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Residual order within the molten Al(110) surface layer
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The evolution of thermal disorder on tfi@10) surface of aluminum is investigated along #%10) and
(001) azimuthal directions in the temperature range between 300 and 910 K by low-energy ion scattering.
Surface blocking and channeling mode and neutral impact collision ion scattering spectroscopy are used.
Information is gained about the proliferation of point defects and surface roughness below the surface melting
point. Surface premelting is observed using a new technique, i.e., investigating the evolution of the channeling
peak with temperature. Experimental evidence for residual short-range order is obtained along both azimuths
within the quasiliquid layer which probably consists of groups of surface atoms in correlated motion.
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. INTRODUCTION tact (110) rows or segments of them with liquidlike
mobility.1%! Recent predictions of MD calculations further
A great amount of experimental and theoretical studiesupport this resuft? In order to contribute to the discussed
has shown in the last years that ti0) surface of metals topics, we present an investigation of the thermal behavior of
with fcc structure exhibits a remarkable behavior as a functhe (110 surface of aluminum in the temperature range be-
tion of temperature because of its open atomic arrangementyeen 300 and 910 K performed by low-energy ion scatter-
Among them, A(110) is proved to go through all the familiar ing (LEIS) using surface blocking and channeling mode and
stages of disorder as the crystal temperature is raised up Heutral impact collision ion scattering spectroscopy
the bulk melting point T,=933 K). In particular, slightly  (NICISS). It is worth noting that LEIS is a surface-sensitive
above room temperature low-energy electron diffractiondirect imaging technique which is especially suited to inves-
(LEED) measurements point out an increased anharmonicitjigate changes in the nearest neighborhood and the develop-
of the vibration amplitude of the top layer atoms and indicatement of point defects within the surface top layer. This is the
it as precursor to surface preroughening observed akason why this technique has been successfully applied in
~420 KM With further increasing the temperature three-the past to study premelting of Pr0).13
dimensional disorder is detected, leading the surface to The paper is organized as follows: Section Il describes the
roughen at 600 KAt about the same temperature LEED and experimental details while the results are presented and ana-
x-ray scattering data show a dramatic enhancement of anhadized in Sec. Ill. In Sec. IV conclusions are finally singled
monic contributions to surface lattice vibratioh®Because out.
of their large vibration amplitude, some atoms of the top
layers are observed in molecular dynarftD) simulations Il. EXPERIMENT
to overcome the potential barrier, giving rise to surface point
defects, i.e., vacancies and adatoms. Moreover, proliferation The experiment is performed with the UHV scattering
of point defects with temperature is suggested by MD as thenachine described in detail elsewhété®Briefly, a 1.5-keV
disordering mechanism preliminary to the premeltingHe" primary beam is produced within a plasma ion source,
transition®’ A molten surface layer with quasiliquid proper- mass selected with a magnetic filter and pulsed sweeping it
ties and whose thickness rapidly increases towards the buliver a small aperture in front of the magnet. The scattered
melting point has been firstly detected or{l0) above 815 particles, i.e., ions and neutrals, are collected by two time-
K with medium-energy ion scatteringMEIS).® Thereafter, of-flight detection systems corresponding to different geom-
the most sophisticated surface-sensitive techniques hawdries. In detail, the scattering angle is fixed®at 165° and
been employed to investigate premelting of this surface anét® =6° in the backscattering and forward scattering geom-
its critical temperature has been measured with small indeetries, respectively. At incident energies above 1 keV the
termination. Depending on the technique, it is estimated tehannel plates employed for particle counting have a detec-
lie in the range between 770 and 815 &% ''These studies tion efficiency close to 1. The Al sample is mounted on a
provide a quite satisfactory picture of the evolution of ther-three-axis manipulator and heated radiatively. The tempera-
mal disorder up to surface premelting, but only little infor- ture is measured using a thermocouple and a pyrometer with
mation is given about the details of the microscopic meltingan uncertainty of approximatety 15 K. The operating pres-
mechanism and about the structure of the quasiliquid layesure in the main chamber is in the 8 mbar range. Since
In particular, surface-extended x-ray-adsorption fine-the Al surface was initially contaminated by strongly bonded
structure(SEXAFS measurements suggest that the molteroxygen atoms, we have performed repeadteditu cleaning
layer retains anisotropic residual order which consists of incycles consisting in prolonged 4-keV, Néon sputtering at
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FIG. 1. Surface channeling pattern, intensity vs the azimuth z

angle ¢, for He" at 1.5 keV, scattered from A110) at room tem-
perature. The incidence angle with respect to the surface plane is

