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In previous works it has been shown that the Debye—Waller (DW) exponent for Helium atom specular
reflection from a conducting surface, when measured as a function of temperature in the linear high-
temperature regime, allows for the determination of the surface electron—-phonon coupling. However,
there exist a number of experimental measurements that exhibit non-linearities in the DW exponent as a
function of the surface temperature. Such non-linearities have been suggested as due to vibrational
anharmonicity or a temperature dependence of the surface carrier concentration. In this work, it is
suggested, on the basis of a few recent experimental data, that the deviations from linearity of the DW
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DOI: 10.1039/d2cp03501d exponent temperature-dependence, as observed for conducting surfaces or supported metal overlayers

with the present high-resolution He-atom scattering, permit to single out the specific role of high-
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1 Introduction

In 1929 Otto Stern with his helium-atom scattering (HAS)
experiments from a crystal surface filled two needs with one
deed: proving the quantum particle-wave duality for atoms and
the ordered structure of crystal surfaces. The development of
supersonic monochromatic (AE < 0.5 meV) He-beam spectro-
meters paved the way to high-resolution momentum-resolved
spectroscopy of surface dynamics on the atomic scale. More
needs fulfilled and envisaged by Stern! Unlike thermal neu-
trons and X-rays, thermal neutral He atoms probe the surface
~0.3 nm away from the first atomic plane, and exchange
energy and momentum with the solid atoms only via the
interposed electrons. Thus, phonons are detected via the elec-
tron-phonon (e-ph) interaction, and not just at the surface, but
possibly as deep below the surface as the range of that inter-
action. This sort of quantum sonar allows for the direct
measurement of the e-ph coupling strength for each individual
phonon (mode-) spectroscopy),’ and for ultimately answering
the question about phonon-mediated pairing in (2D-) super-
conductors: whos doing the job? The venerable concept of
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energy phonons in the surface electron—phonon mass-enhancement factor.

Debye-Waller (DW) factor, by which Piet Debye (1913) and Ivar
Waller (in his 1923 thesis) correctly attributed to thermal
vibrations the attenuation of Roentgen rays, in the case of
HAS from conducting surfaces presently allows for a direct
measurement of the e-ph mass-enhancement factor 1 - a basic
parameter for conducting materials.” This is made possible by
the theoretical demonstration that the linear decay of the DW
exponent 2W(T) with the surface temperature T is approxi-
mately proportional to A, with the proportionality constant
estimated from known parameters of the surface.

In the last decade, measurements of the HAS-DW factor
2W(T) = In[Iyo(T)/1p0(0)] associated with the specular scattering
intensity I,o(7) have provided, through the temperature depen-
dence, reliable values of 4 for a variety of surfaces, ranging from
those of ordinary metals® and metal overlayers®* to the surface
of topological®” and multidimensional® materials, 2D
superconductors™'® and graphene."" The new potentialities of
HAS spectroscopy have been reviewed in a recent Perspective.
There is, however, a substantial difference between the tem-
perature dependence of the DW exponent for the direct colli-
sion of the probe particles with the atomic nuclei or cores, as
for thermal neutron or X-ray scattering (and also for atom
scattering from an insulating surface), and that of the DW
exponent for atom scattering from a conducting surface. While
in the former cases the scattering particles directly probe the
thermal vibrations of the atoms, where the low-energy phonons
play a major role, in the latter the scattering atoms probe the
charge density oscillations induced by the atomic vibrations,
and therefore weighted by the electron-phonon coupling,
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which is generally stronger for the high-energy phonons. In the
former cases, the temperature dependence of the DW exponent
is generally well accounted for by a Debye model for lattice
dynamics, due to the prominence of low-energy acoustic
modes, while for HAS from a conducting surface the high-
energy phonons, e.g., the optical phonon branches occurring
for polyatomic surface unit cells, are expected to play a detect-
able effect in the measured 2W(T). If only acoustic modes were
important, the DW exponent would be perfectly linear in T for T
well above the Debye temperature. A deviation from linearity,
e.g., an increase in the slope of 2W(T) versus T above a certain
temperature 7}, is a signature that high-energy phonons of
energy about kg7y, are being involved, and the size of such
deviation depends on their electron-phonon coupling.

