident
and the total scattering angle areu i560.7° andu t5110°, respec-
tively. Within this geometry the parallel momentum transfer yie
DK50.43 Å21.
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along the^11̄0& azimuthal direction. The spectra are o
tained at parallel momentum transferDK50.43 Å21 corre-
sponding to;40% of the Brillouin zone boundary. Here, n
elastic scattered intensity is expected from a perfect perio
surface since the parallel momentum is conserved to with
reciprocal lattice vector. However, the defects on a real cr
tal ~steps and adatoms! scatter some of the helium atom
incoherently giving rise to the peak atDE50, the so called
quasielastic peak. In addition, an inelastic feature is obser
at approximately 1.4 meV which can be identified as the s
of contributions from the Rayleigh mode and theMS0 sin-
gularity of the phonon spectrum.30 It can be noted that the
intensity of the quasielastic peak follows a nonmonoto
behavior on increasing the sample temperature. In fac
decreases by about a factor 2 between 210 and 500 K, th
slightly increases at 600 K, and it is finally dramatically r
duced at 800 K.

It is worthwhile to recall here that at fixed scattering co
ditions and at low defect density,n, the intensity of the quasi-
elastic structure is proportional to the concentration of s
face defects. Furthermore, the peak intensity is reduced
increasing temperature by the Debye-Waller~DW! factor,
2W, so that31

I}n exp~22W!. ~3.1!

Within the present scattering geometry the DW factor
duces with very little approximation to its value at the spec
lar angle

2W5Dkz
2^uz

2&, ~3.2!

where ^uz
2& is the mean-square vibration amplitude of t

topmost layer atoms perpendicular to the surface plane
Dkz is the perpendicular momentum transfer. In the case
atom-surface scattering the overall expression of the Deb
Waller factor introduced by Eq.~3.1! and Eq.~3.2! is ex-
pected to be valid for a beam of fast light particles whi
collides with a hard surface made by heavy atoms and sh
ing a negligible attractive well.32 Whenever these restriction
are relaxed corrections have been proposed to accoun
several effects. First, collisions may have characteristic tim
comparable to those of lattice vibrations.32 Moreover, the
incident atoms may interact simultaneously with several s
face scatterers33 and are accelerated toward the surface
the attractive potential well~Beeby effect!.34 The last effect
often provides the most relevant correction in the expe
ments carried out with light helium atoms35 and is taken into
account by substitutingDkz in Eq. ~3.2! with the effective
perpendicular momentum transfer

Dkz(e)5k$A@cos~u f !#
21D/E1A@cos~u i !#

21D/E%,

D being the average well depth. In Ref. 25 the harmo
Debye model is adopted to describe the lattice vibrations
that

^uz
2&harm5

3\2T

MkbQD

d

0-2
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with kb the Boltzmann constant,M the mass of the targe
atoms, andQD the surface Debye temperature. The cor
sponding DW factor is

2W5Dkz(e)
2 3\2T

MkbQD
5CDWT.

The SGT analysis further assumes that the density of def
is the sum of two contributions: static defects~steps! having
constant concentration on increasing temperature and
mally activated defects, i.e., mainly adatoms. Hence,

I 5@ I st1I ad
0 exp~2Ea /kbT!#exp~2CDWT!, ~3.3!

whereEa is the energy for the creation of an adatom,I st and
I ad

0 are constants proportional to the step and adatom den
respectively. Using Eq.~3.3! it is possible to determine th
evolution with temperature of the adatom density from
quasielastic peak intensity if the effect of the Debye-Wa
contribution is taken into account.

To this aim, we have measured the evolution ofI by fit-
ting the quasielastic peaks collected in the temperature ra
between 190 and 800 K as the sum of a Voigt function w
a linear background. The amplitude of the best-fit Vo
curve is reported on log scale as a function of temperatur
the upper panel of Fig. 2. It can be noted that the exponen
decay law predicted in the low-temperature range by
~3.3! is well satisfied below;350 K. In particular, the slope

