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ABSTRACT: The electron—phonon interaction (or mass-enhancement (ME)
factor) at the hydrogen-covered (110) surface of Mo,_,Re, alloys has been i :
derived for three different Re concentrations, x = 0.05, 0.15, 0.25, from the
incident-energy dependence of Helium atom scattering (HAS) intensities. It is
shown that the ME factor may also be extracted, in the case of stepped surfaces, "
from the maxima of the drift spectra, as well as from the intensities of the diffuse
elastic peak and of the inelastic scattering from Rayleigh waves. It is confirmed
that the ME factor, and therefore the superconducting critical temperature,
increase with Re concentration, together with the charge-density wave gap
occurring in the hole—electron dispersion curve of the quasi-one-dimensional
free electron gas, observed long ago with inelastic HAS in H-covered Mo,_,Re,

alloys.

1. INTRODUCTION

The inclusion of hydrogen in superconducting materials has
been shown to produce important effects on their properties,
in particular, on their critical temperature T..' The search for
superconductors with T, approaching room temperature has
received great impetus in the recent years from metal hydrides,
albeit, so far, at very high pressures.2’3 Within BCS theory,
hydrogen has the merit of introducing high frequencies into
the phonon spectrum and an increase of the electron—phonon
(EP) interaction (mass-enhancement (ME) factor A*). On the
other hand, the expected advantages (both physical and
nanotechnological) of working with quasi-2D systems has led
to the consideration of superlattices made of a hydrogen
monolayer interstitially inserted into metal monolayers.” In this
configuration, comparatively high critical temperatures have
been predicted for a (Be,),H superlattice at ambient pressure.’

Similar configurations may be conceived for those transition
metals and their alloys that are conventional low-temperature
superconductors, but do not form stable hydrides at ordinary
pressures, such as transition metals and their alloys of groups
6—7." However, some surfaces of these materials, like the
(110) surface of W, Mo and Mo—Re alloys, when covered with
hydrogen, have been found with helium atom scattering
(HAS) to exhibit giant Kohn anomalies in the surface phonon
dispersion.""" Such giant anomalies do not occur for the
respective clean surfaces and have therefore been considered as
signatures of an increased EP interaction due to hydrogen
adsorption and additional surface electron band nesting at the
Fermi surface. The interest for these superconducting alloys,
dating back to the early efforts to raise T. in metastable
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films,">'® has been revived in the past decade in connection
with multiband superconductivity."*"* However, no specific
study of enhanced surface superconductivity induced by
hydrogen adsorption is available to our knowledge.

In the present work, the ME factor for the hydrogen-covered
(110) surface of the Mo;_,Re, alloys (x = 0, 0.05, 0.15, 0.25) is
obtained from the Debye—Waller (DW) exponent for both
specular and diffuse elastic HAS. The method relies on the fact
that for a conducting surface He atoms at thermal energies
(<100 meV) are scattered by the free-electron gas a few A
away from the first atomic layer, and therefore the exchange of
energy and momentum with lattice vibrations can only occur
through the EP coupling, ie., via the phonon-induced
dynamical modulation of the surface charge density.”””!
Previous applications of the method to superconductor
surfaces can be found in refs 20—23. In the case of
hydrogen-covered superconductor Mo alloys discussed in the
present work, the ME factor is found to increase substantially
with the Re concentration, similarly to what is known to occur
for the bulk material.">** Moreover, the comparison between
ME factor values for the H-covered and the clean surfaces,
derived from the same HAS method and only available for
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Moy gsReg o5, shows a significant increase induced by hydrogen
adsorption.

2. HAS DIFFRACTION SPECTRA

The HAS diffraction experiments from the clean and
hydrogen-covered (110) surfaces of the Mo,_,Re, alloys,
from which the surface EP interaction is derived below, have
been reported previously and thoroughly discussed in refs 10
and 11. A description of the HAS apparatus is given in refs 6—
10. The scattering chamber operated at ultrahigh vacuum
conditions, with a background pressure in the low 107" mbar
range and the sample surface monitored with in situ low-
energy electron diffraction (LEED) and Auger electron
spectroscopy (AES). A highly expanded He nozzle-beam and
a time-of-flight (TOF) spectrometer permit together a high-
resolution angular (~0.1°) and energy (~2%) spectroscopy of
the scattered He atoms. For H-covered surfaces the saturation
coverage corresponding to one monolayer (1 ML) was
achieved at H-exposures exceeding 10 L at room temperature.
The method is described in detail in refs 6—10.

Angular distribution and inelastic time-of flight (TOF) HAS
measurements have been performed at a surface temperature
of T = 500 K for the clean surfaces and at T = 130 K for the
surfaces saturated by one monolayer of hydrogen.”™'? At these
respective temperatures, the clean as well as the 1 ML H-
covered surfaces could be kept at constant conditions during a
measurement time of up to about 2 h, with no significant
perturbing hydrogen adsorption/desorption processes. In what
follows, the surface parameters used in the derivation of the EP
coupling, namely, the surface unit cell area and the work
function, and therefore the EP coupling itself, are those at the
actual temperature and H-coverage used in experiments.

