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Photoemission study of atomically flat Pb films with a thickness from 15 to 24 monolayers (ML) have been

performed within a temperature range 75-270K. Well-defined quantum well states (QWSs) are observed, which exhibit

interesting temperature-dependent behaviours. The peak position of the QWSs shifts towards higher binding energy with

increasing substrate temperature, whereas the peak width broadens linearly due to enhanced electron—phonon coupling

strength (A). An oscillatory A with a period of 2ML is deduced. Preliminary analysis shows that the oscillation can be

explained in terms of the interface induced phase variations, and is thus a manifestation of the quantum size effects.
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1. Introduction

Many properties of solids, such as resistivity,
structural instabilities, specific heat, and particularly
superconductivity, depend directly on the electron—
phonon coupling strength ()).[)' Recently, with the
advance in thin film growth and electronic structure
characterization tools, many unique physical proper-
ties of thin films with thickness comparable to the
Fermi electron wavelength have been observed and ex-
pounded in terms of the quantum size effects (QSEs).
Oscillatory superconductivity in atomically flat Pb
films has been observed in our previous study, and has
been proved to be modulated by the QSEs,?! where
the oscillation of the electron density of states near the
Fermi level proves to be the key factor. As we know,
another important factor is the electron—phonon cou-

pling, influencing the superconductivity in thin films.

Angle-resolved  photoemission  spectroscopy

(ARPES) has been used successfully to investigate
the electronic structure of thin films formed on metal
or semiconductor or other surfaces.’! However, as
many other spectroscopy, it does not simply probe
the ground state, rather, the resulting decayed exci-
tations (the photohole), and thus many-body effects
such as electron—phonon coupling could be involved.
In the last few years, prominent progress has been
achieved in the study of A for the surface states in bulk
materials[*=¢l or for the quantum well states (QWSs)
in thin films by ARPES."=1% For crystalline metal
surfaces, the observed photoemission peak width is
proportional to /7, where 7 is the lifetime of the
hole state excitations. Three factors, the Auger decay
(via electron—electron interactions), the phonon scat-
tering (via electron—phonon interactions) and impu-
rity scattering contribute to the valence hole decay at

zero temperature. Recent investigations show that at
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high temperatures (greater than one-third of the De-
bye temperature) and small hole energies (lower than
the bandwidth), the temperature-dependence of the
peak width is actually a good measure of the phonon
contribution to the hole lifetime. Since the influence of
the electron—electron interactions and the defect scat-
tering are negligible in this particular situation,!!! the
inverse hole lifetime can be given by h/7 = 2n\kgT,
where A equals 27k times the slope of the peak width

vs temperature.

In this paper, variable-temperature photoemis-
sion spectra from 75 to 270K of Pb films have been
collected, and are applied to measure A at different
film thicknesses. What we found is that, while there
is a general trend that the A develops towards the
bulk value with increasing film thickness, there is also
a quantum oscillation with a period of 2ML, the same
as the oscillatory superconducting transition temper-
ature (1¢) by ez situ measurement. The phase varia-
tions of 7 across the confinement gap at the interface

prove to be the origin of this oscillation caused by

QSEs.

2.Experiments

Pb films were prepared by a special low-
temperature growth method, followed by annealing
up to room temperature. In the molecular beam epi-
taxy (MBE) chamber, Pb was evaporated using a Py-
rolytic Boron Nitride (PBN) crucible with a flux rate
of 0.2ML/min, while the Si substrate was maintained
at about 145K by flowing liquid N». RHEED patterns
were used for real time monitoring of the film growth.
After growth, the sample was allowed to warm to
room temperature naturally in one hour, and trans-
ferred to an analysis chamber with a base pressure of
3x1079Pa, where an OMICRON scanning tunnelling
microscopy (STM) and a GAMMADATA SCIENTA
SES-2002 electron energy analyser were installed for
in situ surface morphology and electronic structure
analysis. A sample manipulator in the ARPES anal-
ysis chamber, with a button heater attached to the
head of an open-cycle He cryostat, was used to con-
trol the sample temperature from 20 to 300K with a
precision of +£0.1K. The energy resolution (2meV) of
the analyser, which is much smaller than the measured
QWSs widths, enables us to capture the fine variation
of the photoemission spectra with the substrate tem-

perature.

