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Thermal expansion and mean-square displacements of the @10 surface studied
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We report determinations of surface interlayer spacings and vibrational amplitude§l@Ah the tem-

perature range 300—660 K, using medium-energy ion scattering with shadowing and blocking. We show that
the surface vibrational amplitudes are anisotropic, and present results for their temperature dependence. The
in-plane anisotropy changes sign between room temperature and 600 K. We also find evidence for a large
mean-square displacement perpendicular to the surface for atoms in the second layer; a result that is quite
nonintuitive but has been predicted theoretically. Such a finding also supports a predicted microscopic mecha-
nism for surface premelting where adatoms are formed from displaced atoms in the second layer. Our data also
show a smooth expansion of the first interlayer spacing in this temperature range.

I. INTRODUCTION nounced on the AlL10) surface in the eDFT-MD studies. As
the temperature is increased, the center of mass of the second
Al(110), with the open atomic arrangement of ftt0), layer moves outward and hence a contraction of the first

has been seen experimentally to go through all the familiainterlayer spacing is observed. These same channels of oscil-
stages of disordéms the temperature is increased toward théation provide a microscopic mechanism for formation of

bulk melting point, namely, roughenifg* premelting®->  adatoms. During the MD simulations, atoms from the second
and surface melting:® This makes it an interesting choice layer were seen to make excursions onto the surface, forming
for further studies of surface dynamics and structure at ef2datoms and vacancies. Enhanced perpendicular MSD's in

evated temperatures. Topics include the degree and nature & setl:qnd Iayerharg then, in this picture, tlhe precursor of th(fa
the surface anharmonicity, and the microscopic mechanisrﬂ:emet'_gg tf“ecl anlsrpt. aAn e>t(pe|r|m(=in:jat measutremen_t 0
of premelting(the apparent proliferation of adatoms and va-.'c>c Viorational amphitudes at elevated temperatures 1S an

cancies prior to formation of a quasiliquid at the surface important test of this theory. . .
. . . . . Another aspect of the premelting process that is not yet
Previous kinematical low-energy electron diffraction

. fully understood is the degree of in-plane anisotropy at the
(LEED) measuremeritshave shown a negative thermal ex- onset of surface disorder. Based on a comparison of the tem-

pansion of the first'interlayer .spa.cing in. the temperatur erature dependence of LEED spot intensities oL B, "’
range 40—425 K. This observation is consistent with a forc

X 0 , rinceet al. suggested that the surface disorders anisotropi-
constant model by Ditlevsen and/ftiov"® provided that the  ca|jy with disordering occurring first along tHe. 10 rows
first-to-second interlayer effective force constant is increasyf atoms. This is indicated by a more rapid decay in intensity
ing with temperature. Another possible explanation offeredafter correction for the Debye-Waller padf a spot withk
was an enhanced anharmonicity in the second lgyemen-  vector parallel to thé110) rows, as compared to a spot with
dicular to the surfagegreater than that in the first layer. This k vector perpendicular to these rows. Approximate mul-
would allow second-layer atoms to have large vibrationaliple scattering LEED spot intensities may be calculated
motions toward the surface, and an increasing temperatufgom EAM-MD simulations by introducing an electron prob-
would lead to an increasing contraction of the first interlayering depth in the expression for the layer-by-layer structure
spacing. Recently, Marzast al!''2 have studied this sur- factor. This has been done on (&10),'®*° and indeed a
face using ensemble density functional the@@pFT) mo-  similar anisotropy is found if an analysis equivalent to that of
lecular dynamicgMD). In their picture of this surface, atoms Princeet all’ is performed. However, the larger momentum
in the second layer have natural channels of oscillation nortransfer of a LEED spot wittk vector along th€110) rows