The structure of clean surfaces, as originally analyzed by
LEED, was reported to be unreconstructed (1 X 1) at all four
considered values of Re concentration, x = 0, 0.0, 0.15, and
0.25, with the surface concentration of Re being about that of
the bulk.”

The higher surface sensitivity of HAS diffraction does,
however, provide hints about a weak surface reconstruction at
the lower Re concentrations, such as (2 X 2) for x = 0.05 and
(2 X 2) for x = 0.15 (Figure 1a), similar to that observed by
Okada et al.*® with LEED at the same Re concentrations and
hydrogen coverage of 0.25 and 0.5 monolayers, respectively.
This can be appreciated from the HAS diffraction spectra
measured for x = 0.05 (Figures 2a and 3a), and x = 0.15
(Figure 4a,b), with an incident energy E; = 36.9 meV along the
'S and I'N symmetry directions, and E; = 34.4 meV along ['H
(cfr. Figure 1b,c). In the first case (x = 0.05), in addition to the
peaks I, corresponding to the (1 X 1) surface structure, weaker
peaks are observed. They are labeled S (corresponding in
Figure 2a to the S points at the boundaries of the (1 X 1)
Brillouin zone (BZ), represented in Figure lc), and N (cfr.
Figure 3a). This defines a (2 X 2) reconstruction, with a unit
cell four times larger than that of the (1 X 1) surface (Figure
la).

The diffraction spectrum of Figure 3b also shows weak
features (better appreciated in the X3 magnification) at the
wavevectors +Q = +1 A™' and N + Q,; = 3 A™". The
comparison with the inelastic HAS data reported by Okada et
al.'' permits to identify the wavevector Q,; with the critical
wavevector of the quasi-1D free electron gas induced by the H-
coverage (cfr. previous Section). At the critical wavevector the
hole—electron dispersion curve of the quasi-1D electron gas
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Figure 1. (a) The Mo,_Re, (110) surface (large gray and white
circles) covered with a hydrogen monolayer (small black circles) in
the unreconstructed phase (1 X 1) for x = 0.25 and the reconstructed
phases ¢(2 X 2) for x = 0.15 and (2 X 2) for x = 0.05. The red arrows
are the unit cell basis vectors; for x = 0.15 the basis vectors (broken
arrows) of the rectangular (2 X 1) cell are also shown. The white
circles indicate inequivalent atoms in the reconstructed phases,
independently of being Mo or Re (which randomly substitutes Mo in
its bee lattice). The parallel rows of atoms linked by H bridges in the
[001] direction are associated with a quasi-1D free-electron gas. (b)
The cubic symmetry directions of the bcc(110) surface, and (c) the
corresponding symmetry points in two adjacent Brillouin zones for
the unreconstructed phase.

exhibits a sharp minimum (originally understood as a giant
Kohn anomaly). As discussed below in Section 3.2, the finite
energy of the minimum indicates the opening of a gap
associated with the formation, below a critical temperature, of
a charge density wave (CDW) in the I'H direction, of which
the small peaks observed in Figure 3b are the diffractive
signature.

At a larger Re concentration x = 0.15, there are weak peaks
in the I'N direction (Figure 4b) corresponding to the zone
boundary points N (cfr. Figure 1c), whereas no diffraction
peak at all is detected in the I'S direction (Figure 4a), apart
from some weak features which can hardly be related to any
diffraction. The Rayleigh wave (RW) dispersion curves of the
H-saturated surface with x = 0.15, measured with HAS and
presented below in Section 3.2, show, however, folding points
at N/2 in the I'N and TH directions, but not at S/2 in the I'S
direction, which tells that a ¢(2 X 2) reconstruction (Figure
la), with a (2 X 1) unit cell, does occur and is preserved
beneath the H-saturated surface, at a depth compatible with
the RW penetration depth. Finally, for x = 0.25 (Figure 4c)
only I diffraction peaks are observed, which confirms the (1 X
1) structure. )

LEED measurements by Okada et al.”> would suggest that a
hydrogen monolayer coverage removes reconstruction, yield-
ing a (1 X 1) surface structure for H/Mo,_,Re,(110) at all
concentrations 0 < x < 0.25.”° A similar conclusion would be
drawn from HAS diffraction spectra shown in panels (a) and
(b) of Figure 2, measured for x = 0.05, at the same He beam
incident energy E; = 36.9 meV in the I'S direction, but at a
larger E; = 70.6 meV (Figure 2c), and therefore at a deeper
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Figure 2. HAS diffraction spectrum of (a) the clean Moy gsRe05(110)
surface at 500 K measured as a function of the parallel wavevector
transfer with an incident energy of 36.9 meV in the I'S direction,
showing, in addition to the I" peaks of the unreconstructed phase, the
small S peaks signaling a weak (2 X 2) reconstruction. The H-
monolayer coverage (b) at 130 K apparently hides the substrate
reconstruction, which (c) is however observed at a larger HAS
incident energy of 70.6 meV, due to the larger penetration of the
scattering He atoms into the surface charge density.

