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Energy-resolved He-atom-scattering study of A¢L10) up to 900 K
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A detailed study of the specular peak shape evolution with th€l 2@y surface temperature is presented.
Time-of-flight measurements were performed alddg0) and in the out-of-phase scattering condition to
complete a previous work carried out in th@01) direction. In particular, the effect of inelasticity on the
roughening temperature evaluation is critically discus§86163-182606)04439-9

The thermal behavior of th€l10 surface of various fcc peak shape due to single-phonon and multiphonon events
metals was widely studied both theoretichflyand experi-  which reduce the estimated value Bf.*!
mentally with different techniques as x-rayje-atom? and To contribute to the above arguments, we carried out an
electron diffractior’.® Among these surfaces, silver holds a energy-resolved He-atom scattering study of %) in the
central position since in the last years contradictory resultg20—900-K temperature range with measurements performed
were found about it. In fact, the classical roughening theoryalong (110). Thereafter, the collected time-of-fligliTOF)
(CRT) developed from the pioneering work of Burton, Ca- spectra were carefully analyzed to extract their elastic con-
brera, and Frarfkpredicts that, at a critical temperatufg, @  tent. At first this allowed us to check on the crossover of the
low index surface undergoes an order-disorder transition beneight-height correlation function up to distances of about
cause of the proliferation of thermally induced steps. Rough3s50 A. Once we excluded that hypothesis, we performed a
ening causes the height difference correlation functionjetailed study of the Ag.10 thermal behavior, pointing out
C(R)=([h(0)—h(R)]? to diverge logarithmically with in- the effect of single-phonon and multiphonon contributions to

creasing|R| along the surface. Consequently, the elasticallythe Scattered intensity on the critical temperature estimation.
diffracted intensityl assumes, for a small momentum trans- 10 obtain the present results, the scattering apparatus de-

fer Q parallel to the surface, a characteristic power-law beSCribed in Ref. 12 was improved, reducing the effective an-
haviorl<Q~ 2~ The exponent gives a direct estimation gular resolution of the detector to 0.2°. Moreover, a rotatable

source was used to change the total deflection afglee-
tween the incident beam and the detector axis in the range
88/130°. Because of the experimental conditidimeident
wave vector k;=5.78 A", and beam energy
E,=17.5 meV), we achieved the best sensivity to surface
L . 9 disorder by setting,=112.25°, thus matching the antiphase
crystal direction. .On the other hand, ROb'”S‘m"?"- Sug- scattering condition for the specular peak better than 1% in
gested a roughening of Ag10) caused by the redistribution the range between room temperature and the silver melting
among flat and rough phases already coexisting on the sugq;
face at temperatures well below the critical one. In that hy- 11 Ag sample was spark cut from a single crystal and
pothesis,T, depends on the miscut angte The authors  chemomechanically polished. Its miscut, revealed with Laue
introduced this model to explain the data obtained in th&yifraction. was~0.15°, mainly directed alongl10), thus
(110) azimuth along which the miscut of the sample wassjmilar to that of Robinsoret al® The sample was heated
mainly directed. They measurdd= 790 K, with «=0.14°  radiatively, and its temperatufe, measured with &-type
and extrapolatedr, ;=992 K for the «=0° surface. The termocouple welded on the crystal edge. The overall uncer-
model succeeded in justifying the estimation of Hetdal.> tainty on T was ~15 K.
while a comparison with the results of Bracebal® seemed To prevent the segregation of bulk impurity atoms which
futile because of the different crystal directions involved inwere also shown to facet the surface at very low
the experiments. Another question arose about the possibilityoveraged4different sample preparations were tri€dAn
to verify the prediction of the CRT. In fact, it was recently example of the specular line-shape dependence on the clean-
shown that the evolution toward a power-law shape of théng procedure is shown in Fig. 1. The full width at half
diffracted peaks on increasing the sample temperature can Bgaximum (FWHM) of the broad peak isy=0.41°. It was
obscured by a crossover of the short-range behavior of thgeasured afT;=600 K after room-temperature Asion
height-height correlation function to the asymptotic one atsputtering and annealing at="700 K for 10 min. Several
distances comparable to the instrumental transfer wiith.  structures are recognizable inside the specular profile. They
this case, to point out the prevailing short-range behavior osuggested a surface morphology similar to that described in
C(R), the inelastic contribution to the scattered intensity hakef. 9. Since freshly sputtered surfaces did not show similar
to be carefully rejected. This also avoids alterations of theeatures which were easily recovered annealing the sample at

of the surface roughness attaining a value ITatand in
out-of-phase scattering conditioh§hese results were con-
firmed for Ag110) by Held et al.® who estimated
T,=725+25 K, and by Braccoet al.® who measured
T,=910+15 K, though restricting their study to th@01)
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_FIG. 1. Specular peak profiles measured on(14g) along
(110) at surface temperatur€;=600 K after different cleaning
procedures: () Room-temperature ion sputtering at 1keV and an-
nealing atT,=700 K for 10 min. O) Same procedure as before
followed by several days of low energy (120 eV) ion sputtering at
Ts=600 K. Helium beam energye,=17.5 meV, total angle
0,=112.8°.

