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Abstract This paper summarizes our recent work on the
study of quantum size effects (QSE) and novel physical
properties of the Pb/Si (111) heterostructure. Two different
types of samples were investigated. One is wedge-shaped Pb
islands, and the other is atomically flat Pb thin films. With
scanning tunneling microscopy (STM) manipulation, we
observed an intriguing morphology dynamics of the islands
that swings between two extreme energy states, like that in a
classical pendulum. We show that the dynamics is a result of
the competition between the QSE and the classical step free
energy minimizing effect. For the second type of the sam-
ples, the QSE is studied in terms of thickness-dependent
film stability, electronic structure and physical properties by
using STM, angle-resolved photoemission spectroscopy
(ARPES) and transport measurement. The results consis-
tently reveal the formation of quantum well states (QWS)
due to electron confinement in the films. This size effect
could greatly modify the electronic structure near the Fermi
level and lead to quantum oscillations in superconductivity,
electron-phonon coupling and thermal expansion. The work
unambiguously demonstrates the possibility of quantum
engineering of physical properties of thin films by exploiting
well-controlled and thickness-dependent QSE.
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1 Introduction

Low dimensional nanostructures such as quantum wells,
quantum wires and quantum dots with their characteristic
scale comparable to the Fermi electron wavelength (Ag) have
attracted much attention recently. Many novel physical
properties that differ from that of the bulk state can be ex-
pected due to strong quantum confinement of electron mo-
tion in these systems. For two dimensional systems, elec-
trons confined in the normal direction of the film surface are
quantized into the well-known QWS with discrete energy
levels [1-3], which has been proven to greatly modulate the
electronic density of states near the Fermi level (Ef), thus
significantly affect the physical and chemical properties of
the system. Such kind of quantum confinement can be
achieved in thin films grown on semiconductor or insulator
substrates where the conduction electrons are restricted
within a potential well bounded by the vacuum barrier and
the energy band gap of the substrate (or wave vector-de-
pendent relative gap in the case of a metal).

Because the Ar in Pb is nearly four times of the atomic
plane spacing (a,) along the (111) crystallographic direction,
namely g = 4ay, the Pb thin film proves to be an ideal sys-
tem for the study of QSE: film thickness variation by one
atomic-layer can cause significant change in the electronic
structure and physical properties [4-10]. Interference pat-
terns of electron waves were observed in the wedge-shaped
Pb islands on Si (111) [4], and scanning tunneling spectros-
copy (STS) measurement revealed its quantum origin. Sev-
eral groups studied the novel stability of Pb islands, where
magic heights of the islands were identified by STM/STS
[5]. In the case of atomically flat Pb films, investigation on
the electronic structure by ARPES reveals the significance
of QSE [10, 11]. However, most of the studies are limited to
a relatively small thickness regime (<10 ML). For thicker
films, there is an uncertainty in film uniformity as evidenced
by the lack of a ~2 monolayer (ML) oscillatory period in the
density of states [12, 13]. Because of the very short Ar (1.03
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nm) of Pb, an elaborate proof for the QSE requires atomi-
cally flat films with precise control of their thicknesses on a
macroscopic scale by which the properties can be character-
ized. Due to the large lattice mismatch and different chemi-
cal bonding nature, preparation of a metal film with atomic
level precision on a semiconductor substrate remains a great
challenge in material science [14, 15].

We have investigated the low-temperature molecular
beam epitaxy (MBE) growth of Pb thin films on Si(111)
surfaces, and have successfully prepared atomically flat Pb
films with known absolute thicknesses in terms of atomic
layers. The QSE is systematically studied by measuring the
thickness-dependent growth mode, electronic structure (the
density of states near Er and electron—phonon coupling) and
physical properties (superconductivity and thermal expansion)
by using reflection high energy electron diffraction (RHEED),
STM and ARPES, and a persistent QSE resulted 2 ML oscil-
lation in these quantities is established, as reported here.

2 Experimental results and discussion

2.1
lands

QSE in the STM manipulation of wedge-shaped is-

The experiments were carried out in an ultrahigh vacuum
(~5x107" Torr) variable temperature STM system equipped
with a MBE chamber for thin film growth. The Pb islands
were grown by depositing high purity (99.999 %) Pb from a
Knudsen cell on Si (111) substrates pre-cleaned using stan-
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dard flashing procedure [16]. During Pb deposition, the Si
substrates were held at 145 K with flowing liquid nitrogen.
The STM images were taken with a typical tunneling current
of ~20 pA and a bias voltage of 1.5 V at both room tem-
perature (RT, 300 K) and low temperature (LT,240 K), while
the STM manipulations were executed by applying a voltage
pulse of up to 10 V when the scanning tip was located at a
place of interest with its feedback active. Right after the
pulse, the normal STM scanning was immediately resumed
to monitor the morphological evolution.