penetration into the surface charge density, the S peaks are still
there. Moreover, in the I'N direction (Figure 3) the N peaks
are observed with a H-monolayer coverage also at the same
incident energy of 36.9 meV, which confirms that the (2 X 2)
surface reconstruction is intrinsic to the alloy and survives
beneath the H monolayer. In the following derivation of the
EP interaction, the (1 X 1) surface unit cell area shall be used
for Mo(110) (a. = 7.06 A% from a lattice constant a, = 3.15
A%), while for the (1 X 1) surface unit cell of Moy,sReqs
(110) (a. = 6.75 A% from a lattice constant of a, = 3.09 A), the
(2 X 2) surface unit cell of Moy gsReyos (110) (a. = 4 X 7.01
A?=28.04 A?), and the (2 X 1) surface unit cell of Mo, gsRey ;5
(110) (a, = 2 x 6.88 A> = 13.76 A?), the HAS diffraction data
of Figures 3—5 are used.'” The experimental uncertainty of
these HAS diffraction spectra does not allow to appreciate the
expected contraction of the surface lattice parameter of the H-
covered surfaces, measured at 130 K, with respect to that of the
clean surfaces, measured at 500 K. This is justified by the small
value of the linear thermal expansion coefficient (LTEC) of
Mo (4.8 X 107 K™'),”” which would give for a cooling from
500 to 130 K just a —0.22% contraction of the unit cell area.
This small correction will be applied to the above surface unit
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Figure 3. HAS diffraction spectrum of the clean (a) and the H-
covered (b) MoggsReos(110) surface at the respective surface
temperature of 500 and 130 K, and incident energy of 34.4 and 39.6
meV, in the TN direction. In this case the small diffraction peaks N
are observed for the H-covered surface also at the low incident energy
of 36.9 meV, which confirms the (2 X 2) reconstruction. A factor 3
magnification of the spectrum (red line, symbols and right-hand
ordinate scale) reveals small features at the wavevectors +Q,; = +1
A~'and N + Q,;, which are interpreted as the signatures of a charge
density wave in the TH direction.

cells in the following derivations of the EP coupling for the H-
covered alloy surfaces.

3. RESULTS AND DISCUSSION

3.1. Electron—Phonon Interaction from Elastic HAS.
The available HAS data on the H-covered Mo,_,Re,(110)
permit to extract the surface electron—phonon interaction
(mass-enhancement factor Ay,g) for x = 0.05 and 0.25 from
the dependence on the He-atom incident energy E; of the
specular scattering intensity I(E;), while the value of Ay, for x
= 0.15 is obtained from the comparison of its diffuse elastic
scattering intensity with that for x = 0.25 at the same incident
energy and incident angle, away from the specular direction. In
the first case, the mass-enhancement factor Ay, is given by the
equatlon

)
2nakygT

Aas =

Aln I(E,) /k, ‘

2
Ak, (1)

where k;, = /2mE, /h is the incident wavevector, m the He

atom mass, k;, the component of k; normal to the surface, T the
surface temperature, a. the area of the surface unit cell, and ¢
the surface work function. Measurements by Berge et al.”” for
the clean Mo(110) annealed at ~920 K give ¢p = 4.95 + 0.02
eV, while the exposure of Mo(110) to hydrogen above 0.5 ML
was reported by Ernst-Vidalis and Bauer’® to slowly increase ¢
up to about ~0.13 eV at 1 ML, which means ¢ = 5.08 eV for
H/Mo(110). Since the thermionic work function for the low-
index surfaces of rhenium are reported”" in the same range of

https://doi.org/10.1021/acs.jpcc.5c04084
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Figure 4. HAS diffraction spectra from the clean Moy gsRe,;5(110) 200 + .
surface at 500 K in the 'S (panel (a)) and TN (panel (b)) directions; r
the symmetric pair of weak diffraction peaks N along I'N can be 100 i ]
associated with the c(2 X 2) reconstruction, while the I' peaks 0 P S T S S C)
expected at about +2.8 A™" are not resolved from the noise. For the 6 8 10 12 14 16

unreconstructed clean Moy ,sRe,,5(110) surface (panel (c)) only the
I' peaks are detected.

4.86—4.96 eV, the same values of ¢ = 4.95 and 5.08 eV could
be adopted also for the clean and the H-covered surfaces of the
three alloys, respectively. However, the work function also
depends on the surface temperature. This correction can be
estimated from the work function temperature coeflicient of
Mo reported by Comsa et al,,”* dp/dT = (7.84 + 0.07)107°
eV/K. This gives, for a temperature decrease of (500 —130) K
= 370 K, a change of ¢ of —0.6%; thus, ¢ = 5.05 eV shall be
used for the H-covered surfaces.