High-resolution HAS (or even better *He spin-echo) mea-
surements of 2W(T) can therefore allow to weight the electron-
phonon coupling of high-energy phonons as compared to
low-energy phonons, where by high- versus low-energy we may
intend optical vs. acoustic phonons, or substrate vs. overlayer
phonons (or vice versa), in case a soft (hard) overlayer on a hard
(soft) substrate surface is considered. In this work, we analyse
some significant HAS data for polyatomic conducting surfaces
and overlayers, demonstrating the specific role of high-energy
phonons in the measured mass-enhancement factor A.

This work is organized as follows. In Section 2, a brief
account of the DW factor evaluated in terms of the electron-
phonon interaction is provided. In Section 3, several examples
of the DW exponent displaying a non-linear behavior with the
surface temperature from He atom scattering data are analyzed
and discussed. First, some conductor surfaces with more than
one atom per unit cell and a clear separation between high-
energy optical phonons and low-energy phonons (whether
acoustic or optical) such as Sb(111) and Bi(111). Second, a
similar analysis is carried out for a polyatomic conducting
surface like that of Sb,Te; (111). And third, this analysis is
extended to the case of soft metal overlayers on a stiffer
substrate. An interesting question is whether the electron-
phonon interaction of the metal overlayer, basically related to
its electron band-structure at the Fermi level, receives a con-
tribution from the stiffer, high-energy phonons borrowed from
the substrate. The temperature dependence of the HAS DW
exponent measured for Cs(110) ultrathin films on a Cu(111)
overlayer for a growing number n of Cs atomic layers, and
similarly for Pb(111) ultrathin films also on a Cu(111) substrate
shows that this is the case. Finally, in Section 4 some conclu-
sions are presented and new directions along this line are
pointed out.

2 Debye—Waller factor evaluated in
terms of the electron—phonon
interaction

In the case of atom-surface scattering in the quantum

mechanical limit, and in particular for He atom scattering,
the thermal attenuation of all quantum features is governed by
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a Debye-Waller (D-W) factor of the form exp{—2W(kgk;,T)}
where k; and k¢ are the incident and final wave vectors of the
He atom projectile. This implies that, for example, the intensity
of a diffraction peak is expressed as the multiplicative
factor'®'*

I(T) = Iy exp{—2W(ke,k;, )}, 6))]

where I, is the intensity the peak would have at T = 0 in the
absence of zero-point motion, ie., in the rigid lattice limit. In
general due to the effects of quantum mechanical zero point
motion I, > I (T =0).

The exponent of the Debye-Waller factor is expressed as

2W(ke,k;, T) = ((Ak-u)*)r, (2)

where Ak = k¢ — k; is the scattering vector, u is the effective
vibrational displacement experienced by the projectile atom
upon collision, and (- - -}y denotes the thermal average.

It has long been recognized that when atoms scatter from
surfaces, and in particular for He atom scattering, the atoms do
not scatter from the atomic cores but rather scatter from the
electron cloud that extends outward above the terminal layer of
the target crystal.’ The collision of the projectile atom with the
electron cloud then senses the surface cores and their vibra-
tions through the e-ph interaction. The relation of He atom
scattering to the e-ph coupling constant was first rigorously
demonstrated in the inelastic spectra of He reflected from
multiple layers of Pb adsorbed on a Cu(111) substrate."'®> There
it was shown that the intensity of the inelastic scattering
features due to excitation of a surface phonon mode having
frequency wq,, is directly proportional to the mode components
/q, of the e-ph coupling constant /. In the above the frequency
of a surface phonon mode wq, depends on its parallel wave
vector Q and branch index v. The e-ph coupling constant 4 of
Eliashberg is related to the average over the mode components
according to A =)" /g, / 3N where N is the total number of