On a stepped substrate [Fig. 1 (a)], the flat-top Pb (111)
islands containing several thicknesses along the ascending
of the Si substrate are formed, as illustrated schematically in
Fig. 1 (i), where both even and odd layers appear. Because
of the special trait of Pb/Si (111), the electronic structure of
Pb films change dramatically with a period of about 2 ML.
Usually, QSE favors only even layers (more stable), because
the energy quantization of internal electrons results in a
higher total electron energy in the odd-layered regions (la-
beled with the red color) than that in even layers (labeled
with the blue) in Fig. 1 (i), as indicated by the electron in-
terference fringes on the wedge-shaped island [4]. We an-
ticipate that if 1 ML Pb is added only on the top of those
odd-layered regions, every region of the Pb island becomes
even-layered [Fig. 1(j)] and hence the system energy is low-
ered in terms of QSE. However, the QSE is satisfied at the
expense of creating additional surface steps, by raising the
total surface step free energy. If the two effects are compa-
rable in quantity, the system is frustrated for being unable to
satisfy both step energy minimization and QSE. In reality,
achieving this dynamic process is very difficult.

Fig. 1 A sequence of STM images (1000 nmx1000 nm) recorded at room temperature (a—h), showing the evolution of a wedge-shaped
Pb (111) island on Si (111). A voltage pulse of 5 V was applied near the island edge for several milliseconds, as indicated with an arrow in
(a) for an original island before STM manipulation where the Pb island increases its thickness successively from 4.5 nm to 7.3 nm. The be-
low side-view schematics show: (i) initial flat-top Pb island, (j) selective strip growth turning odd-layered regions into even-layered (b—d), (k)
double-layer strip growth maintaining the even-layered state (e—h), and (1) a flat-top wedge after the growth of two atomic-layers of Pb.



We find that by applying an electrical trigger pulse using
an STM on this system, massive atom transport could be
initiated in a controllable manner to transform the film mor-
phology and swing the system back and forth between the
two extreme states [Fig. 1(i), (j)] favored by each force,
adding precisely 1 ML to the island thickness with a full
cycle of this nanoscale “free-energy pendulum”. This situa-

tion is clearly shown by the sequential STM snapshots in Fig.

1, where Fig. 1(a) and (i) show the original flat-top Pb is-
land and its schematic cross-section, respectively. After ap-
plying an electrical pulse (5 V) with an STM tip, a new Pb
layer begins to grow spontaneously from where the voltage
pulse was applied [as indicated by the arrow in Fig. 1 (a)].
The early stage of the pulse-induced growth is characterized
by a novel selective strip-flow behavior confined by the Si
substrate step edges [Fig. 1(b—d) and (j)]. As discussed
above, one atomic layer grows only on the odd-layered re-
gions, leaving the original even-layered regions unchanged.
This strip-flow growth continues until all regions become
even layered. Until then, the system has transformed into a

new state where quantized electron energy is minimized [Fig.

1 (d) and (j)], while the surface has a stripped configuration.
It is clear that the selective strip-flow growth is driven by
QSE at the expense of surface step energy. If no additional
voltage pulse is applied, the system will recover its flat top
geometry seen in Fig. 1 (a) by atom incorporation at the
steps to minimize the surface step energy, but now at the
expense of raising the quantized electron energy (image not
shown). In this way, for each operation one full monolayer
of about more than one million Pb atoms is precisely added
on the wedge surface.

Such QSE-driven island evolution could also display
more intricate dynamics. If we control the manipulation by
applying a second pulse just before the recover of the flat
top surface, a double-layer strip growth can be achieved and
shown in Fig. 1 (e)—(g), and (k). In this case, QSE dominates
over the step effects causing a spontaneous bi-layer growth
and the system always maintains to satisfy the QSE [17].
Again, when left alone, the growth will ultimately proceed
to restore the flat-top configuration [Fig. 1 (g) and (h)].