The parameter n, representing the effective number of
atomic layers contributing to the surface EP interaction,
actually reflects the multiplicity of surface electronic bands and
their Fermi contours at the Fermi energy. As seen in density-
functional calculations (DFT) by Kohler et al.*® and by
Yakovkin et al** for the clean and H-covered Mo(110)
surfaces, there are, within one surface Brillouin zone of the
clean surface, two complete (four half) Fermi contours around
the symmetry point S, one complete (two half) contours
around N, and two complete contours around I', which makes
altogether five. Similarly, for the H-covered surfaces, besides
the contours surrounding S and N points, there are two small
elliptical contours in the I'H direction (sections of two
downward conic bands, see Figure 3 (right) of ref 34). Thus, n,
= 5 shall be adopted in all the following estimations of Ay,s,

Normal momentum transfer [A-1]

Figure 5. HAS drift spectra'® showing the interference as a function
of the normal momentum transfer between specular peaks reflected
from above and below a surface step parallel to [001] for: (a) the
clean surface at 500 K and (b) the hydrogen-covered
Moy sReos(110) surface at 130 K, and for (c) the hydrogen-covered
Moy ;sReg,5(110) surface, also at 130 K. The maxima, corresponding
to in-phase interference, are equivalent to the specular intensity in the
absence of steps.

also for the clean and H-covered Mo,_,Re,(110) alloy surfaces.
The difference in temperatures, which clean and H-covered
surfaces refer to, should not affect the topology of the Fermi
contours, nor ng.

With these input data, the two values of the HAS specular
intensity from H/MoggsReqs(110), as given in Figure 2b,c for
two different incident energies of 36.9 and 70.6 meV, give from
eq 1 Ayas = 0.44. A consistent value is found from the
dependence on the incident energy of the specular intensity at
the maxima of HAS drift spectra (Figure 5b)." Drift spectra
consist of oscillations of the HAS specular intensity, observed
when scattering occurs at a surface step, as a consequence of
interference between beams scattered above and below the
step. The peak separation permits to determine the step height,
but what is important here is the fact that maxima correspond
to in-phase scattering, as from an ideal surface, and the

https://doi.org/10.1021/acs.jpcc.5c04084
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momentum transfer can be used to determine Agyag. The
three different intensity ratios between the three peak
intensities give, from eq 1, Aygys = 043 =+ 0.07 at the
experimental temperature of 130 K. For comparison, the drift
spectrum for the clean MoggsRegs(110) (Figure Sa),"
measured at 500 K, gives Ay, = 0.34 + 0.0S.

A drift spectrum has been also measured for H/
Moy ;sReg,5(110) at 130 K (Figure Sc), which also permits
to extract with eq 1 a mass-enhancement factor Ay, = 0.78 =+
0.12. This shows that the increase of Re concentration
produces a considerable increase of Ay,g. A similar effect has
been reported by Tulina and Zaitsev” from point-contact
spectroscopy measurements of quasi-local vibrations in
Mo, _,Re, alloys for 0 < x < 0.2. The values obtained from
a linear interpolation of their data are 4 = 0.48 for x = 0.05 and
A =076 for x = 0.25, thus showing an increase with Re
concentration, very similar in percent to that found with HAS
for the corresponding H-covered alloy surfaces.

For H/MogygsRey,5(110), as well as for the clean
MoggsRey5(110) surface, no reliable drift measurements
could be done, paradoxically due to the excellent quality of
the surface, with an exceedingly low surface step density
(surface step-free areas of the order of 10° A?)."" This gave,
however, the opportunity to devise another method to extract
the ME factor from HAS measurements. It consists in
extracting the ME factor Ay,g from the comparison of the
diffuse elastic (DE) scattering intensities to those of H/
Mo, ;sReg,5(110) measured at the same incident angle (6; =
48°), incident energy (E; = 36.9 meV), surface temperature
(130 K) and scattering plane direction I'S (Figure 6). The
diffuse elastic (DE) intensity originates mostly from the
thermal disorder at the surface, and takes therefore the form
I(x) = I, exp[—2W(x) ], where the prefactor I, under the above
conditions is independent of x, while the DW exponent™®

na (x) (AK)”
TkBTAH as(x) @

only depends on x, within the present approximations, through
the surface unit-cell area and the mass-enhancement factor. In
eq 2

(AK)* = kiz[(cos 6. + cos Qf)z + (sin 6, — sin Qf)z] (3)

2W(x) =

where 6; = 101.7° — 6, is the final angle.28 For incidence close
to the specular condition the second term, accounting for the
parallel momentum transfer, can be neglected. Thus, with the
help of eq 1, one has that

a.(0.25)2345(0.25) — a.(0.15)345(0.15)
7 1(0.15)
= 5 In
2nk ks T 1(0.25) (4)

With the DE intensity values from Figure 6, the input data, the
value Ayag (0.25) = 0.78 + 0.12 for H/Mog,sRe,,5(110) and
the ratio a.(0.15)/a.(0.25) = 2 discussed above, one obtains
for H/Mog gsReg 15(110), Ayas(0.15) = 0.58 + 0.09. This value
compares well, within the experimental error, with the value A
= 0.64 interpolated from the Tulina and Zaitsev results.”
The DE peak intensity, when available as a function of the
surface temperature at constant scattering geometry and
incident energy, may also be used to extract Ayxs. An example
is illustrated in Figure 7 on the basis of a few available HAS-
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Figure 6. Time-of-flight (TOF) HAS spectra (plotted as functions of
the energy transfer) measured with an incident energy of 36.9 meV
and an incident angle 6, = 48°, close to specular condition (6; =
50.85°, with a fixed scattering angle of 101.7°) in the ['S direction, for
the H-covered Mog-sRey,5(110) (panel (a)) and Moy gsRe,;5(110)
(panel (b)) surfaces at 130 K. The comparison between the
intensities of the diffuse elastic peaks DE, as well as between the
inelastic intensities associated with the creation of Rayleigh waves
(RW, RW', RW”, see Figure 8 below) is used to extract information
on the EP interaction for x = 0.15.