= 3°; the scattering angle 8 =6°. The scattering geometry used ¥ ()
for surface blocking, surface channeling, and NICISS experiments FIG. 2. Gray circles are the NICISS scans, intensity vs the in-
is sketched in the inset. cidence angley, for He™ at 1.5 keV scattered from A110) at @

=165°. The surface temperature 15=310 K. The upper and
crystal temperature of 420 K and at grazing incidence angléwer panels refer to thé001) and (110) azimuthal directions,
of ~15° followed by damage annealing above 800 K. At therespectively. The scans are normalized to the maximum of the first
end of each cycle the surface chemical composition has bedacusing peak after subtraction of a constant background. In the
controlled by low-energy ion scattering spectroscéf8S inset a lateral view of the surface is reported showing the first and
using an electrostatic energy analyzer mounted at Scatteriﬁbil’d atom layers. Hera=4.05 A is the aluminum lattice constant.
angle®~85°.l7 After ~20 cycles no oxygen is observed on The trajectories which mainly contribute to the observed peaks are
the surface within the sensitivity of our ISS system for moreSketched.
than 5 h after cleaning. The surface structure is probed by
two ion scattering modes: surface channeling and blockingscattering problem in two dimensions and using the first
In both cases the incoming beam hits the target at a fixedeighbor of the leading atom within the scattering plane as
grazing incidence anglé; thereafter, forward and backscat- detector for the shadow cone cast by the leading one. Since
tered particles are detected, respectively. If the azimuthah the experiment both scattered neutrals and ions are de-
angle ¢ is rotated, the intensity vs ¢ pattern provides a tected, the calculated intensities are comparable with the data
picture in real space of the surface structure showing sharwithout further adjustment. Parameters entering into the cal-
features due to surface channeling along the main crystallgsulation are the lattice constant and the He-Al interaction
graphic directiond® Maxima are observed in the forward potential. In particular, the intensity distribution was calcu-
scattering mode and deep minima in backscattering moddated using both the standard Ziegler-Biersack-Littmark
The sharpness of the structures reflects the quality of thé&ZBL) potential and the Thomas-Fermi-Make(TFM) po-
surface since defects block the surface channels and causatial with different screening lengtfiéThe best agreement
the spectra to flattel? The azimuthal profile measured in with the angular position of the measured peaks is obtained
forward scattering for a well-prepared surface is shown inwith the ZBL potential giving an offset of less than 1° along
Fig. 1. From the angular position of the peaks the main aziboth directions. Surface vacancies are included in the scat-
muthal directions can be set into the scattering plane withiriering model. In particular, if the first neighbor of the leading
+1°. Hence the usual NICISS datae., | vs ¢ scans in atom is missing, the shadow cone is cast onto the second
backscattering modeare taken. The scattering geometry of neighbor and the corresponding scattering contribution is ac-
the experiment is sketched in the inset of Fig. 1. counted for as a doubling of the lattice paraméteurface
thermal vibrations are described as static disorder with the
atoms randomly displaced from their equilibrium sites ac-
cording to a two-dimensional Gaussian distribution. The ra-
Typical NICISS spectra measured slightly above roomtio between the mean-square vibration amplitude perpen-

temperature along th@01) and(110) azimuthal directions dicular and parallel to the surface is given as input parameter.
are reported in Fig. 2. The first intensity maximum arises"he perpendicular mean-square vibration amplitude and the
from scattering off the atomic chain@rajectory 1 in the Vvacancy percentage within the scattering plane are obtained
insed while geometrical considerations suggest that the fea@s fitting parameters. The curves which best fit the data are
contributions from the third layepaths 2 and 3 in the inget  iN Fig. 3. It should be noted that a relevant amount of point
In order to obtain information about the structure of the topdefects is present within the top layer already at room tem-
layer the first focusing peak is fitted along the two azimuthsPerature. In fact, a vacancy percentage ofX#0% and of
within a two-atom scattering mod&l. Here, the scattered (8+4)% is estimated along thel 10) and(001) azimuths,
intensity is calculated versus the incidence angle solving theespectively. Insight into the proliferation of surface defects

Ill. RESULTS
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5 ' 10 15 20 25 30 ¢, for He" at 1.5 keV scattered from A110) at different tempera-

tures. The reported spectra are normalized to the intensity scattered
along a high-index azimuthal directionp(~—18.5°). The inci-