The most intriguing part of this result is why the system
in the quantum regime behaves like a “pendulum”, and
chooses to swing to the extremes globally rather than to
evolve along a compromised pathway. While in the classical
regime, where the QSE is not predominantly involved with
the film thickness above 20 ML, a manipulation with STM
tip will always induced a layer-by-layer mode where the
growth begins first with wetting the island’s edge followed
by the decay of the vacancy island [18]. Our experiments
clearly show that with different weight of QSE contributing
to the driving forces, different growth dynamics can be real-
ized with a stripe-flow growth mainly due to QSE, or with a
layer-by-layer growth characterized with a special growth
behavior of vacancy island growth closely related with the
classical effects. Particularly in the regime favored by QSE,
it is possible to construct the quantum intrinsic structures
instead of the classical stable ones [19].
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2.2 Novel Growth behavior of Pb films and band structure
determination by quantum well spectroscopy

During Pb thin film growth in the MBE chamber, the sub-
strate was cooled to about 145 K by a copper block with two
liquid nitrogen vessels. RHEED patterns were used for the
real-time monitoring of film growth and were taken along

the [110]azimuth of the Si (111)-7x7 surfaces at glancing

incidence angle with an electron beam energy of 12 keV.
After growth, the samples were directly transferred to an
ultra-high vacuum (5x107" Torr) analysis chamber, where
an Omicron STM and an ARPES system were installed for
in situ surface morphology and electronic structure charac-
terization. The photoemission spectra were collected by a
GAMMADATA SCIENTA SES-2002 analyzer, with an en-
ergy resolution of 2 meV.

2.2.1 The growth behavior of Pb/Si (111)

To achieve an ideal 2D system, we have performed a sys-
tematic study of the growth of Pb on Si (111) with a low
temperature deposition method [20]. With this method, flat
metal films had been prepared on several semiconductor
substrates, which exhibit intriguing thickness-dependent
stability [20-24]. An “electronic growth” model was used to
account for the special growth mode, where QSE plays an
important role in the magic stability of thin films [26].

The upper panel in Fig. 2 displays the sequential RHEED
patterns during growth at a substrate temperature of 145 K.
The 7x fractional diffraction streaks become weak after 1
ML Pb deposition [Fig. 2 (a)] and disappear completely at
1.5 ML (not shown) because of formation of the typical
featureless wetting layer. With increasing thickness, 1xlike
long dim streaks superimposed with bright spots appear [Fig.
2 (b)], suggesting the formation of 3D islands above the
wetting layer. The spots, the fingerprint of the 3D islands are
interconnected gradually and replaced with long sharp
streaks at ~6 ML [Fig. 2 (c)]. Then, a layer-by-layer growth
dominates above 6 ML. With further Pb deposition, there is
no noticeable change in the RHEED patterns [Fig. 2(d)].
These results are in good agreement with a previous
real-time X-ray study [27]. This growth behavior is under-
standable since 2D growth is kinetically accessible due to
decreased atom diffusion at a low temperature compared to
the traditional methods where 3D growth is thermodynami-
cally promoted.

The lower panel in Fig. 2 shows the corresponding STM
images recorded at room temperature. Below 1.5 ML, the
featureless wetting layer, consisting of small Pb clusters, is
seen in Fig. 2 (e). Many 3D flat-top islands are observed
when the thickness is smaller than 6 ML [Fig. 2 (f)], corre-
sponding to the streak-plus-spot RHEED pattern in Fig. 2 (b).
Surprisingly, while a uniform film in the thickness regime
(6 ML ~10 ML) is expected from the RHEED pattern in Fig.
2 (c), the corresponding room-temperature morphology ex-
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(h)

Fig. 2 RHEED patterns (a—d) taken during Pb deposition on Si (111) substrate at 145 K, and the corresponding room temperature STM
images (e—h). The image size is 2 000 nmx2 000 nm. Nominal thicknesses for the Pb films are 1 ML, 3.5 ML, 6 ML and 10 ML for (a), (b),

(c) and (d), respectively.

hibits interconnected islands [Fig.2 (g)]. The films only be-
come stable at room temperature when the coverage is =10
ML, as shown by the STM image in Fig. 2 (h). Hence, 10
ML can be identified as a critical thickness (or the smallest
thickness) for the formation of stable films at room tem-
perature.

The above morphology evolution (<10 ML) can be
qualitatively explained by the “electronic growth” model.
According to this model, the stability of a thin film is inti-
mately related to the electronic contribution to the system
energy, which mediates a long-range force, counteracting the
unfavorable over-layer substrate interface energy [26]. The
trade-off between the energy minimization by the long-range
force and the energy punish due to the thermal effects de-
fines a “critical thickness” of 10 ML at room temperature.