3. Results and discussion

By our special growth method, we have success-
fully fabricated uniform Pb films on the Si(111) sur-
face with atomic level precision, and established its
particular growth behaviour over a wide thickness
range. A critical thickness of 10ML for the formation
of flat Pb film stable at room temperature is estab-
lished under the low-temperature growth approach. A
QSEs-induced bi-layer growth mode dominates up to
21ML with an alternation of the relative stability vari-
ation from even layers to odd layers at 13ML, and then
a quasi layer-by-layer mode follows. The uniformity of
the Pb films prepared for the present photoemission
study can be seen both from the STM morphologies
and the corresponding photoemission spectra. The in-
sets in Fig.1 illustrate the typical morphologies of the
films of 22 and 23ML thick. Although stepped sur-
faces can be observed from the STM image, the num-
ber of steps on the Pb surface are equal to the number
of steps on the Si(111) substrate before Pb growth,
therefore, the films are essentially perfect as there are
exactly same number of atomic layers on each ter-
race. The photoemission spectra shown in Figs.1(a)
and 1(b) further confirm this, where only one set of

QWSs appears in the spectrum of a particular thick-

-

—

ness.
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Fig.1. Normal emission spectra of the Pb layers taken
from 75 to 270K. The insets display the RT STM im-
ages of the atomically flat Pb films with a thickness
of 22ML (a) and 23ML (b), with an image size of
2000nm x 2000nm.

We can see that with increasing substrate temper-
ature, the peak position of the QWSs shifts towards
higher binding energies (Figs.1(a) and 1(b)). A lin-
ear temperature dependence of the binding energy of
the QWSs is evident, as seen in Fig.2(a). To find
out the exact relation between the linewidth (AFE)
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and the temperature, a curve fitting by Voigt pro-
file with Lorentzian line shape was made. It is clear
from the quality of the fitting that the peaks are good
Lorentzian, indicating that the interpretation of the
width as inverse lifetime is reasonable. Typical fit re-
sults are plotted in Fig.2(b) for the films of 22 and
23ML, where AFE increases linearly with increasing
temperature and exhibits prominent different slopes
for the adjacent layers. According to the previous dis-

cussion, this slope is related to the A value via

1 dAFE

= —— 1
27TkB dT ( )

The X values derived from the QWSs peaks for
different film thicknesses are shown in Fig.3 (trian-
gles). Because of the special growth mode of Pb films
on Si(111), only the values for stable layers (15, 17, 19,
21, 22, 23, 24ML) are acquired in this study. Besides
an overall gradual increase of the A values towards the
bulk value (1.55),'* an oscillation of A with a period
of 2ML is clearly seen from 21 to 24ML. As a compar-
ison, the measured 7. of the Pb films is also added
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Fig.2. Variations of binding energy with temperature
(a) and that of full width at half maximum (FWHM)
(b) with temperature for different thicknesses.

in Fig.3 (dots). A clear one-to-one correspondence in
the oscillatory A and the experimental T for different
layers is obvious, but the variation trend is inversed
in amplitude vs thickness above 21ML. That is to say,
a larger A value corresponds to a lower T, in the Pb
films. Note that the experimental T, was acquired
with the Pb films covered by 4ML Au, while the pho-
toemission data for measurement of A is taken from

the clean Pb film surfaces.
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Fig.3. Experimental A values for QWSs of the Pb
films as a function of film thickness (triangles), with
the Tt of the films by ez-situ measurement also shown

(dots).

According to the phase accumulation model,['21]

three factors associated with the binding energy vari-
ations of the QWSs can be expected: 1) thermal ex-
pansion of the epitaxial film results in an enhancement
of the quantum well width, and thus an increase of
the binding energy, 2) temperature dependence of the
band structure and the lowering of Fermi level of the
substrate originated from the decreased electron den-
sity of states, can lead to a reduction of the binding
energy, 3) a phase change in the film and substrate
boundary contributes minor effect to the binding en-
ergy variation. While, experimentally, the net shift
of the binding energy depends on the relative impor-
tance of the first two conflicting factors, further quan-
titative results rest with the calculations based on the
different thermal expansion coefficient of the substrate
and epitaxial materials.[! In our Pb/Si(111) system,
the thermal expansion coefficients of Si and Pb are
2.8x107% and 2.89x10°
fore, a dominant expansion of the epitaxial Pb film
over that of the Si substrate would induce the shift of
the binding energy towards a higher value, and this is

eV-K~!, respectively. There-

actually observed in our experiment.
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Fig.4. Probability densities of the QWSs for typical

even (22ML) and odd (23ML) Pb layers plotted in a

sketch map. The dots indicate the position of each

atomic plane.