mal to the surface and toward the vacuum. The charge ders compared to one perpendicular to the rows suggests that
sity above the second-layer atoms is quite homogeneous, atitis measurement of disorder itself is different for the two
the bonds are easily stretched, leaving freedom for the atondirections. If the momentum transfer dependence of the
to move back and forth along these channels. Hence, thestructure factors is included in the calculations, the tempera-
observe strongly enhanced mean-square displacemerttgre falloff of the orthogonak vector spot intensities is very
(MSD’s) of atoms in the second layer perpendicular to thesimilar, suggesting no anisotropy. With ion scattering, one
surface. Such an observation seems to be a distinctive featuneay probe vibrational anisotropy directly in real space, as
of this crystallographic orientation. It has been seen before ilas been done on PH.0),%° Ag(110),%* and C{100).??
embedded atom meth@q&AM) MD simulations on Ni110 The purpose of the present work is to investigate the de-
(Ref. 13 and C4110),****and in EAM Monte Carlo simu- gree of anharmonicity at the Al10) surface, and test for the
lations on A[110).'® However, this effect is much more pro- possible negative thermal expansion of the first interlayer
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spacing. To this end, we report measurements of the firsdnalyzer, is also accounted for. Measured charged fractions
three interlayer spacings in the temperature range 300—66#f protons exiting from metal surfaces in the MEIS energy
K. (The meaning of “interlayer spacings” becomes ambigu-range vary from=0.5 to 0.9°®~*°This may be measured by
ous after roughening and/or premelting transitions; thereforeise of a surface barrier detecto detect particles of any
these values are not measured abeve00 K, where most charge in conjunction with a pair of deflection plates in
studies have reported the onset of disondeurthermore, to  front of the detectoffor steering away charged ions so that
test the prediction of eDFT-MD for strongly enhanced only the neutrals are detecjed
MSD’s in the second layer normal to the surface, and to Our ion scattering experiments were carried out with a
measure the degree of anisotropy of the in-plane vibrations}0.8 keV proton beam. The surface sensitivity of the MEIS
we report component resolvegh-plane and out-of-plane  technique is derived from the channeling effect, in which
vibrational amplitudes for the first two layers at room tem-surface atoms deflect the incoming ions away from deeper
perature and 570 K. atoms. An important parameter is the shadow cone
radius?>?*This is the closest distance ions may approach the
second atom along a row in a perfect static crystal. For ef-
Il. EXPERIMENTAL PROCEDURE fective channeling, and hence good surface sensitivity, the
Medium-energy ion scatteringMEIS), with channeling s_hadqw cone rqdius should be. substantially larger than the
vibrational amplitudes perpendicular to the rows of atoms.

and blocking, is a powerful method for determination of the AL .
structural and vibrational parameters of a crystallineThe shadow cone radius is proportional to the square root of

surfacé?®-25 When incoming ionge.g., 40—200 keV pro- the target atomic number, and inversely proportional to the

tong are incident upon a crystalline surface along a majoSduare root of the beam energy. For aluminum, with a rela-

crystallographic direction or row of atoms, they are “chan—’fivvely LOW athiC nungjber, ;Jse of pro.t(.)n.s with e;:jergy belor\:v
neled” into the solid. The deflection of the ions due to the ~ 20 keV gives good surface sensitivity. In this case, the

first atoms along a row causes the formation of a “shadowsn@dow cone radius is approximately twice the bulk one-

cone,” greatly reducing the chance of backscattering fromdlmensmnal(lD) rms vibrational amplitude at room tem-

successive atoms along the row. As ions travel through thBerature. We can measure the energy distribution of back-

solid, they continuously lose energy due to electronic stopScaitered ions simultaneously over a 13° range in the

ping. Hence, the energy of an emerging backscattered protairatt€ring plane using a high-resolution electrostatic analyzer
is directly related to the depth of the scattering event. Thid conjunction with microchannel plates and a 2D position
effect, combined with channeling, gives rise to an energy?€nsiive detectof-** The system energy and apgular reso-
distribution of the scattered particles that exhibits a “surfacd"tions for~40 keV protons are-=48 eV and~0.1°, respec-

peak” at an energy that only depends on the scattering angltévely' . . _ .
(the angle away from the incident ion directioand the The sample was electropolished in a solution of perchloric