TOF data for the clean Mo(110) measured by Liidecke.’
Above 120 K and up to 500 K the DE peak intensity shows the
expected attenuation due to the DW factor (see in ref 36
Figures 7 and 10b), while a jump to a larger value above 600 K
may be attributed to a setup of some surface disorder. The
slope of the DE intensity on a logarithmic scale, i.e., the DW
exponent, in the range 120—500 K (Figure 7b) provides Aysg
for Mo(110) from eq 2, with n, = 5, a.(0) = 7.06 A%, ¢ = 4.95
eV, k; = 8.6 A, and (Ak)* = 118 A2 This gives Ayysg = 0.37
with an estimated uncertainty of +0.0S.

The values of Ay, obtained above are listed in column 2 of
Table 1 and compared with the values of A for the clean
surfaces interpolated from those reported by Tulina and
Zaitsev™ for other values of x, as well as with those more
recently obtained by Shang et al.'” The superconducting
critical temperature T, listed in column 7 of Table 1, has been
calculated from these values of Ay,g with the McMillan

formula™®’
0, —1.04(1 + Ayps)
c= exp *
1.45 Qs — # (1 + 0.6245,5) (5)

where the effective Coulomb repulsion y* has been set equal
to 0.1 for all surfaces, as suggested by Grimwall,*® and 0}, is the
Debye temperature of the sample. The latter is assumed to
depend on Re concentration according to the equation

https://doi.org/10.1021/acs.jpcc.5c04084
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Figure 7. (a) HAS-TOF spectra (from Liidecke®) for the clean
Mo(110) surface in the [110] (TN) direction showing the diffuse
elastic (DE) peak at different surface temperatures at a constant
incident angle of 37° (scattering angle: 101.7°) and momentum of 8.6
A~ (b) Plot of DE intensity on a logarithmic scale as a function of
temperature (#) showing the slopes (green straight lines) of the DW
exponent below and above a possible transition to some surface
disorder above about 600 K.

MMo
(I = x)My;, + xMg, (6)

o) = 6,(0) \/

where My, = 95.9 and Mg, = 186.2 are the atomic masses of
Mo and Re, respectively.

This approximation is justified by the fact that the Debye
temperatures of Mo and Re, 8,(0) = 377 K and 6,(1) = 275
K, scale almost exactly as the inverse square root of the

masses, thus indicating almost identical effective interatomic
force constants f of the two metals: fr./fno = [Op(1)/0p(0)]?
Mg./My;, = 1.03. The values of 8, for the H-covered surfaces
are approximated to those for the clean surfaces obtained from
eq 6. They are listed in Table 1, columns S and 6, together
with the values of 0 adopted by Shang et al.'” in their
derivation of A from the experimental T, (last column) for the
alloy clean surfaces. In that derivation, Shang et al. used y* =
0.13; the T values for the H-covered surfaces calculated from
Apas with g* = 0.1 but Shang et al. values of 0y are also given
in the last column for comparison (in parentheses).

3.2. Electron—Phonon Interaction from Inelastic HAS.
The TOF spectra in Figure 6 also show the inelastic peaks
associated with the creation of a Rayleigh wave in the
backward (RW) and forward (RW’, RW”) directions. The
kinematics is illustrated in Figure 8 showing the scan curve
(red curve) (see ref 36 Chapter 9) for the incident angle 6, =
48°, incident energy E; = 36.9 meV and scattering angle of
107.7°. The observed inelastic peaks correspond to the
intersections (red circles) of the scan curve with the RW
dispersion curves (green for x = 0.15, black for x = 0.25),
interpolating the experimental HAS points (green squares for x
= 0.1S, gray lozenges for x = 0.25) associated with the RW and
reproduced in both positive and negative I'S directions. An
arrow indicates the experimental RW frequency at S also for x
= 0.05 (for the full set of data see ref 10). While at long
wavelengths the RW is observed at about the same energy
independently of x, the RW’ and RW” peaks are only observed
for x = 0.15 (and 0.05), and not for x = 0.25 due to the large
softening of the RW phonons at short wavelengths for the
largest Re concentration.

Since the RW penetration into the bulk is proportional to
the wavelength, the softening induced by Re is produced by
some important change occurring in the surface region.
Although Re has an atomic mass which is almost twice that
of Mo with a slightly smaller atomic size, a Re segregation in
the surface region with increasing concentration does not seem
to be sufficient to explain such a large softening of short-wave
Rayleigh phonons. An additional contribution from the

Table 1. Electron-Phonon Interaction (Mass-Enhancement Factor 1) from HAS Data (Ay,s) for the (110) Surfaces of Clean

and H-Covered Mo and Mo/Re Alloys Compared with A4 for the Clean Surfaces from Other Sources