FIG. 3. The first focusing peak in the NICISS scan of Fig. 2 _dence angle with reospect to the surface plang=¢5°; the scatter-
along the(001) and (110) azimuth is compared with the corre- ing angle is® =165°
sponding best-fitting curve calculated within the two-atom model
described in the text. The total scattered intensitylid line) is  vibrations, adatoms, and steps blocking the surface channels.
obtained as the sum of contributions from the perfect surface anth particular, comparing the measured minimum yield with
from surface vacancies. They are showith an offset of 0.1 along  those obtained at roughening on (Pb)) (Ref. 14 or
they axis) as the dash-dotted line and dashed line, respectively. Thg(110) (Ref. 20 suggestions for the onset of the roughen-
dotted vertical lines indicate the limits of the fitted range. ing transition at about 600 K are obtained for(10). Sur-

face roughness is less evident in Fig. 6 where the evolution

with increasing temperature is provided in Fig. 4 where thewith temperature of th¢110) channeling peak shape is re-
NICISS scan measured at 650 K along {id.0) azimuth is  ported. Here, at 600 K only a weak increase of the peak tail
reported together with the corresponding best-fitting curvegntensity can be noted. On the contrary, strong evidence is
Note that scattering contributions at low incidence angle ar@btained for surface premelting above 800 K where the chan-
enhanced. This is mainly due to surface defects and to theeling peak starts to merge into the background. We remark,
increased mean-square vibration amplitude of the top laygdhowever, that also at the highest temperature we measured,
atoms. In particular, the measured vacancy percentage attaihe., 890 K, the channeling pattern is not completely flat, thus
at 650 K the value (24 4)%. Complementary information suggesting residual order along ##10) azimuth within the
is provided in Fig. 5 where blocking patterns measured in thejuasiliquid layer. To complete this result, the evolution of
angular rangep=+22° around the110) azimuthal direc- surface disorder along tH@01) azimuth is investigated and
tion and in the temperature range up to 740 K are reportedhe NICISS profile is measured on increasing temperature up
As discussed in Sec. II, at 312 K the spectra show a minito 910 K. The result is shown in Fig. 7. Here, at low angles
mum along the(lTO) azimuth which is “filled up” with of incidence a strong increase of the scattered intensity ac-

increasing temperature because of enhanced in-plane latti€@mpanied by background enhancement is observed above
the onset of surface premelting at800 K. However, in
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FIG. 4. Gray circles are the NICISS scan measured at surface
temperatureT =650 K along the(110) azimuthal direction. Data .
are normalized after subtraction of a constant background. Lines are FIG. 6. Symbols show the evolution of tk&10) surface chan-
the corresponding best-fitting curve. The total scattered intensitpeling peak in the temperature range between 305 and 890 K. Lines
(solid line) is obtained as the sum of contributions from the perfectare guides for the eyes. The reported spectra are normalized at the

surface(dash-dotted lineand from surface vacanci¢dashed ling maximum peak height. The scattering conditions are the same as in
Fit limits are indicated by the dotted vertical lines. Fig. 1.
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ments along thé001) and(110) azimuthal directions, respectively.
The dashed line is the linear regression for the open circles.
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310K

¥ percentage at different temperatures is estimated using LEIS
FIG. 7. Symbols are NICISS scans measured along|04) in backscattering mode. This configuration is especially
azimuthal direction at increasing surface temperature reported ofuited to detect surface defects since the probe-defect inter-
the lefty axis. The spectra are normalized to the first peak maxi-action time for a He beam at 1.5 keV is in the range of a
mum after subtraction of the constant background at room temperd€W fs, hence very short with respect to the defect lifetime. In
ture. Solid lines are the best-fitting total scattered intensities. ~ detalil, the present estimation of about 10% of surface vacan-
cies at room temperature seems quite large with respect to

direction the focusing peak remains detectable well abov&€ Predictions of MD simulatiofis*“but a similar result is
the critical temperature and flattens first above 900 K. TakingPtained with LEIS well below the surface melting point on
in mind this result we conclude that correlation between the @110 Moreover, the observed increase of the vacancy
first-neighbor position is retained within the quasiliquid layer PeTcentage up to 24% at 650 K supports well the micro-
also along thg001) azimuth. To obtain a quantitative esti- SCOPIC description of thermal disordering provided by MD

mation of the first focusing peak broadening the two-atomwhich suggests adatom-vacancy proliferation above 600 K as

scattering model previously described is adopted to fit th@recursor to surface melting. Analyzing the temperature de-
data and the best-fitting curves are superimposed on tHeendence of the mean-square vibration amplitude of the top-