Qv
atoms in the target and 3N is the total number of phonon
modes.'®

More recently, this inelastic theory has been more fully
developed to include elastic as well as inelastic scattering where
it is shown that a general expression for the DW exponent in
terms of the e-ph interaction appears as”

ki 1
2I/V(kf,ki7 T) = ZN(EF) " h(x)o{n}g]z((,t)o7 T) + _};~HAS7 (3)
me* ¢ 2
where N (EF) is the electronic density of electron states at the
Fermi surface, m.* is the electron effective mass and ¢ is the
work function, k;, is the component normal to the surface of
the incident atom wavevector in a specular scattering geometry,
®y is an average phonon frequency, and ngg(w,,T) is the Bose-
Einstein function for a phonon of frequency w, at temperature
T. With Agag it is meant . as derived from HAS DW
measurements.

The simplest assumption is to expand the Bose-Einstein
function to first order where it takes the value Zwq,/ksT, an
assumption that depends on all phonon energies being less

This journal is © the Owner Societies 2022
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than the temperature, hwqg, < ksT. The DW exponent then
becomes

k.2
20 (kp ki, T) = 2N (Ep)—=kp T iias.

me* e )

Since only low energy phonon modes are included, eqn (4) is
linear in T and expressed in terms of the e-ph coupling
constant Amss. Eqn (4) has been successfully used to obtain
values of Ayas for a large number of conducting surfaces
including simple metals, metallic overlayers, chalcogenides
and topological surfaces.®™

If it is assumed that the entire phonon spectrum is domi-
nated by a single dispersionless optical frequency w, then
eqn (3) is written again for clarity

Pki.”

2W (ke ki, T) = ZN(EF)m 8

1
hwo{nBE(wm T)+ E}iHAsy (5)

Eqn (5) has been used to extract values of /55 for a variety of
systems in which single-layer graphene is supported on metal
substrates."" The case of graphene is a bit unusual in that it has
the usual low energy acoustic modes, but also has very high
energy optical modes. Calandra and Mauri have shown that the
optical modes of graphene make an important contribution to
the e-ph constant 4 and they suggested as a good approxi-
mation the assumption that the important optical modes can
be represented by a single frequency %w, = 160 meV."”

For a surface 2D free-electron gas we can write 2N (Ep)i? /
M = Aghgy /T, With ng, being the number of surface layers
contributing to the surface electron-phonon interaction and a.
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the area of the surface unit cell. The HAS DW exponent
becomes
ackizz

h
2 W(kf, ki, T) = Wnsat)uHAs {Ahwl coth <2k(:lj—')

haw
+ (1 — A)fiw, coth(ﬁ) }, wy > W
(6)

where the electron-phonon mass-enhancement factor Agas
results from the sum of the low-energy and high-energy phonon
contributions, 4; = Adyas and 4, = (1 — A)pas, SO that 4; + 1, =
Juas. The weight A of the low-energy phonons shall work as a
fitting parameter in the following analysis.

Note that for w, > ®; such that there is a temperature
domain where hiw,/2kg > T > hw,/2kg, the first term in graph
parenthesis can be approximated by 2kgT4,, while the second
term is approximately constant

ackizz ,
2W(kf, k;, T) = W"saliHAS [lekBT + h(/)zAz],
hiwn > kg T > hoy,

(7)

which shows that in this intermediate temperature domain 2W
is linear in T with a slope proportional to the e-ph coupling of
the low-energy modes 4;. In the high-temperature limit,
T >» hw,/2kg,
2

~ %nsat(ziHASkB T), kBT > h(j)g,
that is, the DW exponent becomes linear in 7 with a
slope proportional to the total Ay,s. In general, an accurate fit
of the experimental 2W(T) allows to evaluate separately the
contributions of the low- and high-energy phonons to the total