masses of the projectile and target. Thermal displacemenf€id and acetic anhydride, and prepared in Utibdse pres-
and reconstructions directly affect this process because theif€~2> 10" Tom) by standard sputtering and annealing
make shadowing less perfect, and more ions are backscdtycles until a sharp (¥1) LEED pattern appeared. MEIS
tered from the surface region. The area of the surface pealp@ckscatterlng can directly monitor sample cleanliness. Oxy-

also depends on the direction in which the scattered ions a@€n impurities on the surface gave the most trouble. In a low
going. lons exiting the crystal may be deflected by atomdScattering angléhigh cross sectionconfiguration, the sensi-

closer to the surface, “blocking,” resulting in a nonmono- tiVity of MEIS to oxygen is~0.03 monolayergML). This
tonic scattering angle dependence of the surface peak arednount of oxygen was not detectable on the surface for ap-
The position of such “blocking dips” provides a sensitive promm_ate_:ly five hours after Cl_eanlng. Data collection was
measure of surface atom displacements. A shift in the posK€Pt Within two hours of cleaning. The sample was heated

tion of a blocking dip away from the bulk crystal blocking rom the back by a tungsten filament, and a tyle
direction is a direct indication of layer relaxation. Accurate (Chromel-Alume} thermocouple fastened near the sample

determination of structural parametéegomic locations and monitored the temperature. The accuracy a_md stability of this

vibrational amplitudesis accomplished by comparing the Procedure were-12 K and+2.5 K, respectively.

angular scattering intensity to Monte Carlo computer

simulationg® for trial structures. Structural and vibrational Ill. RESULTS

parameters in the simulations are varied until a good fit to the

angular scattering intensity is achieved, as determined by an

R-factor analysig/ Figure 1 shows a top view of the @10 surface and the
Since scattering cross sections are accurately known fdahree scattering plandperpendicular to the surfacased in

the energy range usé@oulomb scattering with manageable this study. The channeling and blocking directions used

screening, the area of the surface peak may be converted owithin each scattering plane are shown in Fig. 2. Interlayer

“normalized” into visible atoms per row, or alternatively separations that each scattering configuration is most sensi-

into visible layers. We determine the normalization factors intive to are also shown. For instance, channeling and blocking

the experiment, such as the detector solid angle and the frao the {100 plane is between atoms in the first, third, fifth,

tion of the incident beam intercepted to measure the ioretc. layers, or between atoms in the second, fourth, etc. lay-

dose, by calibration with a Pt/Si high-energy ion scatteringers. This gives a sensitivity of the blocking profile to the

standard. The fraction of backscattered ions that are neutralfirst-to-third and second-to-fourth interlayer separations, de-

ized, and therefore cannot be detected by the electrostatimoted d,3 and d,,, respectively. By simulating scattering

A. Scattering configurations
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FIG. 3. Plot of angular scattering data or blocking profiean-
bols) from configurations | and Il in Fig. 2, along with the best-fit
simulations found by optimizing the first three interlayer spacings
but using only isotropic vibrationésolid lineg. The simultaneous
fit can be significantly improved if anisotropic in-plane vibrations
are allowed near the surface.

{110} plane {111} plane

FIG. 1. Top view of the fc(110 surface showing the three
scattering planegperpendicular to the surfacesed in this work.
Second-layer atoms are shaded, and the directions deretedy  particular scattering configuration, the vibrational displace-
are shown. ments perpendicular to the ingoing and outgoing ion beam

directions are probed. Hence, different scattering configura-
data from several configurations simultaneously, one can ddions probe different components of the vibrational ampli-
termine the first several interlayer separatiowith  tudes. An example of this is the contrasting views of the
~1-2 % error in terms of the bulk spacing in-plane vibrational amplitudes offered by the configurations