FIG. 2. In the upper panel the intensity of the quasielastic p
measured as a function of the surface temperatureT is reported on
a log scale using open symbols. AtT<350 K the intensity decreas
due to the harmonic Debye-Waller attenuation is described by
best-fit solid straight line. The dashed line is the best-fit cu
through the data atT<600 K obtained using Eq.~3.3!. In the lower
panel, the Arrhenius plot of the DW corrected adatom contribut
to the scattered intensity,I ad , is shown. The dashed straight lin
corresponds to the dashed curve in the upper panel and its s
yields an estimate of the energy for adatom formation of;0.28 eV.
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CDW of the corresponding best fit straight line provides
estimate of the surface Debye temperature ofQD5(185
618) K. This value is obtained taking into account th
Beeby correction for the He-Ag~110! interaction with D
56.0 eV.36 The static defect contributionI st is further ob-
tained as best-fit parameter corresponding to the scatt
intensity atT50 K. Above 350 K deviations from the De
bye behavior are observed due to the creation of therm
activated defects. To isolate the adatom contribution,

I ad5I ad
0 exp~2Ea /kbT!,

the harmonic DW term is factored out and the constantI st is
subtracted from the data. The results are reported on
Arrhenius plot in the lower panel of Fig. 2. Here,I ad is
observed to follow the linear behavior predicted by Eq.~3.3!
up to ;600 K, hence a strong deviation sets in. A lea
squares fit of Eq.~3.3! to the intensities in the temperatur
range 190–600 K is reported in the upper panel as a das
curve and the corresponding adsorbate contribution is sh
in the lower panel as dashed line. The inferred value for
adatom creation energy isEa5(0.2860.02) eV. This value
appears quite small in comparison to the MD estimate
;0.38 eV for the formation energy of a vacancy-adatom p
on a flat~110! terrace.37

In order to resolve the discrepancy and to explain
deviation from the Arrhenius behavior the SGT analysis h
been further developed. In particular, Fig. 3 reports the e
lution versus temperature of the Ag~110! mean-square vibra
tion amplitude measured by our group using LEIS. The d
are described in detail in Ref. 19. Here, it is helpful to rec
that within the scattering geometry of that experiment
perpendicular component of the surface atom displaceme
measured. The figure shows that^uz

2& follows the linear be-
havior expected for the Debye model up to approximat
530 K. The Debye temperature estimated in the ran
300– 530 K isQD5(163615) K in good agreement with
the present QHAS value. Above 530 K the lattice vibratio
become anharmonic and the lattice vibration amplitude

k

e
e

n

pe

FIG. 3. Symbols illustrate the evolution with temperature of t
perpendicular mean-square vibration amplitude of the topmost la
atoms,^uz

2&, measured using low-energy ion scattering spectr
copy ~see Ref. 19 for more details!. The data up to approximately
530 K ~filled circles! are fitted by the continuous straight line e
pected for the Debye model. At higher temperatures symbols~open
squares! follow the best-fit quadratic dashed curve.
0-3
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strongly enhanced. In order to account for the enhancem
of ^uz

2& the analysis of the quasielastic data has been m
fied by introducing in the DW factor of Eq.~3.3! a tempera-
ture dependent term,f (T)5^uz

2&/^uz
2&harm , that is

I 5@ I st1I ad
0 exp~2Ea /kbT!#exp@2CDWf ~T!T#. ~3.4!

Of course,f (T)51 for T,530 K. In the range 550–800 K
f (T) is estimated using the LEIS results. In detail, the e
lution of ^uz

2& is described by the best-fit parabolic cur
reported as dashed line in Fig. 3. At a given temperature,f is
obtained as the ratio between the observed mean-square
placement and the corresponding harmonic value estim
along the low-temperature best-fit straight line. Followi
Eq. ~3.4! the DW term corrected for surface anharmonicity
factored out from the quasielastic intensity and the cons
I st is subtracted to isolate the adatom contribution. The c
responding results are reported versus temperature on
Arrhenius plot of Fig. 4. Note thatI ad now follows the
Arrhenius law over the whole temperature range. Moreo
an estimate of the energy for adatom formation provid
Ea5(0.3860.03) eV in very good agreement with the pr
dictions of MD simulations.37

IV. DISCUSSION AND CONCLUSIONS

In the preceding section the evolution with temperature
the intensity of the quasielastic peak obtained from
Ag~110! surface is studied to determine the onset of the a
tom detachment and the energy of this process. In the t
perature range between 190 and 350 K the scattering co
bution from static defects predominates and the p
intensity is observed to decrease exponentially withT be-
cause of the DW harmonic attenuation. The value of (1
618) K obtained for the Debye temperature appears slig
larger than the previous theoretical and experimen
estimates.38,39 However, it fits well with the LEIS results
reported in Sec. III~Ref. 19! and is also in the range of th
standard estimate thatQD is about 1/A2 of the bulk Debye
temperature (;165 K).40