Above 10 ML, the growth exhibits another interesting
double-layer growth mode (Fig. 3). When the 13 ML film
shows an atomically smooth surface [Fig. 3 (a)], the 14 ML
film is actually composed of a flat 13 ML film plus 2 ML
high islands covering 50 % percent of the surface. Since we
can’t simply use STM to determine the absolute film thick-
ness, the magic stability or the growth behavior identifica-
tion demands a more sensitive tool. Photoemission spec-
troscopy probes the quantized energy levels or the QWS,
which can be used to measure indirectly the film thickness
by a Bohr-Sommerfeld quantization rule, as reported in pre-
vious study [2]. Series ARPES spectra of the Pb films with
atomically flat surface are displayed in Fig. 3 (c). The sharp
and intense peaks near the Fermi level correspond to the
QWS peaks, while the broad and less intense peaks with a
binding energy larger than 0.5 eV derives from the reso-
nance states. Evidently, if a film is terminated with a com-
plete layer, its spectra will show only one set of intense and
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Fig. 3 Room temperature STM images (2 000 nm x 2 000 nm) of the Pb
films of 13 ML (a) and 14 ML (b). All stable films exhibit essentially the
same morphology as shown in (a), and are (111) oriented. In (b), the letter
“A” indicates the 2 ML high islands on top of the 13 ML film labeled with
the letter “B”. (¢) Normal emission spectra measured at 110 K with the
successive spectra graphically offset for clarity. Binding energy at 0.0 eV
corresponds to the Fermi level.



sharp QWS peaks. Such spectra were observed for the stable
films of 10 ML, 12 ML, 13 ML, 15 ML, 17 ML, 19 ML, 21
ML, 22 ML, 23 ML and 24 ML. However, for the films with
nominal thicknesses of 11 ML, 14 ML, 16 ML, 18 ML and
20 ML where half of the surface is covered by 2 ML-high
islands, the corresponding photoemission spectra exhibit a
mixture of different sets of QWS peaks from the adjacent
stable layers as shown before [26]. Based on the measure-
ment by both ARPES and STM, a double-layer growth mode
can be identified between 10 ML and 21 ML with a turning
point at 13 ML, where the stable thicknesses change from
even layers (below 13 ML) to odd layers. Above 21 ML, the
growth proceeds via a quasi layer-by-layer mode and con-
tinuous layers could be obtained.

2.2.2  Band structure determination

To understand the magic stability of the Pb films, we did
careful analysis of the photoemission data. By fitting the
QWS energy with the phase accumulation model, the band
structure of Pb was obtained. For s-p metals, the quantized
energy levels (or QWS) are often described with the phase
accumulation model [2],

2k(EYNd + ¢, (E)+ ¢.(E) =2mn (1)
where k (E) is the electron wavevector along the I'L (111)
direction, ¢, (£) and ¢, (E) are the phase shifts for an elec-

tron upon reflection at the surface and the interface, respec-
tively. n (an integer) is the QWS index, N is the number of
atomic layers in the film, and d = 2.8435 A is the lattice
spacing along the I'L direction [29].

Because the phase shift depends strongly on the electron
energy, the wavevector k (E) at a given energy can be calcu-
lated with a simple formula,

k(E)=m (ny —n)/[(N; = Ny)d] (2)
where N; and N, correspond to the film thicknesses with the
same QWS energy (E), and their index is labeled with n; and
ny, respectively k(E) as determined by this method is shown
in the insert of Fig. 4 (a), where the QWS energy exhibits an
approximately linear dependence on k. Since this energy
band comes from band folding from the second Brillouin

P (kg -

zone, we fit the band using E = kF)(k—kF).

me
The fitting yields an effective electron mass of m, = 1.2m,
(m. is the free electron mass) and a Fermi wavevector of
ke =0.611 A™', or ky =2kg, —kp =1.598 A~ before the
band folding. This value is very close to the value of 1.596
A™! obtained from the De Hass-Van Alphen measurement
within an extended Brillouin zone scheme [29, 30].

We further fit the QWS energy in the E-d plane [Fig. 4 (a)]
by assuming a linear dependence of the total phase shift on
energy, i.e., ¢+ ¢;= n (a. E+b) The fitted result(diamonds)
is in good agreement with the experimental results (shad-
owed squares). The value of kz= 0.611 A™" leads to a Fermi
level crossing of the QWS at every AN = n/(kpd) = 1.8,
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similar to a previous theoretical calculation [31]. This ex-
plains our photoemission data in Fig. 3 (c) that the highest
occupied QWS above 21 ML oscillates (with respect to Er )
with a nearly 2 ML period. The 2 ML oscillation was found
to result in a spectacular oscillation of the superconducting
transition temperature, as discussed below [32].
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Fig. 4 (a) Binding energy of the QWS as a function of Pb film thickness
(the shadowed squares and diamonds correspond to the experimental and
the fitting results, respectively). For each measured “branch”, the reduced
quantum member P is indicated in the right panel of the figure. The insert
shows the experimental energy band £ (k) along the I'L direction in the first
Brillouin zone. (b) Calculated relative surface energy as a function of Pb
film thickness.