spectra in Fig. 7. It can be noted that the quality of the fit /@Y€ &toms strong anharmonic contributions are observed
reasonable up te-900 K although the agreement with cal- With x-ray scattering above 700 K in agreement with the
culations gets worse with increasing temperature. This caRresent reguﬁ.Comparmg the present est|mat|ons.W|th thpse
probably be ascribed to the oversimplification within the W found in the literature excellent agreement is obtained
two-atom scattering model as pointed out in Ref. 21 fof Ne With the results onMEI§, LEED,” and MD simulation$
2-keV ion scattering in the NICISS mode on (440). From whlle, in Ref. 12,<uz>'seems sl'lghtly.ovgrestmated by MD.
the present results a suggestion is obtained for a strong if-inally, the premelting transition is investigated in the
crease of the vacancy percentage with temperature in godaresent study along the two m&i@01) and(110) azimuthal
agreement with the result of Fig. 4. However, since vacancylirections. In particular, a new method is adopted along the
scattering contributions correspond to incidence angles (110) azimuth where the evolution of the channeling peak
<8° (see, for instance, Fig.)3they partly merge into the shape with temperature is followed. Note that the channeling
background and the corresponding estimation becomes inageak arises from ions steered between surface atom rows;
curate, especially at high temperatures. The perpendiculaience, it provides information on the crystal order within the
mean-square vibration amplituda?) obtained as fitting pa- outmost layer over a range comparable with typical ion tra-
rameter is reported versus temperature in Fig. 8. The dat@ctory length® Simulations performed for a Heion beam
follow a linear behavior up to-700 K as predicted by the at ~2 keV on a defect-free 110 surface show typical

Debye model_. The Debye temperature estimated in the rangéanneling lengths of-48 A along the(lTO) azimuth cor-
300-700 K is@®4=(410+15) K. Note that the NICISS responding to~20 Ni row atoms and to a probe-substrate
measurements along thg 10) azimuth confirm the pre- interaction time in the range of 20 fs?* Although detailed
dicted trend. Above 800 K strong deviations from the har-simulations must be carried out to get a quantitative picture
monic behavior are finally observed. from the data of Fig. 6, some qualitative results are pointed
out. First, it can be noted that the shape of the peak is almost
unchanged up to the onset of the premelting transition at 800
K, hence confirming that crystal order is well retained in the

The measurements reported in the previous section first afonsidered temperature range along ¢t&0) chains. Sur-
all confirm the primary role of point defects and steps in theface roughness causes a small increase of the peak tail inten-
premelting of A[110) already pointed out by LEE[Refs. 1  sity around 600 K which is observed to disappear on ap-
and 3 and x-ray scatteringRef. 4 experiments. The defect proaching premelting, i.e., at 700 K. Note that LEIS in the

IV. DISCUSSION AND CONCLUSION
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channeling mode seems to be poorly sensible to surface vavith amorphous, random surface structures in irregular mo-
cancies probably because of long channeling trajectorieson, but rather with organized, collective motion of most of
which are almost unperturbed by point defects within thethe surface atoms accompanied by a few detached atoms and
atom rows. Above 800 K the channeling peak starts to mergholes®’

into the background but a broad maximum is detected even In conclusion, LEIS is used in this paper to investigate the
at 890 K, showing that residual crystal order is retainedevolution of thermal disorder on tH&10) surface of alumi-

within the surface quasiliquid layer. Quite surprisingly, anum along the110) and(001) azimuthal directions. Point
similar result is obtained along the perpendicl@®l) azi-  defects and surface roughness are proven to strongly increase
muthal direction where the evolution with temperature of theabove 600 K. With further increasing temperature surface
NICISS first-focusing peak profile is studied. Here, the peakyremelting is observed, studying the evolution of the chan-
is observed to strongly broaden above 800 K and to disapeling peak shape. This is, at least to our knowledge, a new
pear first above 900 K. With respect to the model suggestegbchnique. Experimental evidence for residual short-range
by Poldc et al'®!* we remark that good agreement is ob- order is obtained along both azimuths within the quasiliquid
tained with the SEXéFS results taklng into account that thEMayer and the Suggestion is given that it probab|y consists of
are limited to the(110) azimuth. Therefore, to explain the groups of surface atoms performing correlated motions.
present data we extend the previous model suggesting that

the quasiliquid layer is not constituted Ky 10) atomic
chains but rather by two-dimensional clusters of surface at-
oms in collective motion against each other. This picture is We are indebted to Professor R. Tatarek for carefully
well supported by the results of MEIS and quasielastic Haeading the manuscript. This work was supported by the
atom scattering studies on @80 showing that residual Deutsche ForschungsgemeinscH&8FG) and by the Italian
crystalline order is retained at surface premelfnéf Fi-  MURST through Grant No. 9902112831. Financial support
nally, it is worth noting that similar results are obtained by by the Deutsche Akademische Austauschdi€¢D#tAD) and

MD simulations on a very different system, i.e:100-atom by the Conferenza dei Rettori delle Universitaliane
argon clusters where surface premelting is not associate@CRUI) is also gratefully acknowledged.
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