Above 350 K deviations from the DW behavior are o
served due to thermal induced defects. In order to desc
the evolution of the scattered intensity over the tempera
range up to 800 K the analysis discussed by Silvestri, G

FIG. 4. Arrhenius plot ofI ad obtained from Eq.~3.4!. The slope
of the best-fit solid line provides an energy for adatom formation
(0.3860.03) eV.
20542
nt
i-

-

dis-
ed

nt
r-
the

r,
s

f
e
a-

-
tri-
k

5
ly
l

be
re
a-

ham, and Toennies25 has to be modified to include surfac
anharmonicity. To this end, anad hoctemperature-dependen
term is introduced in the harmonic Debye-Waller factor. Th
is of course a very rough approximation; however, a rigoro
expression of the DW term in atom-surface scatteri
though studied by many theoreticians, is at present still
available.41 The evolution versus.T of the mean-square vi
bration amplitude of the topmost layer atoms is estima
using a parabolic approximation of the LEIS measureme
As the functional form of the curve adopted to describe
data is to a large extent arbitrary we have carefully chec
that different choices of the best-fit function would not alt
the results of the preceding section. For instance, usin
linear approximation of̂ uz

2& at T>550 K the adsorbate in
tensity is observed to follow an Arrhenius behavior similar
that reported in Fig. 4. The corresponding energy is ab
1.5% greater than the present value of 0.38 eV. A furt
attempt has been performed to estimate the anharmonic
tribution to the surface lattice vibrations using the MD pr
dictions discussed in Ref. 23. In that case,I ad recovers the
Arrhenius behavior in the temperature range between
and 600 K withEa;0.32 eV. However, at higher tempera
tures strong deviations are observed suggesting an over
mate of^uz

2&. It is worthwhile to remark here that wheneve
surface anharmonicity is included in the DW term the sc
tering contribution due to the thermally activated defects r
idly overwhelms the contribution from static defects. T
latter constitutes at 600 K only 30% of the total scatter
intensity and decreases down to a few percent at 800
Furthermore, the thermal defects are observed to diff
above 600 K. In fact, a broadening of the quasielastic pea
detected which attains the value of;60 meV at 800 K.
These results fully agree with our previous QHA
studies14–16 and definitively exclude the possibility that th
evolution with temperature of the quasielastic scattered
tensity has to be mainly ascribed to an increase of the t
step length as suggested by Theis for the Ni~110! case.27

Concerning the experimental value ofEa5(0.38
60.03) eV it shows very good agreement with the MD pr
diction of Eva50.38 eV for the energy of a vacancy-adato
pair on the flat Ag~110! terrace.37 This value is obtained by
modeling silver by a semiempirical potential and taking in
account the full environment of the atom both in the init
and in the final state of the process.8 However, the descrip-
tion of the ~110! surface can be safely simplified if the an
isotropic bond-breaking model is adopted.12 Within this
model Eva50.40 eV corresponds to the energy required
break two strong in-channel bonds and two weak cro
channel bonds, having a strength of;0.18 eV and 0.02 eV,
respectively. The energies needed to detach an atom fro
close-packed̂ 11̄0& oriented step and from a loose^001&
oriented step can be further calculated to beE^11̄0&
50.38 eV andE^001&50.22 eV. These estimates indica
that within the accuracy of the experiment we cannot dis
guish if the adatoms predominantly come out from the~110!
terraces or from the close-packed step edges. Moreover
thoughE^001& is the lowest energy the corresponding proce
provides only a secondary contribution to the adatom d

f
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sity. To explain this result we suggest that the surface s
are mainly oriented along thê11̄0& direction over the whole
temperature range considered here, i.e., a negligible con
tration of loose steps is expected. This picture is well s
ported by the results of STM studies on Ag~110! where
straight monoatomic steps running preferentially along

^11̄0& rows are seen at 300 K.17,42,43On increasing the tem
perature the steps are observed to meander by kink m
ment and to release atoms to the underlying terraces. An
tropic missing rowdefects, i.e.,̂ 11̄0& rows or pieces of
them which are missing, are detected by LEIS within t
fringed region near step edges in the temperature range u
900 K,19 in good agreement with the theoretic
predictions.44 Above 700 K LEIS measurements also po
out an increasing percentage of vacancies in the topmost
face layer suggesting that at the highest temperatures
the step edges and the flat terraces are effective in relea
atoms to the silver surface.

In summary, we have demonstrated that the SGT met
can provide a reasonable picture of the adatom creation
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