The small difference between 2kr and kg, generates a
“beating effect” with an oscillation period of 7 /(2kr —kg,) =
9 ML [31], since the thickness of a film is always an integer
in terms of the number of atomic layers. In Fig. 4 (a), the
QWS labeled with index P (defined as P =3N —2 n) crosses
Er with a 9 ML period. Whenever the QWS of an odd (even)
branch P crosses Ef, there will be a switching of the film
stability from odd (even) to even (odd) layers. This even-
odd switching occurs at 13 ML, 22 ML, and 31 ML, respec-
tively, with an interval of 9 ML. In particular, the films be-
come most unstable if their QWS is right at Er. This
situation appears at 11 ML, 20 ML, 29 ML, and 38 ML,
again with an interval of 9 ML.

Based on the “electronic growth” model, we can under-
stand the novel stability of the Pb films. From our experi-
ment, for P=2 (10 ML, 12 ML) and P=3 (13 ML, 15 ML,
17 ML, 19 ML, 21 ML), the occupied QWS of the stable
films has a lower energy than the adjacent unstable layers.
With increasing film thickness, the energy difference be-
tween the odd and even layers becomes smaller, eventually
leading to a quasi layer-by-layer growth above 21 ML. Rela-
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tive surface energy calculation can provide us a global un-
derstanding of the novel stability as a function of film
thickness [33]. Based on the experimental results, we calcu-
lated the surface energy of the Pb films in a Friedel form
[34]:

cos[2kp (N +AN)d | B 3

(N+AN)*

where ks = 1.598 A™! from our experiment, d =2.8435 A is
the atomic layer spacing, a =0.938, and 4 and B are con-
stant. AN is the additional thickness caused by the quantum
well width change associated with the charge transfer be-
tween the Pb overlayer and the substrate [9]. As shown in Fig.
4 (b), Eq. (3) represents a damped sinusoidal function with a
Friedel oscillation wavelength that is half of the Fermi
wavelength (1.8 ML in Pb), riding on an envelope “beating”
function with a 9 ML internodes distance. The film stability
and the growth behavior observed in our experiments are
consistent with this calculation.

Clearly, the stability of the Pb films is closely related to
the electronic structure or the formation of the QWS, thus is
modulated by the QSE. The new result here is the dramatic
manifestation of the persistent QSE on the film stability up
to 21 ML. A one-to-one correspondence between the film
stability and the electronic structure is established. Many
intrinsic traits, such as both the 2 ML and the 9 ML oscilla-
tion periods in film stability and in electronic structure, are
also identified. The determination of the band structure, the
Fermi wavevector and the effective mass provides more
profound understanding of this system [35].

E(N)=4

2.3 Quantum oscillation of superconductivity

Because of the progressing of energy as a function of film
thickness and the discrete nature of QWS, the position of the
highest occupied QWS oscillates with respect to £ (0.0 eV)
between the odd and even layers with a 2 ML period. Our
first-principles calculations also show a similar feature in the
electron density of states at Er [36]. Since many physical
properties such as superconductivity depend strongly on the
distribution of electrons near Er, we anticipate a similar os-
cillatory behavior in the superconductivity of Pb films. The
influence of QSE on the superconductivity of thin films is a
topic of fundamental importance in solid state physics, and
the internal idea was discussed early in the 1960s [37].
According to the theory, the superconducting transition
temperature decreases as the thickness is decreased [38, 39].
Non-monotonic behavior in superconducting transition
temperature was reported experimentally previously, since
the samples were not structurally defined and exhibit typical
polycrystalline and granular morphology [40—42]. However,
a convincing proof for QSE on the superconducting transi-
tion is the quantum oscillation.