Thermal vibrations of the atoms reduce the shadowingn the{100t and{11G planes. An attempt to simulate block-
effect and lead to an increase in the scattered yield. In &g data from these two configurations simultaneously using

only isotropic vibrations leads to a poorer fit than if aniso-

. tropic in-plane vibrations are allowed. Figure 3 shows block-
(@) Config. T {100} scattering plane ing profiles from these two configurations and the best-fit
0 0O simulations found by optimizing the first three interlayer
spacings, but using only isotropic enhanced surface vibra-
d13' Q— tions. In configuration I, the simulated yield over the entire
angular range is clearly too low, while in configuration Il,
—O O @) d24 the simulated yield is too high. This is seen mainly at the
@ @ Q- blocking direction near 70°. The simultaneous fit is im-

proved by increasing vibrations in the direction (which

. raises the overall yield in configuratiopy nd by decreasing
(b) Config I {110} scattering plane vibrations in thex direction (which lowers the overall yield
N O in configuration 1). We found a similar in-plane anisotropy
on Ag(110) at room temperaturé. The scattering configura-
d13 99— tion in the {111} plane(with an incident direction far from
norma) provides sensitivity to the perpendicular surface
—0 O O d24 thermal displacements. Use of several incident directions
) @ Q- slightly away from the channeling directiofwithin ~
+1°) helps to distinguish between the perpendicular dis-
(©) Config. T {111} scattering plane placements in the first and second layers. The simulation

procedure is discussed in detail in a later section.

+§ /®/d12 B. Bulk vibrational amplitudes
O

----- lon scattering simulations require bulk vibrational ampli-
'e) 0O tudes as input. Usually this is provided from an independent
study or simple model. Previoudfywe reported a method
FIG. 2. Channeling and blocking configurations in the three(Similar to that used by Frenkest a!_33) where MEIS can be
scattering planes of Fig. 1. Ifa) and (b), shaded atoms are out of USed to determine the bulk vibrational amplitude relative to
the plane of the page. Interlayer separations for which each configihe Debye model value at room temperature. Such a proce-
ration is most sensitive are indicated. (), configuration Il refers ~ dure has been applied to (ALO). Basically, the angular
to only the channeling direction, while configuration’ Iefers to ~ width of the dip in the ion blocking yield from deep within
all incident directions.+’ and ‘—' show the sign convention used the crystal is sensitive to the bulk vibrational amplitude.
for angles away from the channeling direction. Higher vibrational amplitudes reduce the efficiency of shad-
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FIG. 4. Plot of the measured bulk vibrational amplitude versus FIG. 5. Temperature dependence of the first three interlayer re-
temperature using simulation of “bulk-scattered” blocking profiles. laxations(in percent change from the bulk vajuas determined
A free parameter in the analysiBef. 21) was adjusted to make the from MEIS (closed symbols LEED (Ref. 9 (dotted line$, and
result agree with the Debye model at room temperature. The x-ragDFT-MD (Ref. 12 (open symbols
results of Martin and O’Conna(Ref. 39 (solid line), and the De-
bye model(dashed lingare shown for comparison. C. Surface thermal expansion and MSD’s

Previously we reported the interlayer separations for this
owing and blocking, and thereby reduce the width of thesurface at room temperatuie This work extends these re-
blocking dip. Comparison of measured bulk blocking yieldssults to the temperature range from 300-660 K. Figure 5
to an ion scattering simulation in which the bulk vibrational shows our experimental values for the first three interlayer
amplitude is varied leads to an experimental measure of thi§eparations in percent change from the bulk value at that
quantity. Since the bulk blocking yield is acquired from apartlcu!ar temperature. These_ resylts are obtgined from ion
given energy range of scattered ions, a stopping power jgcattering simulations o_f blocking in configurations I, Il, and
needed to translate this energy range to the appropriate deply The thermal expansion of Al was accounted for, so these
range in the scattering simulation. The choice of this stop!€Sults represent relaxations beyond the thermal expansion of
ping power(a free parameter in this analysis important, the bulk interlayer spacing. Results from i@& and
because the width of the simulated bulk blocking yield alsoBlanckenhageh using kinematical LEED and Marzat
depends on the depth in the crystal from which the ionl-~ using eDFT-MD are shown for comparison. _
scattered(The width decreases with increasing depffhis Utilizing all of the scattering configurations of Fig. 2, in-
parameter is set by requiring the bulk amplitude to agre&!uding extra off-channeling directions in thell} plane, we
with the Debye model value at room temperature. Such ahave fpund th_e three components of the vibrational ampli-
assumption is reasonable since most anharmonic effects afédes in the first two layers at 330 K and 570 K. Table |
not noticeable at this temperature. For the case of Al, CuShows our results normalized to the experimental bulk am-
and several alkali halides, experimental results exist from aflitudes at each t_empelzzrature. Shown also are calculated re-
x-ray scattering technique for the bulk vibrational amplitudesSults from Marzariet al.** for temperatures near ours. These
versus temperatufé.All show compliance with the Debye Values are also normalized to the bulk amplitudfesind in
result near room temperature. The resulting value for thdheir study at each temperature.
channeling stopping power is approximately a factor of 2
lower than that for a random direction. This is entirely con- IV. DISCUSSION
sistent with theories of channelifig,where the stopping
power is expected to be smaller in the channels where the
electron density is small, and with our previous work on Monte Carlo ion scattering simulatithuses as input the
Ag(110.% position and vibrational amplitudes of all atoms in the simu-

