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Using high-resolution He-atom scattering, we have measured the thermal attenuation of the spec-
ular beam and the variation of the inelastically scattered one-phonon and multiphonon intensities as
a function of temperature. A dynamical calculation including transition matrix elements up to third
order, and taking into account a strongly enhanced surface anharmonicity, describes both the

specular- and the inelastic-scattering data.

I. INTRODUCTION

The thermal behavior of crystal surfaces has recently
attracted much interest. Theoretical and experimental
studies dealing with phenomena such as surface roughen-
ing!™* and surface melting®~® have revealed the impor-
tant role played by the surface with respect to the
thermal stability of crystals: for instance, melting has
been shown to be a ‘“‘surface-initiated” process.>” % In
this context the investigation of the dynamics of the sur-
face atoms as a function of temperature will provide addi-
tional information on the thermal properties of surfaces.
A dynamical calculation for the low-index Cu surfaces re-
vealed a larger increase in the mean-square vibrational
amplitude of the surface atoms with temperature as com-
pared to the bulk values.’ It was argued that this may
indeed give rise to a surface-initiated melting. Experi-
mentally, the surface melting of Pb(110) occurring at
T ~545 K has been observed to be preceded by an anom-
alous increase of the thermal-expansion coefficient al-
ready above 400 K,° which was then ascribed to an in-
creased surface anharmonicity. Likewise, investigations
of different Cu and Ni faces showed a large increase in
the mean-square displacement of the surface atoms for
temperatures well below the roughening transition or the
melting temperature, 1!

More recently, the morphology of the Cu(110) surface
has been studied by means of high-resolution He-atom
diffraction for different temperatures 7 <900 K.!?2 An
enhanced decrease of the specular and higher-order
diffraction peaks has been observed. A detailed analysis
of the widths and line shapes of the diffraction peaks,
however, shows no evidence for the formation of terraces
(roughening transition) or a loss of long-range order
(melting) up to 900 K. Furthermore, the diffusely elastic
scattered He intensity, being a sensitive measure of sur-
face defects such as adatoms, steps, or impurity atoms, !>
continuously decreases, indicating that surface defects
cannot be the main cause for the observed enhanced de-
crease of the specular intensity. Therefore, this enhanced
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decrease of intensity has been tentatively interpreted as
being due to an enhanced surface anharmonicity, as also
proposed earlier in the case of Cu(100).°

The purpose of this paper is to verify to what extent
this assumption is realistic as far as the (110) face is con-
cerned. In this aim we compare the temperature depen-
dence of the measured specular intensity and of the ex-
perimental one-phonon and multiphonon cross sections
to calculated values taking into account anharmonic
effects. The cross-section values are calculated with ma-
trix elements up to third order in the perturbation expan-
sion, i.e., well beyond the distorted-wave Born approxi-
mation (DWBA). The validity of the calculated results is
then extended beyond the very-low-temperature region.

II. THEORY

Let us consider an incident particle in a state i (energy
E,) scattered by the surface potential in a state f (energy
E,). The transition rate ,w; is given by the expression

1 p+e iA
fwi=¥f¥wexp -ﬁ—-(Ef—E,)

X €, THO) [ T,(A)NdA (1)

in which the angular brackets stand for a thermal average
over the crystal phonon field. T is the matrix element
taken between the initial and final particle states, calcu-
lated with the 7 matrix equation

T=V(R,z,u)— VN +[V(R,zzu)—«VN]IGTT . ()

V is the particle crystal potential, depending upon the
particle coordinates R,z and on its thermal displacement
u. With v=V —{ V) the iteration of Eq. (2) gives

T=v+vG1 v +vG vG v+ - -, (3)

where the inclusion of the leading terms is associated, re-
spectively, with perturbation orders 1,2,3,... . Replac-
ing T by the expansion (3) in Eq. (1) one gets
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TABLE 1. Matrix elements included in the calculation using the perturbation expansion up to third

order.
Number of Number of
matrix real Proportional
elements phonons to
+ 1 1 T
((} I | ) ot
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or in short-hand form, using the perturbation-order nota-
tion,

G TrO) (TN =K1 1IN +L172)
+2TIN+ 1IN
+ PR

In each of these terms the thermal average yields an ex-
ponential of the correlation function ({u (0)u (1)), which
after expansion gives the matrix elements describing the
exchange of 1,2, ...,n phonons. The detailed analysis is
given elsewhere.!* The results are summarized in Table
I, which gives the number of matrix elements proportion-
al to the crystal temperature T (DWBA) or to T2, corre-
sponding to the exchange of one and two phonons, re-
spectively. All other matrix elements coming from
higher-order terms in the expansion are at least propor-
tional to T°.