2W (ke, ki, T') (8)

T b)
Bi(111)

0. }\'HAS=0'57
—_— :
=2
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< 4l ]

5+ _

0 100 200 300 400 500
Temperature [K]

Fig. 1 The DW exponent as a function of surface temperature for the specular diffraction peak of He atom scattering from Sb(111) and Bi(111).*® The
incident energy is E; = 24 meV and the specular angle is 45.75°. For Sb(111) we have A3°°Ustic 4 joptical - ) | ¢ = 0.28 and for Bi(111), 24as = 0.57. The best fits
including only optical phonons (red lines), of average energy of 18 meV for Sb(111) and 14 meV for Bi(111), reproduce better the HAS data than those
including only acoustic phonons (blue curves) of maximum energy of 7 and 4 meV, respectively. This qualitatively shows the dominant role of optical

phonons in the electron—phonon interaction.
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electron-phonon mass-enhancement factor Ayss. In the follow-
ing examples, it appears that in general high-energy phonons
are prominent in the total e-ph interaction, as expected and
observed from the intensities of inelastic HAS peaks for the
optical modes of Bi(111)."

3 Examples of DW exponents that are
non-linear in Temperature from He
atom scattering

3.1 Optical versus acoustic phonons

In the case of conductor surfaces with more than one atom per
unit cell and a clear separation between high-energy optical
phonons and low-energy phonons (whether acoustic or optical),
an increase of slope of 2W(kg,k;,T) or 2W(T) in order to simplify
the notation is observed in the intermediate temperature
region according to eqn (7). This is illustrated for Sb(111) and
Bi(111) in Fig. 1."® For these crystals, with two atoms per unit
cell, there is a gap between the surface optical phonons and the
surface acoustic phonons.'®?° The experimental specular HAS
data actually show a slight deviation from linearity in the
intermediate temperature region, which can however be appre-
ciated by comparing the best fits with only the optical phonons
(red lines), centered around 18 meV for Sb(111)"® and 14 meV
for Bi(111)*° to those with only acoustic phonons, centered
around 7 meV for Sb(111)"® and 4 meV for Bi(111).>° The fits
with 7, = 4.7 for Sb(111), ng,, = 4.5 for Bi(111), and only optical
modes reproduce the experiments at all measured tempera-
tures, whereas the fits with the acoustic modes start deviating
below about 200 K (equivalent to ~17 meV) for Sb(111) and
150 K (~ 13 meV). In these materials it can be concluded that
the values of /Juas (0.28 and 0.57, respectively®), previously
derived from 2W(T) in the linear approximation, are mostly
due to the surface optical modes. This is consistent with the
observation of comparatively intense inelastic HAS peaks in the
optical region of both surfaces.”>*' A more quantitative con-
clusion about the actual weights of acoustic and optical modes
in the total mass-enhancement factor would require much
smaller error bars in the HAS 2W(7) data, than those repro-
duced in Fig. 1, e.g., as it would be possibly obtained with * He
spin-echo spectroscopy.

3.2 He atom scattering from Sh,Te; (111): which optical
phonons?

The DW plot has been measured for Sb,Te; (111) as shown in
Fig. 2 and this provides an interesting view to illustrate the way
that high energy phonon modes enter into the contributions to
the e-ph coupling constant for a polyatomic conducting

surface.'®?? The measurements were made at an incident He
atom energy E; = 17.42 meV and at a specular angle of
6; = 45.75°.