Figure 4 shows a comparison between the two differentated crystal. With some reasonable assumptions, this large
experimental results and the Debye model. The error rangget of structural parameters can be reduced to the following
for the MEIS data is due to a combination of the systemll: three interlayer separatiods,, d»3, ds4 (dss and below
angular resolution and 0.1° uncertainty in measuring the fulare fixed at the bulk spacihgsix vibrational amplitudes for
width at half maximum(FWHM) of the blocking profile. the first two layers; a third-layer isotropic vibrational ampli-
Agreement of the two experimental results is reasonable. Tdude (the fourth layer and below are also isotropic and given
gether they suggest a significant bulk anharmonicity for Al,by an exponential decay from the third-layer value to the
which should be taken into account when performing ionbulk value, with a decay constant efl layer spacing and
scattering simulations of the surface. For instance, use of tolastly, a scale factor 1) applied to simulation output from
low bulk vibrational amplitudes in the simulations will lead configurations in the{111 plane where channeling and
to an overestimation of the enhancement of the surface viblocking occur along rows of atoms separated by the nearest-
brations. neighbor distance. Such a factor closely approximates the

A. Simulation procedure
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TABLE I. Component-resolved vibrational amplitudes for the first two layers. See Fig. 1 for the meaning
of x andy. Values are given as ratios of the measured 1D rms vibrational amplitudes to the bulk amplitudes
(as determined by each technique at each tempejafline averages over both layers of the two in-plane
components are also given. Approximate errors for the eDFT and MEIS ratios @@ and=0.10,

respectively.
T (K) x1 yl z1 x2 y2 z2 (x1+x2)/12  (yl1+y2)/2
eDFT-MD 400 1.20 1.52 1.20 1.13 1.03 1.54 1.17 1.28
600 1.34 1.36 1.23 1.23 1.00 1.47 1.29 1.18
MEIS 330 1.27 1.50 1.23 1.00 1.12 1.12 1.14 1.31
570 1.53 1.40 1.15 1.34 1.40 1.40 1.44 1.40

effect of vibrational correlation¥;* which is an effective rameters, while the off-channeling configurations labeled 111
decrease in vibrational amplitudes and hence scatteringre sensitive to the surface-perpendicular vibrations. Neither
yield. Correlation has been seen to be significant at the sugroup of configurations is very sensitive to the other group’s
faces of Al and Ag only for channeling and blocking along corresponding set of parameters, thus uncoupling the set of
nearest-neighbor directions, and at high temperdture. six vibrational parameters into two manageably sized sets.
One would like to find the set of structural parameters thatrhe sensitivity of configurations | and Il to the in-plane vi-

will S|multaneously optimize the fit of the S'mUI‘?lt'on output |y ational amplitudes was discussed previously in conjunction
to angular scattering data from several scattering configura

e v e iy s, .. The snsioy of corfusion o b
previously?” and quite standard among MEIS studiisthe Perp P 9. ©