The matrix elements of Table I have been included in
the numerical calculation, and the results quoted below
therefore contain all contributions to the inelastic events
proportional to T and T2. The potential between the in-
cident particle and the crystal is taken equal to

V=D {exp[ —2x(z —u)]/vy—2exp(—xz)} , 4)

where v, =V )), D being the well depth and x the po-
tential stiffness.

This potential has been successfully used to calculate
the thermal attenuation of the specular beam in the case
of the (100) face of copper. Its properties as well as the
relevant values of the physical parameters are discussed
elsewhere. ! For the present calculation we further used
the total spectral density for the atoms of the (110) face
calculated in the same way as for the (100) face.

V given by expression (4) is a one-dimensional potential
and consequently all the particles are scattered in the in-
cident plane with conservation of the momentum com-
ponent parallel to the surface. Therefore the calculated
reflection coefficient ((R; = ,w; divided by the incident
flux) for the one- and two-phonon exchange will be
greater than the measured one. However, such a calcula-
tion can yield the correct dependence of these intensities

on crystal temperature; this will be the matter of compar-
ison to the experimental data. The specular-beam inten-
sity I, has been calculated using a procedure which in-
cludes the multiphonon processes. '

III. EXPERIMENT

We have measured the energy distribution of He atoms
scattered from the clean Cu(110) face as a function of sur-
face temperature for different scattering conditions. Us-
ing a primary He-beam energy of 18.3 meV, we changed
the scattering conditions by varying the incident and out-
going angles J; and J,, respectively; however, this was
done with the constraint ¢; +3¢=90° imposed by our ap-

" paratus. For a detailed description of the He-scattering

apparatus the reader is referred to Ref. 16. The misorien-
tation and the residual mosaic of the Cu(110) crystal were
less than 0.2°. The sample was cleaned in situ by succes-
sive cycles of heating and Ar-ion sputtering.

Using the pseudorandom time-of-flight technique, !¢ we
have analyzed the energy distribution of the He atoms
scattered from the Cu(110) surface, and three contribu-
tions to the total (diffusely) scattered intensity could be
distinguished, as shown in Fig. 1: (a) a narrow, purely
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FIG. 1. Energy spectrum of He atoms scattered from the
Cu(110) surface along the [001] direction at a surface tempera-
ture T7=705 K (incident beam energy and angle 18.3 meV and
40°, respectively). The peak at zero energy transfer corresponds
to He atoms scattered from residual defects on the surface. The
dotted area originates from one-phonon inelastic-scattering
events while the broad background (hatched area) can be attri-
buted to multiphonon scattering.
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elastic peak, (b) sharply structured one-phonon gain and
loss features at well-defined exchange energies, (c) a
broad, smoothly varying background [on which contribu-
tions (a) and (b) are superimposed], which may be attri-
buted to multiphonon excitation. Since all three contri-
butions can be easily separated from each other, the
diffuse elastic, the one-phonon, and the multiphonon in-
tensities can be straightforwardly evaluated from the area
below the appropriate signals.

IV. RESULTS AND DISCUSSION

The specularly reflected He intensity has been mea-
sured for different crystal temperatures independently in
two different experiments!>!7 [see inset of Fig. 2(a)], and
compared to the calculated values assuming a harmonic
crystal (Debye temperature ®, =350 K). The measured
values are lower than the calculated ones and the
difference, which is small at low temperature, increases
rapidly above 550 K. Anharmonicity is introduced in the
calculation through the quasiharmonic scheme by a vari-
ation of the crystal maximum frequency (2,, with crystal
temperature. This frequency is adjusted for every tem-
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perature in such a way that the calculated intensity fits
the experimental data. The procedure has been previous-
ly described and applied to the case of the Cu(100) face.!®
The results are shown in Fig. 2(a), where, instead of Q,,,
the mean-square displacement normal to the surface of a
surface atom is plotted versus crystal temperature. Note
that both data sets'>!7 can be fitted using the same values
for the mean-square displacement of the surface atoms.
For a comparison the corresponding curves for the
copper (100) face!® and for bulk atoms are also plotted.
At high temperature the surface anharmonicity on the
(110) face appears to be strongly enhanced compared to
that of the (100) face. However, quantitative results ob-
tained within the quasiharmonic approximation should
be considered with some care, especially when the anhar-
monic effects are very strong. Hence, in the high-
temperature region the difference between the two faces
might be overestimated.