In this case, the surface phonon spectrum as obtained from
ab initio DFPT calculations® and observed by inelastic HAS>?
can be reasonably well split in three regions where the surface
phonons are mostly detected by HAS: a high-energy optical
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Fig. 2 The DW exponent as a function of surface temperature for the
specular diffraction peak of He atom scattering from Sb,Tes (111). Data
from ref. 22. The best fit including only the highest optical phonon
branches SV2 and L2 involving the Sb layers (see ref. 23) (average energy
20 meV, red line) represents better the HAS data than the fits with only the
lower optical branches SV3 and L3 mostly involving the central Te layer
(average energy 13 meV, blue line), or only the acoustic branches SV1 and
L1 at a maximum energy of 8 meV (green line), although the latter modes
move mostly the top Te atoms at the surface layer.

400

phonon region (~20 meV), with large phonon displacements in
the second (Sb) layer in both shear-vertical (SV2) and long-
itudinal (L2) directions; an intermediate optical phonon region
(~13 meV) with displacements more localized on the third
atomic (Te) layer (SV3 + L3), and a low-energy, prevalent
acoustic phonon region, centered at ~8 meV, with larger
displacements on the surface atomic layer (SV1 + L1). Also in
this case the best fits with ng,. = 12, corresponding to a Thomas-
Fermi screening length extending to about 6 quintuple layer**
and only high-energy, intermediate-energy, or low-energy pho-
nons shows that the total mass-enhancement factor derived
from a pure linear fit, Jyas = 0.14'° is mostly due to the
electron-phonon interaction involving the motion of Sb ions
within the surface quintuple layer (SV2 and L2 phonon
branches®®). Again, the departure of the fits based on only
intermediate- and low-energy phonons from experiment and
from the good fit with only high-energy optical phonons starts
at about 180 K, which corresponds to ~16 meV and just
separates the SV2 + L2 from the SV3 + L3 spectral regions.>?

3.3 Overlayers: the role of substrate

It is now interesting to extend this analysis to the case of soft
metal overlayers on a stiffer substrate. An interesting question
is whether the e-ph interaction of the metal overlayer, basically
related to its electron band-structure at the Fermi level, receives
a contribution from the stiffer, high-energy phonons borrowed
from the substrate. The temperature dependence of the HAS
Debye-Waller exponent measured for Cs(110) ultrathin films
on a Cu(111) overlayer for a growing number 7 of Cs atomic

This journal is © the Owner Societies 2022
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Fig. 3 The DW exponent as a function of surface temperature for the
specular diffraction peak of He atom scattering from multiple layers of Cs
on Cu(111). The specular angle is 6; = 50.5° and the incident energy is
E; = 28.5 meV. Data (black dots) are from for Cs overlayers of thickness
n=1,2,3, 10 ML on Cu(111) ref. 4 and 24. With Ayas¢ = 0.18 and Ayass =
0.19 given for Cs and Cu in ref. 2 (Tables 3 and 2), respectively, and ng, ¢ = 4
for Cs films on Cu(111),? the best fits (red curves) with eqn (6) and the
substitutions of egn (10) and (11) are obtained with the A, = 0.84 (n = 1) and
1(n > 1), and a substrate ngs = 5.

layers in Fig. 3,>** and similarly for Pb(111) ultrathin films also
on a Cu(111) substrate>*” in Fig. 4, actually provides evidence
for this effect.

Both examples show that the slope of 2W(T) versus tempera-
ture increases with the number 7 of the atomic layers as long as
it does not exceed the saturation number of the film, nsat,f.3 This
is due to the increase with 7 of the number of electronic states at
the Fermi level of the film (see, e.g., ref. 25) as well as of the
number of its phonon modes. On the other hand, by consider-
ing that the saturation number represents the range from (and
normal to) the surface of the e-ph interaction, when n <ng, ¢ the
substrate layers near the interface will also contribute to the
surface electron-phonon coupling, and for n = 0 the saturation
number should just become that of the substrate surface, nsa¢ .
Thus, in order to discuss a possible role of the substrate in the
actual value of /yas, we introduce an n-dependent saturation
number ng,(n) interpolating ng,e ¢ fOr 71 > ngye ¢ t0 Ngae s for n =0,

nsat(n) = nsat,s + (nsat,f - nsat,s)min(n/nsat,fyl)- (9)