. (a) shows a contour plot of the tot& factor (from five
following "R factor™ incident ion beam directions in thd 11 plane versus the
100 Y gara— W Yqim) 2 two surface-perpendicular vibrations. Two structures, one
R(w)= W\/E ( ) (1) near and one away from the minimum, are labeled. Bart

shows the data for the two extreme off-channeling directions
Ygata @and Ygim represent the experimental and simulated®S well as the simulation output for the two structures labeled

angular scattering intensity, respectivelyis the number of N Part(a). Structure 1 gives a smaller value of tRefactor
points in the sum. ThiR factor may be used in two different for all five channeling directions separately, and has a clear
ways. If the scale factow is set to 1, then th& factor is  Visual improvement in fit for thez1.1° data.

sensitive to both the overall agreement in yield between the Based on the above observations, one can find a set of
data and simulation, and the agreement in si@apeg width ~ optimum values for these 11 structural parameters using the
and position of the blocking dip. Alternatively, the scale following procedure.

factorw can be chosen for each trial structure so as to mini- (1) Starting with a reasonable initial guess for the inter-
mize theR factor. Use of such a scaléRifactor reduces the layer spacings, find the best isotropic surface vibrational am-
sensitivity of the fit to the overall agreement of the absoluteplitude in configurations I, II, and III.

yield, and more to fitting of the shape and position of the (2) Using the scaledR factor in configurations I, I, and
blocking dip. This scaled goodness-of-fit measure has a spéH, find the first correction to the interlayer spacings. Use of
cial use discussed later. Unless noted otherwise, only ththe scaledR factor uncouples for now the dependence of
unscaled W= 1) R factor is used. A totaR factor for a trial  in-plane vibrational parameters in configurations | and I,
structure is found from summing up the abdvdactors for  and the dependence of the vibrational correlation scale factor
each scattering configuration. in configuration 111,

Optimizing all 11 structural parameters discussed above (3) From configurations | and Il only, get an overall idea
in all of the scattering configurations simultaneously is com-of the in-plane anisotropy by finding separate surface ampli-
putationally prohibitive. However, a divide-and-conquer ap-tudes(with decay to the bulk value in deeper layefsr the
proach can be developed based on the observations that noandy directions, Fig. 1.

Ydata

all parameters affect the totR factor equally, and that cer- (4) Using the above layer spacings and overall in-plane
tain subsets of parameters affect the t&&hctor of different  anisotropy, get the correlation scale factor from configura-
groups of scattering configurations differently. For exampletion IIl’. This is simply the average of the optimumfrom

the totalR factor is most sensitive to changes in the overallthe scaled? factor for each channeling direction in configu-
surface vibrational enhancement and the interlayer spacinggation IIl’.

One should optimize these first. The details of the anisotropy (5) Obtain the second correctidand essentially final val-

in the near surface vibrational amplitudes have much less afeg for the interlayer spacings by using the unscdiefic-

an effect on the totaR factor, but nonetheless the fit can be tor for configurations I, I, and IIl. (Il may also be in-
improved by optimizing these parameters. This set of sixluded, but this is not necessary since configurations I, I,
parameters can be divided into two subsets; four in-planand Il alone are suitably sensitive to the interlayer spacjngs.
amplitudes and two surface-perpendicular amplitudes. Con- (6) Determine the in-plane vibrational parameters in con-
figurations | and Il together are sensitive to the in-plane pafigurations | and Il only. All four parameters can be opti-
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(a) ions) and the hitting probability of time-reversed outgoing
ions. That is, outgoing ions are simulated as time-reversed
ingoing ions with an energy given by the kinematic factor for
that scattering angle. Such an approximation essentially ne-
glects correlation between the ingoing and outgoing trajecto-
ries, since outgoing ions do not begin from the end point of
ingoing ions. This approximation is valid so long as atomic
positions do not lie in a region where the ion flux is rapidly
changing with positioR® Such a situation may occur for a
very large interlayer relaxatiotf,where deeper atoms are at
the edge of the shadow cone of surface atoms. This situation
arises in configuration 11l where the incident beam has
been misaligned from the channeling direction. An algorithm