The temperature dependence of the measured and cal-
culated one-phonon and multiphonon cross-section
values is shown in Fig. 2(b). A significant change is ob-
tained when one takes into account the surface anhar-
monicity as determined above. Note that the experimen-
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FIG. 2. (a) Perpendicular mean-square displacement of a surface atom: with bulk anharmonicity (dashed-dotted line), for the
Cu(100) face (Ref. 10) (dashed line), and for the Cu(110) face (solid line) fitted to the measured specular beam intensity for two
different experimental data sets as shown in the inset. O: E; =21 meV, &;=¢;=67.4° (Ref. 17). O: E;=18.3 meV, &;=3,=45°
(Ref. 12). (b) E,, E,;, measured cross sections for the one-phonon and multiphonon exchange, respectively. H,,H,,AH,,AH,, calcu-
lated cross-section values for one- and two-phonon exchange: H, harmonic crystal; AH, with Cu(110) surface anharmonicity corre-
sponding to Fig. 2(a). Dashed line: one-phonon exchange calculated in the DWBA. Incident energy 18.3 meV, incident angle

#; =40, final-state angle = 50".
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tal data have been scaled in such a way that the measured
one-phonon cross section for 7=100 K coincides with
the calculated one at this temperature. Clearly, the gen-
eral features of the experimental data are well reproduced
by the calculation: . the contribution of the matrix ele-
ments proportional to 72 yields a maximum on the one-
phonon curve. The same feature would appear on the
two-phonon curve if we could add the contribution of the
matrix elements proportional to T3.

Let us emphasize here a—at first sight embarrassing—
feature of the experimental data: they seem to violate
unitarity. Indeed for T = 650 K both the total diffuse in-
tensity (elastic and inelastic) and the coherent elastic one
(specular and diffraction peaks) decrease. All measure-
ments having been performed so far in plane, the unitari-
ty has to be reestablished by an increase of the out-of-
plane multiphonon scattering. This idea is supported by
experiment: at larger parallel momentum transfer, as
well as when scattering along nonsymmetry directions,
the multiphonon intensity exhibits no maximum but
steadily increased up to the highest temperature mea-
sured (900 K). Note that under these conditions the one-
phonon intensity is drastically reduced. A detailed study
of the spatial distribution of the inelastic-scattered inten-
sity would therefore be of great interest; however, this is
a difficult task. The experiments will in general suffer
from their restricted scattering geometry; theoretically,
the models used so far for accurately calculating multi-
phonon scattering intensities are strictly one dimensional.

At first inspection, the harmonic calculation seems to
give better results with respect to the experimental data.
However, before drawing a conclusion it is necessary to
determine the temperature range in which the calculated
curves are valid, and to estimate the influence of the
terms proportional to T>. This can be done by compar-
ing the total inelastic reflection coefficient I, (i.e., in the
approximation used, the sum of the one- and two-phonon
terms proportional to T an T?) to 1—1I, where I, is the
calculated specular intensity. Figure 3 gives the compar-
ison for the case of a harmonic crystal. The difference be-
tween these two quantities is very small below 250 K, in-
creases with temperature, and becomes important above
600 K. Including surface anharmonicity, these two tem-
peratures are lowered and can be estimated to be equal to
200 and 450 K, respectively. Hence the influence of the
matrix elements proportional to T3,T%,. .. can be evalu-
ated. Their contributions yield an increase of the whole
inelastic cross section. However, their influence on the
one- and two-phonon intensities will be different: for the
former, the matrix elements proportional to T will pro-
duce a progressive increase of this cross section. For the
latter, they will yield a reverse effect leading eventually to
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FIG. 3. I;,, total reflection coefficient calculated with matrix
elements in Table I. 1—1I,: total inelastic scattering with I, the
calculated specular intensity. Incident beam energy and angle
18.3 meV and 40°, respectively.

a decrease, i.e., to the appearance of a maximum as point-
ed out above. The contribution of matrix elements pro-
portional to T%,. .. will cause the one-phonon intensity
to reach a maximum and then decrease to zero, while the
multiphonon contribution will approach the unitarity
limit at high T. However, the T° terms yield the main
correction in the temperature range 200-600 K, and
when this correction is included the anharmonic curves
can be expected to give a better representation of the ex-
perimental data in this range. As already noted, the ob-
served decrease of the multiphonon intensity at high tem-
perature can be explained by a redistribution of the
scattering towards out-of-plane angles for processes in-
volving more than two phonons. It is then reasonable to
compare the experimental curve E,, with the calculated
two-phonon intensity alone, as we have done.

V. CONCLUSIONS

The analysis of elastic and inelastic experimental data
strongly supports the hypothesis of an enhanced surface
anharmonicity on the (110) face of copper, which would
be more important at high temperature than that of the
(100) face deduced from similar experiments. Neverthe-
less, this enhancement does not exclude the formation of
a small amount of disorder, such as, for example, the
“missing-row” type disorder.!® Furthermore, we have
shown that a cross-section calculation which includes
only the DWBA matrix elements cannot give a good rep-
resentation of the experimental data.
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