Clearly, ng,(fsat, £) = Nsat,f AN 755¢(0) = Ngae 5. On this basis, we
adapt eqn (6) to the case of supported ultra-thin films with the
substitutions

JaastisA = Apas min(n,ng(n))A,/d, = A¢(n),

— n)(1 —A,)/d, = As(n),
(10)

ZHAsnS(l - A) - )~HAs,s(nsat(n)

with

d, = min(n,ng,(n)A, + (ns(n) — n)(1 — A,),

(11)

This journal is © the Owner Societies 2022
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Fig. 4 The DW exponent as a function of surface temperature for the
specular diffraction peak of He atom scattering from multiple layers of Pb
on Cu(111) for odd values of n from 3 to 17. The specular angle is 0, = 45°
and the incident energy is E; = 5.97 meV. With an nq, ¢ of about 9, are also
reasonably well fitted, within the fairly large experimental error, by eqn (6),
(10) and (11) for both n < ngu¢ (red data-points and lines) and n > Ngat¢
(black data-points and lines), and for the same ng.s = 5 used for the Cs
films on Cu(111).

with 4, playing the role of a fitting parameter for each thick-
ness, #. In eqn (10), Apas r and Ayas s are the mass-enhancement
factors of the film at saturation and of the substrate as derived
from HAS DW data in the 2D approximation,® respectively, and
Ae(n) and A4(n) are the thickness-dependent components (with
indices f and s referring to film and substrate, respectively) of
the mass-enhancement factor Ayas(n) of the n-layer-film/
substrate system
Anas(n) = Ae(n) + Ag(n). (12)

It is easily seen that this is what is directly obtained from the
HAS-DW data for each thickness n, and that Aygas(7sat,f) = Anas 6
and Apas(0) = Auass

Fig. 3 displays the experimental data for the HAS DW
exponent 2W(7T) (black dots) for Cs overlayers of thickness
n=1,2,3,10 ML on Cu(111).* The single Cs monolayer on
Cu(111) behaves as a wetting layer, with a SV phonon frequency
of wg = 6.5 meV,?® which is larger than the maximum frequency
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of Cs (w¢=4.3 meV>’) here adopted for the films with n > 1. For
the substrate we use the highest surface mode (S2) average
frequency of 28 meV.”” With Agas s = 0.18 and Jyag ¢ = 0.19 given
for Cs and Cu in ref. 2 (Tables 3 and 2), respectively, and 7, ¢ =
4 for Cs films on Cu(111), the best fits (red curves) with eqn (6)
and the substitutions of eqn (10) and (11) are obtained with the
A,=0.84 (n=1)and 1 (n > 1), and a substrate ng,s = 5. The
latter value is considerably smaller than the value for the free
Cu(111) surface, ny = 8.5, in ref. 2 (Table 2), which can be
attributed to the charge transfer from the film due to the work
function difference. The sequence of the best-fit values of 4,, for
n > 1 indicates a full independence (decoupling) of the Cs film
e-ph interaction of (from) the high-energy substrate vibrations.
This is reflected in the sequence of A;as(1), which are all equal
to the saturation value 0.18, except for Ayas() which is slightly
larger. This agrees with the approximate linearity with n < ng,,
of the parameter o®, observed in Fig. 3(b) and 5(b) for thin alkali
films on different transition-metal substrates.