0.06 008 040 012 044 046 0.98 020 022 exist$® to evaluate the hitting-detecting probability after
S, (A properly correlating the in-going and time-reversed outgoing
(b) tracks. Such a procedure must be applied to scattering simu-
sek lations of the data in configuration lI
Y 24 -
g B. Comparison to eDFT-MD and LEED
% 22} Figure 5 shows the temperature dependent interlayer
e} spacings of Al110 from the previous LEED experiments
2 20t and MD simulations, and from this work. Overall, these re-
i sults are in good agreement, lending strong evidence for the
T 18} validity of theab initio MD approach of Marzarét al* The
> largest disagreement is in the value @f,. It should be
161 noted thatd,s was included in the eDFT-MD work, where a

v S YA nearly temperature mdependent expansion~c2% was
Scattering Angle (degrees) found. Exclusion of th|.s parameter could affect the results of
the other parameters in a MEIS study. For example, when a
FIG. 6. (a) Contour plot of the totaR factor, Eq.(1), from  strong oscillatory relaxation exists, neglectdaf; in configu-
configuration Il (channeling at 0°+0.54°, +1.1°, and at room ration Ill could lead to a larger contraction being found for
temperaturgversus the surface-normal 1D rms vibrational ampli- d;,. In our MEIS study, no substantial effect was found if
tudes in the first two layers. Two structures, one near the minimund,; was included because channeling and blocking cause
and one away from the minimum along a direction of gradualvery few ions to scatter from such deep layers. Hence it is a
change in theR factor, are labeled with large dotth) Blocking  reasonable approximation and simplification to the simula-
profiles (symbolg from configuration Il for off-channeling at  tjgn procedure to ignore it.
+1.1°, along with the simulation resultsolid and dashed lings Looking more closely at the details of our data, we find no
for the structures labeled in pad). convincing evidence for a negative thermal expansion of the
first interlayer spacing. The LEED result yields an expansion
mized simultaneously. There exists some interdependenamefficient of —24x10 ¢ K1, with a statistical error of
between the same components in each layer; therefore cor=10%. Such a contraction is not consistent with the
figurations | and Il are more sensitive to the overall in-planeeDFT-MD results in this temperature range. At higher tem-
anisotropy than to the relative amount of anisotropy in eaclperatures, the MD results show a contractionde$, ex-

layer. plained as the result of a net movement of the second layer
(7) Determine the surface-perpendicular vibrational pa-outward due to the “easy” channel of oscillation. Although
rameters using configuration 1ll the errors are large, the MEIS data suggest an expansion in

We did not find a change in the results upon inversion ofthis temperature range.
steps(6) and (7), indicating a good independence of these Table | summarizes results for the vibrational amplitudes
two subsets of the vibrational parameters. Also, to test thén the first two layers from this work and the eDFT-MD
order of increasing sensitivity of the totRIfactor, we made work. For convenience in comparison, and to better visualize
random changes to the final values of the vibrational paramthe enhancements of vibrations at surfaces, these results are
eters(consistent with the size of the error bakait this did 1D rms amplitudes normalized to their corresponding bulk
not lead to significant changes in reoptimized layer spacings/alues for each temperature and technique. Errors for these
Errors in the reported results are given by the uncertainty imatios are about-0.06 and+0.10 for the MD and MEIS
locating the structural values that minimize the td®dhctor  results, respectively. However, assigning errors to the MEIS
while varying some subset of the 11 parameters. results for the in-plane vibrational components is difficult