FIG. 2. An example of the analysis performed on the time-of-
flight spectra. The thin solid, dotted, and dashed lines are the best-fit
curves which represent the elastic feature, the single-phonon peak,
and the multiphonon background, respectively. The sum of these
contributions plus a constant is shown by the thick solid line. The
inset shows part of the A§10 phonon spectrum alon@l 10) in
the (hw, Q) plane. The surface-projected bulk phonon modes, the
Rayleigh waveS,, and the threshold of the bulk longitudinal vibra-
tions are represented by shaded regions, solid lines, and dashed
Ts=550 K, we cleaned the surface for several days withines, respectively. The dotted line is the kinematical scan curve of
low-energy 300 eV) ion sputtering af ;=600 K. No the reported spectrum, and the full circle corresponds to the inelas-
structures are now detectable in the specular line shap& peak position.Ts=750 K, 6,=112.25°, and incident angle
shown in Fig. 1, whose FWHM is 0.17°, close to the value#;=56.90°.
0.15° obtained from computer simulations of the scattering
apparatus. Moreover, the peak shape was stable for more .
than 22 h, the maximum time we checked it. These resultﬁgtruCture having a FWHMQ'4 meV was used fo construct
suggested that we clean the sample before each set of me3e angula_\r profile at a given temperature. Finally it was
surements performed at fixed temperature by prolonge onvertgd into a parallel momentum-transfer SQMNOUgh
(>15 h) low-energy sputtering which most probably re- e relationsQ =2kicosgsing;, 1(Q)=J1(¢), whered, is the

moved the light contaminants of silver, i.e., C and/dP&  incidence anglel the peak intensity, and the Jacobian of

In spite of the careful preparation, the peak shape de radéHe tral_wsformation. .
P brep P P g At first, to exclude prevailing crossover effects of the

in a few h b 900 K, th ting the extensi f . i i .
In & Tew NOUTs above S preventing the extension }j\nelght difference correlation functidfi, the peak profiles

our study to higher temperatures. To avoid defect freezin q Al lotted h
and nonequilibrium states of the surface, low cooling andn€asured at severdl; were plotted versus the momentum
transferQ, each scaled with its own FWHM, as shown in the

heating rates (10 K/min) were used. . ! :
To obtain the specular peak profiles between 420 andnset of Fig. 3. If the onset length of the asymptotical behav-

900 K, 33 TOF spectra were collected at each Samp|e temor of C(F_é) is Comparable to the instrumental transfer width,
perature in the range-0.8° around th€0,0) direction, and the line shapes should fall upon each other. Their evolution
analyzed in detail to extract the elastic contribution to theWith the sample temperature pointed out that a study of the
scattering. This was accomplished fitting each TOF spectrurtong-range behavior o€(R), and hence of the roughening,
by the sum of three functions plus a constant. An example isvas accessible.

shown in Fig. 2. The thin solid and dotted lines represent the This result stimulated us to follow the thermal disordering
elastic and single-phonon scattering peak, respectivelyof Ag(110 through the evolution of the diffracted line shape,
They were described by the convolution of the translatedhs shown in Fig. 3. Since 8,<T, the specular profile con-
Maxwellian velocity distribution of the incoming He sists of a sharp pedkhe Bragg peakand diffuse low inten-
beam'® with the Diracd expressing the energy conservation sity tails arising from local steps, the profile measured at
law. In the small phonon energy exchange limit, both peakd ;=420 K was fitted as a superposition of Gaussian and
could be fitted with a function of the formf(t) Lorentzian functions. The FWHM of the Gaussian represent-
=A(to/t)exp{—[(tos/t)—11%c?}, with A, ty, and o the fit-  ing the instrument response function was 0.018!Ato