This is not so for Pb films grown on Cu(111). The experi-
mental HAS data for the DW exponent plotted in Fig. 4 as a
function of temperature for odd values of n from 3 to 17 (the Pb
films, after forming a wetting monolayer, tend to grow as a
bilayer sequence?) with an Nsat¢ Of about 9, are also reasonably
well fitted, within the fairly large experimental error, by eqn (6),
(10) and (11). This holds for both 1 < ng,¢ (red data-points and
lines) and n > ng, ¢ (black data-points and lines), and for the
Same 7, s = 5 used for the Cs films on Cu(111). In this case the
highest average optical surface phonon frequency of Pb layers
(~9 meV®®) is used for wy, while for /s r, Wwhose experimental
HAS value displays some oscillations above ng, an average
saturation value of 1.1 is used. It appears that at n = 3
(A, = 0.5), the contribution of the substrate phonon to the
e—ph coupling of the Pb film is 50%, and therefore equal to that
of the film optical phonons, and survives (10%, i.e., A, = 0.9) for
n > 3 up to saturation. The dynamical decoupling occurs above
saturation. The observed oscillations of the experimental
Auas(n) for n > ng,, are likely to be due to the quantum-size
effect,” rather than to a residual effect of substrate dynamics.
The corresponding sequence of /Jyas(7) turns out to be in
remarkably good agreement with the experimental values, apart
from the oscillations mentioned above. All the information
required is collected in Table 1.

Table 1 Role of the substrate in the mass-enhancement factor of
supported films. For the system n-Cs/Cu(111) (n = 1, 2, 3, 10) we have
used: wlwn) = 4.2%° (6.5%%); ws = 28 MeV:?” Neair = 4.2 Neats = 5; Anast =
0.18,% Jass = 0.19. For the system n-Pb/Cu(111) (n = 3, 5, 7, 9, 11) we have
used: wr = 9 meV,?® w, = 28 meV;%’ Nsatf = 9,2 Nsats = 5 Anass = 11,2
Jnass = 0.19.2

n-Cs/Cu(111) n-Pb/Cu(111)

n 1 2 3 10 3 5 7 9 11
A, 0.84 1. 1. 1. 0.5 0.9 0.9 0.9 1.
Ae(n) 0.11 0.18 0.18 0.18 0.52 1.05 1.08 1.1 1.1
As(n) 0.074 0. 0. 0. 0.10 0.01 0. 0. 0.
Juas(n) 0.184 0.18 0.18 0.18 0.62 1.06 1.08 1.1 1.1
Atiks 0.18 0.18 0.18 0.18 0.63 1.10 1.05 0.93 1.08
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4 Conclusions

In this work we have analysed the deviations from linearity of
the DW exponent as a function of temperature as observed in
He atom scattering from conducting surfaces and shown them
to be an effect of the prominence of optical surface phonons.
For sufficiently large temperatures, meaning 7 comparable or
greater than the Debye temperature, the DW exponent 2W*™
(kgk;, T) is essentially linear in T as in eqn (8). However, eqn (2)
shows that all phonon modes which have polarization compo-
nents parallel to Ak contribute, even high energy modes which
are neglected in the standard treatments. Here it is demon-
strated that the electron-phonon interaction method of treat-
ing the DW factor allows one to readily estimate the
contributions of high energy phonon modes such as, for
example, optical modes.

One effect of including such high energy modes is that it can
lead to non-linear behavior in 2W*(k¢k;,T), e.g., different from
the standard linear behavior exhibited in eqn (8). These con-
clusions are supported by calculations for five different surface
target systems. These consist of two ordered metallic systems
with non-Bravais lattices that contain optical modes in their
phonon dispersion relations, one rather exotic layered system
containing a single layer of graphene, and two systems involv-
ing multiple layered growth of the “soft” metals Cs and Pb
deposited on a Cu(111) substrate. In all of these cases small
non-linearities of 2W*™(k,k;,T) can be explained by contribu-
tions due to high energy phonon modes. This work indicates
that non-linear behavior as a function of Tin the DW exponent
at high temperature may, in some cases, be explained by the
effects of high energy modes, e.g., optical modes, which are
usually neglected.

Demonstrating a specific role of the substrate in determin-
ing the electron-phonon interaction of an ultrathin films
clearly opens new possibilities in the design of superconduct-
ing nanostructures and nanodevices.
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