A clean surface

surface AHas [35]¢
Mo(110) 0.37 = 0.0S 0.39
H/Mo(110) 0.38 + 0.06°
Moy gsRego5(110) 0.34 + 0.0S 0.48
H/Mog gsRe05(110) 043 + 0.07
Moy gsRe 15(110) - 0.64
H/MoyggsReq15(110) 0.58 + 0.09
Mog7sReq5(110) - 0.76
H/MoysReq,5(110) 0.78 + 0.12

e17,35

oy (K] T, [K] experiment
[171° eq 6 [171° HAS [17]¢4
0.41 377 460.0 0.81 0.92
377 096 (1.18)
0.46 368 445.0 0.44 1.97
. 368 1.89 (2.28)
0.62 ; 4362 ; 6.54
353 6.02 (7.43)
0.69 - 480.6 - 10.32
339 12.5 (17.68)

“Values for the clean surfaces interpolated from those reported by Tulina and Zaitsev*® for other values of Re concentration x. Values of 6y, from
Shang et al."” The value for x = 0.05 is linearly interpolated between those reported by these authors for x = 0 and x = 0.10. “Extrapolated from the
values for the H-covered samples with x > 0. 9T, for the clean surfaces from Shang et al.'” In parentheses T, calculated with eq $ for the H-covered
surfaces from Ayj4s with g% = 0.1 and @}, from Shang et al.'” ( 6th column). “The corresponding critical superconducting temperature T, derived
with the McMillan formula®*” from Ayy,5 and the Debye temperature 6, (columns $ and 6), is given in the last two columns and compared with

Shang et al. experimental T for the corresponding clean surfaces.'”
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Figure 8. Rayleigh wave (RW) dispersion curves of H/
Mo, _,Re (110) measured in the T'S direction with HAS at a surface
temperature of 130 K for x = 0.15 (gray lozenges) and 0.25 (green
squares). For x = 0.05 only the zone-boundary value at S is indicated
by an arrow. At short wavelengths, when the RW penetration depth is
restricted to just a few layers, a dramatic softening is observed with
the increase of Re concentration and corresponding increase of Ayjg.
Thus, the HAS scan curve (red curve) for the two spectra of Figure 6
intersects the RW for x = 0.15 at three points (RW, RW’, RW”"), while
only the RW backward creation process is observed for x = 0.25.

increased EP interaction at the larger Re concentrations in H-
covered samples is expected.

Density-functional perturbation theory (DFPT) calculations
by Sklyadneva et al.*’ showed that the inelastic HAS
amplitudes from superconducting Pb films grown on
Cu(111)*" are proportional to the mode-selected EP coupling
constants for each individual phonon. Since in the power
expansion of exp[—2W], unitarity implies that single-phonon
processes are weighed by the factor W exp[—2W], and the
HAS inelastic intensities Iy (x) for the same RW phonon in
panels (a) (x = 0.25) and (b) (x = 0.15) of Figure 6, having
the same weight in the total phonon spectrum, are propor-
tional to this factor. Thus, from eq 2, this implies

In[Iy(0.15)/1(0.15)]  w(0.15)
In[Ipy, (025)/1(0.25)]  W(0.25)
_ a(015)Aps(0.15) _ ZAHAS(O.U)
a.(0.25) A155(0.25) Ap1as(0.25) (7)

where, as above, I(x) is the intensity of the DE peak. With the
intensity ratios from Figure 6 one obtains Agag (0.15)/Auas
(0.25) = 0.738, which is almost identical to the ratio 0.750
found above from the ratio of the DE peaks. This shows that
also the inelastic HAS intensities are suitable to extract
information on Ay, albeit through a comparison procedure.

The dependence of the ME factor A, (x) on the Re
concentration x as obtained from HAS measurements is shown
in Figure 9 (full and open lozenges for H-covered and clean
alloy surfaces, respectively). The good linearity of Ay,g (x)
(full straight line) permits to extrapolate the value of A,s (0)
= 0.38 for H/Mo(110), slightly above that for the clean
surface. For x = 0.05 the increase of Ay,g from the clean to the
H-covered surface, is more pronounced, although at this stage
it cannot be said whether this is a genuine effect of hydrogen or
of the large temperature difference. A similar linear growth of
the ME factor A with the Re concentration «x is observed for the
low-temperature clean-surface data by Shang et al.'” The two

lozenges) and its linear fit (full line), providing the extrapolation for
H/Mo(110) (x = 0, full circles), are compared to Ay, for the clean
surfaces at S00 K (open lozenges) and to the ME factor of the
Mo, _,Re, alloys derived by Shang et al.'” from the superconducting
T. via eq S, with the values of #, at 0 K and the Coulomb
pseudopotential y* = 0.13 (O, fitted by a broken straight line) or u*
= 0.10, as chosen in the present work (O, linearly fitted by a dash-
dotted line).

plots in Figure 9 show A(x) derived from the experimental
superconducting T, with the Debye temperature 6, at 0 K and
the Coulomb pseudopotential y* equal to either 0.13, as
chosen by Shang et al. for transition metals (O in Figure 9,
fitted by a broken straight line), or y* = 0.10, as chosen in the
present work ([] in Figure 9, fitted by a dash-dotted straight
line). It appears that H-coverage yields a faster growth of Ay
with the Re concentration (at 130 K) than that derived for
clean alloy surfaces at low temperature, thus an increase of the
ME factor induced by hydrogen adsorption which becomes
more pronounced with increasing Re concentration.