An important approximatici commonly used in ion because of the strong interdependence of these parameters
scattering simulation is to equate the total hitting and detecttbetween layensin calculating theR factor. For instance, a
ing probability (angular yield of atoms in the crystal to a decrease in th& component in layer 1 and a corresponding
product of the hitting probabilitydetermined by ingoing increase in layer 2 will not always cause a significant change
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in the R factor. The scattering technique combined with thecreases beyond that of the first lay@rable ). Our room
simulation procedure outlined above is more sensitive to théemperature results are consistent with the surface-normal
overall in-plane anisotropy. More scattering configurationsamplitudes reported in previous LEED wotkywhere the
(beyond just | and )l may provide a better discrimination second-layer MSD’s remained essentially the same as those
between in-plane vibrational amplitudes in the two layers, a®f the first layer for the entire temperature range studied
configuration III did in the case of the two surface- (30—-425 K.

perpendicular components. Based on these facts, it is prob-

ably safer to compare the layer-averaged values of the two V. SUMMARY

in-plane components to the theoretical results. These results . . . . .
P P We have used medium-energy ion scattering to investi-

are shown in the two right columns of Table I. There is te the temperature dependent structure and dear £ an-
gualitative agreement. However, one aspect of the results i ate the temperature dependent structure a egree of a
armonicity at the Al110 surface, and to test results from

notable agreement is the apparent ovexafl anisotropy re- . ; '
versal as the temperature increases. Such an observationf)l@er expenmental and theoretical work. We find that there

: . is a slight thermal expansion of the first interlayer spacing
important because there exists some défateon whether o

the disordering of fod10) surfaces is anisotropic, and frt?mn 3|00—r(?SOnK. (;I’o t?fSt thi prrridllct;\c/l)gf:)pf ?nDTrT_MD forr1d
whether diffraction techniquesensitive to long range order strongly enhanced surtace-norma S € seco

such as LEED are able to distinguish an anisotropy from Ia}giré x\ilk?ra:teigr?:l ;&mﬁta r&igt}:)erstﬂ(\a/f‘ﬁ]s-'gﬂtsvnoeI:neO:sO;tt-r(())tm
other effects. Also, formation of the surface quasiliquid mayp P Y

. : - temperature and 570 K. At the higher temperature, we indeed
proceed via intact parts ¢1.10) rows moving with liquidlike . i o
mobility in the(110) directions®” Such a mechanism should have found evidence for enhanced surface-normal MSD’s in

be preceded by an enhancement of vibrational amplitudes i}Ee second layer, supporting a predicted microscopic model

A ) . . r surface premelting in which adatoms form as the result of
the (110) direction, and hencésince vibrations are usually ; : i
. second-layer atoms jumping onto the surf&c@/e also find
enhanced perpendicular to tk&10) rows at low tempera-

tre) a reversal of the in-plane anisotro that as the temperature is increased, the oveargllanisot-
An important outcomepof the eDFT-I\F/)I)Ig work is the pre- ropy of the in-plane vibrational components is reversed, be-
diction of large MSD’s in the second layer perpendicular to9'NNING with enhanced vibrations perpendicular to (b&0)

the surface. Such an effect gives a microscopic description ! l‘:ﬁ\ szo%rs]glrr\]/%t:/(\;lrghisenchoa:wrjs?segr:/tlbvrvailttrllo?jsill?:%fth;eg\;\ésﬁ
the adatom-vacancy formation process, which in turn may b

i 17 ; 220 i e
the necessary precursor to disordering such as premeltin[ gfricg?sn;r dgquiﬂ 'OO? fié?f)?!ﬂ?f’a\évgslcr'}hsi:%%Zretr\?gtiggﬁwoa
and melting. An aim of this work was to measure the vibra- P 9 ' Y

tional amplitudes in the first two layers perpendicular to the.be the precursor to surface melting via liquidiike mobility of

6,7
surface. By use of several incident directions in {ié1} intact(110 rows.
plane (configuration 1II'), the interdependence between
these two parameters was removed, giving layer-resolved
surface-perpendicular MSD’s. No evidence for such a large The authors would like to acknowledge the support of this
MSD in the second layer is found at room temperature. Howwork by the National Science Foundation through Grant No.
ever, if the temperature is increased to 570 K, we do indee®MR-9705367. We thank Richard Smith for providing the
find that the surface-normal MSD in the second layer in-Al(110) crystal, and Nicola Marzari for valuable discussions.
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