The atomically uniform thin films over a macroscopic
area enables us to observe this quantum oscillation. The ex
situ transport measurements of the Pb films covered by ~4
ML Au were performed with a quantum design magnetic

property measurement system (MPMS-5). From the tem-
perature dependence of the film resistance, the supercon-
ducting transition temperature (7;) is defined as the tem-
perature at which the film resistance becomes half of the
normal state resistance at 7= 8 K, as indicated by the arrow
in the insert of Fig. 5. The transition temperature (black
solid balls) as a function of film thickness is plotted in Fig. 5,
where an overall trend of increasing 7, with increasing film
thickness is seen which is consistent with the feature of
conventional two-dimensional superconductors. An oscilla-
tory behavior in 7, is clearly observed with a period of 2 ML
for films above 21 ML: a higher 7, for the even number
thicknesses and a lower 7, for the odd number thicknesses.
Monotonic behavior in 7, below 21 ML is also noticed be-
cause of the missing intervening even layers. One can easily
imagine an oscillatory behavior if these even layers could be
created.
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Fig. 5 Superconducting transition temperature 7. (dots) and density of
states N(Er)oc—o(dH.2/dT)r, (stars) plotted as a function of Pb film thick-

ness, clearly demonstrating an non-monotonic oscillatory behavior in both
T. and N(Ef). The insert shows the resistance as a function of temperature
measured from the 28 ML film, which reveals a sharp transition to
superconductivity at 6.32 K, as indicated by the arrow.

According to the Bardeen-Cooper-Schrieffer (BCS) the-
ory of superconductivity [43], T, depends exponentially on
the density of states at Er and on the electron-phonon cou-
pling, which mediates the binding of Cooper pairs in the
form of:

kgT, =1.14ha, exp[-1/N (Ep)V ] 4)

where kg is the Boltzmann constant, @, is the Debye fre-
quency, N (Ef) is the density of states per spin, and V' is the
phonon-mediated attractive interaction at the Fermi surface.
For a system with the QSE involved, N (Ef) oscillates with ¢

as N (Ep)=(m"/nh’t)[2t/ 2] andtis the film thickness,

where m” is the effective mass of electrons, % is the Planck
constant, and [2t/ /IF] is the integer part of 2¢/A¢. With this
simple description, an oscillating 7, with a period of 4 A in
Sn films was interpreted to be due to the QSE [40]. In our
case, the A of Pb is nearly 4 ML, this is why the oscillating
period is 2 ML.

In situ measurement of the electron density of states was



also executed to understand the origin of the oscillatory T..
The photoemission data in Fig. 3 (c) cannot be directly used
for two reasons. Firstly, those data were collected along the
normal-emission direction (perpendicular to the sample sur-
face), which is not a complete measurement of the density of
states. Secondly, those data were obtained in situ for the bare
Pb films without the Au overlayers. An independent estima-
tion of N(Ef) was done by measuring the film resistance (R)
as a function of applied magnetic field () along the surface
normal direction at different temperatures near 7 separately,
namely the R-H curve from which the H,-T curve is esti-
mated. Here, H, is the upper critical field, defined as the
magnetic field at which the film resistance R reaches to half
of the normal state resistance at the onset point for super-
conducting transition. In the Ginzburg-Lan- dau-Abricosov-
Gorkov theory, the N(£p) of a Pb film is proportional to the

slope dH,,/dT of the upper critical field near T, via [44],
N (Eg)oc =5 (dH, /dT), 5)

where 0 is the normal state conductivity. The relative con-
ductance 6 was estimated from the sample size. The fitting
result for dH.,/dT from the measurement is plotted in Fig. 5
(stars), which clearly shows a nice correspondence between
the density of states and 7 [32].

2.4 Quantum oscillation of electron-phonon coupling and
thermal expansion coefficient

In this part, variable temperature ARPES measurement was
carried out to determine the electron-phonon coupling and
thermal expansion. A sample manipulator with a button
heater attached to the head of an open-cycle He cryostat
flowed with liquid nitrogen, was used to control the sub-
strate temperature from 20 K to 300 K with a precision of
0.1 K during ARPES measurement.

2.4.1 Quantum oscillation of electron phonon coupling
strength

As shown above, the electron density of states at the Fermi
energy is not the only factor affecting the superconducting
transition temperature. For a conventional superconductor
such as Pb, electron-electron attraction necessary for the
binding of Cooper pairs is ultimately due to electron-phonon
interactions [45]. As we mentioned earlier, the formation of
QWS strongly regulates the mechanical stability of films
reflected with expansion and shrinkage of interlayer spacing
[46]. Both of the factors speak directly to the possibility of
modulating the electron-phonon coupling.