Previously, the oscillatory behaviour of A as a
function of the film thickness or the binding energy of
the QWSs was reported for the Ag/V(100) and Ag/Fe
(100) systems, and was attributed to the interface or

[9:10] When the characteristic scale

the surface effect.
of a system is comparable to the Fermi electron wave-
length, the surface and interface effect becomes much
more important. To understand the relation of quan-
tized energy levels with the quantum well width (film
thickness) and the boundary conditions, a phase ac-
cumulation model'213] was proposed within a finite

potential well
2k(E)Nd + ¢5(E) + ¢i(E) = 2mn, (2)

where k(FE) is the electron wavevector in Pb along the
I'L direction (perpendicular to the substrate surface),
¢s(F) and ¢;(E) are the phase shifts upon electron re-
flection at the surface and the interface respectively,
n (an integer) is the index of the QWSs, and N is
the number of atomic layers. The phase shift at the
interface can be described as

E+iy— E

. — _ -1
¢i(E) =Re |—cos™ (2 . _F

—1+47, (3)
where E) and E, are the energies of the lower and up-
per edges of the confinement gap, v is a broadening
parameter. ¢? is a constant. The arccosine function
yields a phase shift of —7 at the lower edge and 0 at the
upper edge of the substrate gap. The Fermi electron
wavelength (Ap) in Pb is nearly four times the atomic
plane spacing (ag) along the [111] crystallographic di-
rection, namely Ar &~ 4ag, and the periodicity for the
QWSs crossing the Fermi level is about 2ML.[*4 The

oscillatory binding energy of the QWSs in Pb films
should lead to a similar oscillatory behaviour of the
phase shift at the interface. A direct explanation can
be seen in the schematic graph in Fig.4, where the
probability densities of typical even and odd layered
films of 22 and 23ML are displayed.

As suggested previously for the Ag/Fe(100) sys-
tem, the matrix element for electron—phonon inter-
action, within the rigid-ion model, is proportional to
(¢'| VV |p), where ¢ and ¢’ are respectively the ini-
tial and final states of the electrons in the crystal
potential.'®! The scattering probability at the sur-
face or the interface is proportional to {(¢'| VV |<p>2,
where VV is the boundary potential step. If the in-
terface is define at Z = 0, the origin of the quantum
oscillation depends on |(0)|*, the scattering rate of
phonons. For a Pb film with a large binding energy,
an interface phase shift is close to —m (just as the film
of 22ML thick), rather small amplitude introduces a
small value of |g0(0)|4, and thus a suppressed interface
contribution follows with a small A value. On the con-
trary, a film with a lower binding energy allows a small
phase shift close to 0 at the interface and a large A re-
sult, as observed for the film with a thickness of 23ML
in Fig.4. Based on the above analysis, the variations
of the phase shift at the interface can be expected to
account for the oscillatory A in Pb thin films.

Similar analysis can be employed to analyze the
contribution from the film surface. Since the vac-
uum barrier is close to an infinitely high barrier, the
energy levels of interest are far below the vacuum
level. Therefore, the wave function at the surface
plane should be a node, and the phase shift at the
surface potential step should be always close to —,
thus represents small variations with film thickness
alternation. A suppressed contribution allows for a
small electron phonon-coupling from the surface. An-
other question is about the global reduction of the A
values for all the film thicknesses, as suggested by De
Gennes, 1% no enhancement is expected if a film with
reduced dimension and a large A value is grown on a
nonsuperconducting material. So in our experiment,
an overall reduction in A compared with a bulk value
should be reasonable.

In summary, the same oscillatory behaviour in A
and T, with a period of 2ML indicates clearly that
they are both modulated by the QSEs. The antiphase
may originate from the different boundary conditions
between the clear Pb films for A measurement and the

Pb films with Au overcap for determination of Tt.



1914 Zhang Yan-Feng et al

Vol. 14

4. Summary

Many properties can be modulated by the QSEs,
and the superconductivity is one of the examples
demonstrated recently. The electron—phonon cou-
pling, one of the two important factors that influence

superconductivity, is investigated in this study, which

shows a similar oscillatory behaviour as that of the
T.. The similarity of the 2 ML oscillatory period in
A and T, indicates clearly that they are both modu-
lated by the QSEs.

but indirect information for the understanding of the

This work may provide helpful

oscillatory superconductivity in Pb films with reduced

dimension.
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