The most intriguing manifestation of the EP interaction
associated with H- coverage which has been discovered with
HAS is, however, the so-called giant (and very sharp) Kohn
anomaly,é_11 which has been observed to occur in the RW
dispersion curves of all H-covered Mo,_ Re, samples at certain
wavevectors Q,; (indicated by red arrows in Figure 10), but
not for clean surfaces.”~'® This anomaly is also observed in the
'S direction at a wavevector Q,, near the zone boundary.

As discussed by Kohler et al.** on the basis of first-principle
calculations, the giant anomaly is actually the edge dispersion
curve of the electron—hole (e—h) excitation spectrum of a
quasi-one-dimensional free electron gas, associated with a good
nesting at the Fermi contours induced by the adsorbed H
monolayer. The nesting wavevectors measured for H/
Mo(110) along I'N (Figure 10c, Q,; = 0.89 A™"), as well as
along T'S at Q,, = 1.22 A7,'" are indeed in close agreement
with DFT calculations (0.86 A~" and 1.23 A7, respectively™).
The electronic nature of the giant anomaly also explains why it
is not observed by EELS,* except for the phonon-like
segments in the avoided-crossing region of the RW and e-h
excitation dispersion curves (see section 11.3.6 in ref 36). Such
segments, assigned to a weak Kohn anomaly, yield for H/
Mo(110) a value of A as small as 0.11 + 0.02.***> The EP
interaction, besides causing the above avoided crossing, is
reflected in the fact that the energy of the giant anomaly does
not reach zero at Q; for any value of Re concentration x, but
has a minimum (red mark on the left ordinate scales in Figure
10c—f), which increases with x and the corresponding Ay

https://doi.org/10.1021/acs.jpcc.5c04084
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Figure 10. (a) The HAS dispersion curves in the TH direction of the RW and of the longitudinal acoustic resonance (LR) (dots), compared with
the bulk transverse (TA) and longitudinal (LA) acoustic phonon slopes in the long-wave limit (straight lines) for the clean Mo(110)," and (b)

M00.95Reo.05( 110) surfaces."’

(c—f) The hydrogen monolayer coverage induces, at the experimental temperature of 130 K, a giant Kohn anomaly

for pure Mo (c), as well as for the alloys with Re percentage of 5% (d), 15% (e), and 25% (f)."® A red arrow marks the anomaly wavevector Q =
Q.. The giant and sharp anomaly actually is the dispersion of electron—hole excitations across the Fermi level of a quasi-1D free-electron gas,>

where Q,;
(red horizontal bars marking the anomaly minima).

= 2kg and kg the Fermi wavevector. A charge-density wave (CDW) Peierls instability for T < T, (here above 130 K) opens a gap at Q;

This is attributed to a Peierls transition leading to the
formation of a charge density wave (CDW), with the opening
of a gap Acpw, equal to the anomaly energy minimum and a T,
which should be well above the experimental temperature of
130 K. The observed anomaly minimum energy, measuring the
CDW gap Acpw(x), and the corresponding wavevector Q,,(x)
are plotted in Figure 11 (red bars) for the different Re

LU B S S S B B e B B S B N B B By B B B B e B e

8.F H/Moq.xRex(110) .
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q) .
E <= 113
z 4.} . A
St 111 =
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Figure 11. Plots of the minima of the hole—electron dispersion
curves, giving the CDW gap Acpy(x) (red bars, left ordinate scale),
and of the corresponding wavevectors Q,(x) (green stars, right
ordinate scale) as measured by HAS for the H-covered alloys with x =
0, 0.0S, 0.15., and 0.25 (Figure 9). The fitting lines are respectively
given by eqs 7 and 8.

concentrations x. Acpw(x) is well represented by an
Eliashberg-like gap equation in the BCS limit at 0 K (red
curve

Acpw(x) = 2tkyfp(a)e !/ Aus) ®
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with Op(x) given by eq 6, and Aas(x) given by the linear
interpolation of the three H-covered alloy values (Figure 9).
The factor 7 = (1 — T/T.)"/?, with T, the CDW transition
temperature, accounts for the gap at a finite temperature in the
mean-field approximation. The fit in Figure 11 for T = 130 K is
obtained with T, = 173 K. It should be noted, however, that T
is also dependent on x, but the present limited data do not
permit a more accurate fit.

For H/MoggsRe s a signature of this CDW may be found
in the weak diffraction peaks at Q,; and N + Q,; detected in the
I'N direction (Figure 3b). The shift of Q,; to larger values for
an increase of the Re concentration x can be viewed as a
consequence of the extra-electron provided by Re when
replacing a Mo atom, and related changes of the Fermi
contours and nesting conditions. Assuming that the quasi-1D
free electron gas includes v electrons per surface metal ion
from the hydrogen monolayer plus a fraction x contributed by
the replacement of Mo with a Re ion, the proportionality
holding for a 1D free-electron gas between the Fermi

wavevector and free-electron linear density, kp(x) = n(v +
x)/2ay, yields, for a, = 3.15 A of Mo(110)*°

Q, (x) = 2kp(x) = (LOA™Y (v + x) 9)
From the experimental minimum wavevector Q,;(0) 2 0.89

A~ (Figure 10c), it appears that H adsorption contributes v =
0.89 electrons per surface atom to the 1D electron gas. This
gives a reasonable linear fit of the few experimental data in
Figure 11, although the latter would rather suggest a slight
downward curvature of Q,(x) at increasing x, like that of
Acpw(x), with a possible saturation at larger x.