Similar to other spectroscopy, the photoemission spec-
troscopy does not simply probe the ground state, rather, the
resulting decayed excitations (the photoholes), and thus
many-body effects such as electron-phonon coupling could
be involved experimentally. In the last few years, prominent
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progress has been made in the study of electron-phonon
coupling strength (A) for the surface states in bulk materials
[47-49] or for the QWS in thin films by ARPES [50-53].
For crystalline metal surfaces, the observed photoemission
peak width is proportional to 7/ 7 , where 7 is the lifetime of
the hole state excitations. At high temperatures (greater than
one-third of the Debye temperature) and small hole energies
(lower than the bandwidth), the temperature-dependence of
the QWS peak width is actually a good measure of the pho-
non contribution to the hole lifetime. Since the influence of
the electron-electron interactions and the defect scattering
are negligible in this case, and the inverse hole lifetime can
be given by h/7=2nAkgT, where A equals 2mk times the

slope of the peak width vs. temperature.

The variable temperature ARPES spectra for the 23 ML
and 24 ML films are shown in Fig. 6. With increasing sub-
strate temperature, the peak position of the QWS shifts to-
wards higher binding energies while the peak width broad-
ens [54]. To find out the exact relation between the
linewidth (AE) of the QWS and the temperature, a curve
fitting by Voigt profile with Lorentzian line shape was made.
Typical fitted results are plotted in Fig. 7 (a) for the films of
22 ML and 23 ML, where AE increases linearly with in-
creasing temperature and exhibits prominent different slopes
for the adjacent layers. According to the previous discussion,
this slope is related to the A value via

1 dAE

- = 6
2n kg dT ©

The A values derived from the QWS peaks for different
film thicknesses are shown in Fig. 7 (b) (triangles), where
only the values for stable layers(15,17,19,21,22,23,24 ML)

Photoemission intensity/a.u.

! i
| P T SR PR B SR |

0.5 0.0 0.5 0.0

Binding energy/eV Binding energy/eV
(a) (b)
Fig. 6 Temperature-dependent photoemission spectra of Pb films for (a)
23 ML and (b) 24 ML collected within a temperature range 75-270 K. The
vertical dashed lines reveal the variation of the QWS binding energy as the
film temperature is changed.



330

are plotted. Besides an overall gradual increase of the
A towards the bulk value (1.55) [55], an oscillation of A with
a period of 2 ML is clearly noted from 21 to 24 ML. As a
comparison, the 7, for the Pb films is also shown in Fig.7 (b)
(dots). A clear correspondenchie between A and the experi-
mental T, for different layers is obvious, but the variation
trend is inversed in amplitude vs. tckness above 21 ML.
That is to say, a larger A corresponds to a lower T.. This is
because the experimental 7, was acquired with the Pb films
covered by 4 ML Au while the photoemission data for the
measurement of 4 was taken from the clean surfaces.

0.24
= 021
2
=
= 018
0.15
0.12
80 120 160 200 240
Temperature/K
(a)
8
1.8 F
16
1.5 F
14 .
~
1.2 F
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0.9 F
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0.6
L . L L L )
14 16 18 20 22 24
Coverage/ML
(b)

Fig. 7 (a) Lorentzian peak widths of the QWS of the 22 ML (square) and
23 ML (triangle) films plotted as a function of temperature. (b) Measured
A (triangles) and calculated superconductivity transition temperature (dia-

1.04(1+ 2)
A—py"—0.624u"
thickness. In the calculation, typical values of 0.1 for ™ (the effective Cou-
lomb interaction) and 105 K for @, (the Debye temperature) were used. As

a comparison, the experimental transition temperature of the Pb films is
also displayed (dots).

monds) by the formula T =&exp{—

as a function of
1.45

2.4.2  Quantum oscillation of the thermal expansion coeffi-
cient

Another important result in Fig. 6 is that, for both films, the
QWS peaks shift always towards higher binding energies
with increasing substrate temperature. For all Pb films stud-

ied in this work, the maximum shift of the QWS binding
energy is less than 100 meV when the temperature varies
from 75 K to 270 K. For example, the net shifts for the films
of 23 ML and 24 ML are 84 meV and 65 meV, respectively.

Such thermal-induced shift in QWS energy was observed
in Ag/V (100) and Ag/Fe (100) systems previously [52, 56],
but opposite results were obtained: the binding energy in-
creases in Ag/V (100), and it decreases in Ag/Fe (100) with
increasing temperature. Our result is similar to that in Ag/V
(100). Three factors cause the shift of the QWS energy with
the thermal effects: the width of the potential well, the Fermi
level, and the phase shift at the interface. For a 2D system,
change of the phase shift at the interface plays minor effect
[57].