ting parameters. The dashed line represents the multiphonawhich corresponds a transfer width of about 350 A. As the
scattering described in the extreme semiclassical limit, andurface temperature increases, the specular peak broadens,
for light point particles diffracting from a heavy atoms lat- and the peak-to-tail intensity ratio decreases, until at
tice, as reported in Ref. 17. The constant, not shown in th&,=900 K the Gaussian shape is lost. To describe the peak
figure, takes into account the He background in the detectagvolution the data abov8,=600 K were fitted with a
stage. Thereafter, the integrated intensity of each elastipower-law function predicted by the CRT. To avoid decon-
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FIG. 4. Open symbols show the best-fit value of the roughness
FIG. 3. Specular peak profiles measured a|¢n§)> at differ-  index 7 vs the surface temperature obtained with different analysis

ent surface temperature.is the momentum transfer parallel to the ©f the time-of-flight spectra: @) Elastic scattering only.[{) En-
surface. The solid lines are the best-fitting curves described in thergy windowAE=0.7 meV. (¢) AE=7 meV (for more details
text. The inset shows the left tail of the same distributions eactfee text The error bars account for both the effect of repeated
scaled with its own full width at half maximum. This value changes measurements and the uncertainty of the fitting parameters. Solid
between 0.023 Al at T,=420 K and 0.054 A! at T,=900 K. circles show the integrated specular peak interisitprmalized by

a linear Debye-Waller factdr,y plotted vs the surface temperature.

Now the symbol dimension is representative of the error bar.

volution with the instrument response function, the
momentum-transfer range outside the FWHM of the peal
profile measured aff ;=420 K was considered. The ob-
tainedy? value reduces from more than 10T¢~600 K to

l?avorably both with the valud,=910+15 K we fixed a
few years ago, and the molecular-dynamics calculations per-
15 a1 900 K. formed by Rahman and Tidfl settingT,=930 K. Also the

The surface disordering suggested by the peak broadenifgU9nening temperature estimated by Robinsbal. for the
was quantified reporting the roughness indexersus the '0eal surface,T,o=992 K, appears reasonable if the ap-
surface temperature; see Fig. 4. Open circles were obtaindj0Ximations they made to determine it were taken into
from the TOF spectra analysis previously described, thugccounﬁ ) .
considering the elastic contribution only. We can observe 10 €xplain the lowefT, value measured by Helet al,

that r remains approximately constant and small up to abmfe note that even an impurity coverage well below the reso-

600 K; then it grows progressively. The opposite behavior i ution of the Auger spectroscopy can decrease the surface

shown above 600 K by the logarithmic integrated peak ir]_roughening temperature because of the defect energy cost

tensity reported with filled circles in the same figure, Oncereducnon, which “encourages step proliferation. Indeed,

the familiar Debye-Waller behavior was factored out. ThisSpeCUIar Ilng shapes measuredTgt-800 K after an im-

allowed us to fix the onset of the AL roughening at proper cleaning treatment showed an aIready rough sample.

T.=600 K. Since r is slightly lower than 1 even at Finally, we observe that, although we rejected all inelastic
s .

TS0 K. e mey suppose he A0 surface b oughen £SPIRUUONS i the TOF b, o crossover of e e
atT,>900 K. In order to point out the effect of inelasticity tected over distances com ara?ble with the transfer width of
on this estimation, the values obtained with a reduced en- P

ergy filtering of the TOF spectra were also reported in Fig. 4the scattering apparatus. This contrasts with the results of

To do this, peak profiles were constructed extracting fromEmSt’ Folkerts, and Schwengétwho observed such cross-

: . . 4 over on a stepped Q115 surface, but it agrees with Monte
every spectrum the intensity collected in an energy windows, i lation& and with x-ray scattering experimerfs.
AE centered at the elastic time. Open squares an_d open dia- In conclusion, our energy-resolved He-atom measure-
ggg(;f&;ggsgolngﬁizsgg :r?((jj goén ?(V,rctazuzgttit/a:allnm'?'r:zz ments on Ag110 allowed us to furnish a detailed descrip-
the = beh T rdt be st | d pd i Y. h tion of surface disordering which confirmed the CRT predic-
€ 7 behavior seemed 1o be strongly dependent on the €y, of Ag(110 roughening driven by thermally induced step

H 1,18,19
erg'lyhf(sj(;ltglroeﬁ.orted here show a aood aareement with moggoliferation. We pointed out that the inelastic contribution
P 9 9 the scattered intensity or an improper sample cleaning

of the results repqrted i? the IiteratL_Jre. As regard as our WorlFnight cause an underestimation of the critical temperature.
along the(001) azimuth, the reduction by about 100 K ob- Thus measurements oeal samples, although carefully per-
served at the onset of roughening can be understood in I'g%rmed can provide only a lower limit

of the described improvements of the scattering apparatus,
which now allows a higher sensibility to surface defects. The We gratefully acknowledge partial support to the project
present estimation of the roughening temperature compare$iot Surfaces” from the Italian National Research Council.
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