The finite penetration depth of the RW, proportional and
comparable to its wavelength, allows these waves to probe the

https://doi.org/10.1021/acs.jpcc.5c04084
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Figure 12. (a,b,c) RW dispersion curves of H/MoggsReg;5(110) measured with HAS (black full squares) along the three symmetry directions
depicted in panel (d). The folding points at M, S and N, illustrated by the guidelines representing qualitatively the RW dispersion curves, define in
(d) a (2 X 1) Brillouin zone (dashed red rectangle). The red data points correspond to electron—hole pair excitations responsible for the so-called
giant anomalies; the vertical arrows indicate the critical wavevectors Q,; and Q;, as given in ref 10.

structure of the subsurface atomic layers. In particular a
subsurface reconstruction with a periodicity doubling in some
direction can be signaled by a folding of its dispersion curve.
This is the case for H/MoggsReg5(110) discussed above.
Figure 12 shows the HAS data points (black squares) for the
RW dispersion curve along the three symmetry directions ['H
(a), I'S (b) and I'N (c). The eye guidelines, describing
qualitatively the experimental RW dispersion curves show
folding points at M along I'H (a) and L along I'N (c) that are
at the boundaries of the (2 X 1) Brillouin zone (red broken-
line rectangle in (d)). Along I'S the folding at S, which is also
at the zone boundary of the unreconstructed surface, is that of
the RW into a surface optical phonon branch (here labeled S,,),
as found to occur at the (110) surface of bcc metals, e.g,
Fe(110).* The observation of the three RW folding points at
M, L and S confirms the (2 X 1) reconstruction of the H/
Moy gsReg,5(110) surface beneath the hydrogen coverage.
Note that for a HAS scattering plane direction not normal to
['H, like the I'S direction, the giant anomaly, i.e., the quasi-1D
electron—hole pair excitations (red squares in Figure 11a,b),
keeps being observed at fairly close values of the critical
wavevector (Q,; = Q,, = 1.14 A7', as given in ref 10). On the
other hand, the CDW gap along I'S appears to be smaller than
along T'H, as long as one may judge from the few available
experimental points, as expected from a strong anisotropy in
the momentum space associated with the quasi-1D structure
yielding the giant anomalies.

4. CONCLUSIONS

The HAS method to obtain information on the electron—
phonon interaction at conducting surfaces has been applied to
the (110) surface of H-covered Mo,_,Re, alloys, known for the
occurrence of a sharp giant anomaly in the dispersion relation
of acoustic surface phonons. The mass-enhancement factor
Anas obtained for H-covered surfaces, is comparable to that of
clean surfaces found in the literature at small values of the Re
concentration x, but it increases faster with x than that of clean
surfaces, so as to exhibit a 23% increase in the H-covered alloy
for x = 0.25 over the corresponding clean surface. On the other

hand, the direct comparison of HAS measurements on both H-
covered and clean surfaces, only available for x = 0.05,
indicates a 30% increase already at such a small RE
concentration. Although conspicuous, this would not be
enough the explain the sharp and profound dips observed in
the phonon dispersion curves of H-covered samples as
ordinary Kohn anomalies induced by the EP coupling. They
are, as already argued in the past, the dispersion curves of
electron—hole excitations in the presence of a CDW
superstructure, thus confirming that HAS can probe
electron—hole excitations and reveal CDW gaps related to
the size of the EP interaction.

The present study, in addition to extracting new information
from old data, most of which is available in the literature, is
also proposing new ways to obtain information on the surface
electron—phonon interaction (mass-enhancement factor) from
HAS, such as the analysis of the drift spectra, the analysis of the
dependence on temperature of DE scattering intensity and the
comparison of the DE intensities measured at different
compositions of superconducting alloys. Moreover, also
inelastic HAS from one-phonon creation processes has been
shown to provide information on the EP interaction. Actually,
this corroborates the early demonstration by Sklyadneva et
al*® that the inelastic HAS amplitudes from single surface
phonons are proportional to the respective, mode-selected, EP
coupling constants (mode-lambdas), by providing a more
quantitative information. In the present case of H-covered
alloy surfaces, where some structural properties peculiar to an
alloy (e.g, surface reconstruction, segregation, etc.) can be
partially masked by the overlayer, surface phonons can actually
convey subsurface information on the scale of the specific
phonon penetration depth. This means that a quantitative
analysis of the inelastic HAS amplitudes as outlined in Sub 3.2,
can provide new tools to investigate the EP interaction in
complex 2D superconductors and CDW systems.

It is hoped that the unique ability of HAS to probe the
vibrational and some kind of electronic excitations in the THz
domain, as well as their interaction, will stimulate new
systematic HAS investigations on presently important issues
like the coexistence of superconductivity and CDWs*”** and

https://doi.org/10.1021/acs.jpcc.5c04084
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the effects of surface hydrogenation on superconductivity in
low dimensional systems.*’
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