To quantify our experimental results, the temperature-
dependence of the QWS binding energy for some Pb films is
fitted linearly and shown in Fig. 8 (a). We attribute the shift
of the QWS energy to the thermal broadening of the con-
finement well width, as well as the variation of the Fermi
level of the films. Within a free electron approximation, the
temperature-dependence of the Fermi energy of a bulk ma-
terial is described as,

dE; /dT = —2E;a, (7)

where «, is the linear thermal expansion coefficient of the
material, and Er is its Fermi energy calculated relative to
the bottom of the valence band (for bulk Pb, Er =9.47 eV).
The thermal shift of the QWS energy (Eqw) with respect to
the bottom of valence band has a form of:

where «. is the linear expansion coefficient along the con-
fined direction. For thin film, its linear expansion in the film
plane (x-y plane) should be very close to that of bulk Si.
While in the z direction, because of the Poisson effects and
that the linear expansion coefficient of Si (2.8x10°K™) is
one order of magnitude lower than that of Pb (2.89x107
K™"), the thermal expansion is expected to be larger than that
of bulk Pb. This results in an increase of the QWS binding
energy as the temperature is increased. We calculated the
linear thermal expansion coefficient [Fig. 8 (c)] along the
confined direction by using the experimental thermal shift of
the QWS energies with Egs. (7) and (8). Several observa-
tions can be made: (1) the calculated thermal expansion co-
efficients in the film normal direction are greatly enhanced
than that of bulk Pb; (2) the overall trend is that a lower
value corresponds to a film with a higher QWS binding en-
ergy; (3) a 2 ML oscillation behavior appears from 21 ML to
24 ML.

To understand the global enhancement of the linear ther-
mal expansion coefficient, we use «,, ap and « to describe
the linear expansion coefficient of free standing film, the
confined film in the film plane and the film normal direction,
respectively. o, can be expressed as,

+ Z(ar _aP)n
1-n

a, =0,

)
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Fig. 8 (a) Binding energy of the QWS plotted as a function of temperature. The dots and lines indicate the experimental data and linear fits,
respectively. (b) Experimental QWS binding energy (squares) and theoretical values fitted within a one dimensional square well model
(diamonds) in terms of atomic layers. (¢) Thermal expansion coefficients of the Pb films along the confined direction calculated with the pro-

posed model.

where 7 is the Poisson ratio. For Pb/Si (111), substituting .
and ap by the linear expansion coefficients of bulk Pb and
bulk Si, respectively, and taking 7 as the Poisson ratio of
bulk Pb (0.44), we obtain that ¢, equals 2.414 «,. Namely,
in an ideal case, the thermal expansion in z direction should
be enhanced by a factor of two compared to the bulk, which
is adequate to explain the global enhancement of our ex-
perimental data. A more straightforward explanation of this
oscillatory thermal expansion coefficient can refer to the
so-called misfit function [58, 59]:

S (n) = (10)

A
ndy —m=~
2

where 7 is the number of atomic layers, and m is an integer
and selected to make 6 a minimum. Generally speaking, a
dramatic mismatch with a large 6 can make the electron
standing waves not fit properly into the potential well (ndy).
This corresponds to a lower QWS binding energy and a less

stable film. On the contrary, a lower o implies a well matched
system and a stable film with higher QWS binding energy.
The prominent difference of the expansion behavior be-
tween the even and the odd Pb layers should be a manifesta-
tion of different film stability. It is obvious that a large ex-
pansion coefficient can be expected for an unstable film with
a large 0. For the films of 21 ML or 23 ML thick, d is close
to Ag /4 (its maximum value). In this case, further change
(either decrease or increase) of the confinement well width
will decrease the mismatch and the system energy, and ex-
pansion will become easier. On the other hand, for a stable
layer (22 ML or 24 ML) with a small 6 (close to 0), expan-
sion will increase the mismatch between nd, and mA; /2,

thus the expansion in these films is more energetically un-
favorable. As shown previously [28], the film stability os-
cillating with a period of 2 ML is interpreted to be due to the
formation of the QWS, so does the thermal expansion coef-
ficient [60].
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3 Conclusions

We have performed a systematic investigation of the QSE in
Pb/Si(111) system by using two different types of samples.
We demonstrate a dynamic morphology evolution process
caused by the competition between QSE and classical ef-
fects in the Pb islands manipulated by an STM tip. By pre-
paring atomically flat Pb films with accurate control of their
thickness, oscillatory superconducting transition temperature,
electron-phonon coupling constant and thermal expansion
coefficient were observed. These oscillatory behaviors prove
to be directly related to the formation of QWS that greatly
modulate the electronic structure near the Fermi level. The
influence of QSE on the perpendicular upper critical field,
chemical adsorption, as well as the adhesion coefficient in
this system has also been studied and will be reported else-
where [61-63].
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