PHYSICAL REVIEW B 104, L161402 (2021)

Interfacial electron-phonon coupling and quantum confinement in ultrathin Yb films on graphite
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Interfacial electron-phonon coupling in ultrathin films has attracted much interest recently. Here, by combining
angle-resolved photoemission spectroscopy and scanning tunneling microscopy, we report quantized electronic
states and strong interfacial electron-phonon coupling in ultrathin Yb films on graphite. We observed clear kinks
in the energy-momentum dispersion of quantum well states, and the kink positions agree well with the energies
of optical phonons of graphite. The extracted coupling strength A is largest for the thinnest film with a preferred
(“magic”) thickness of four monolayers and exhibits a strong band dependence, which can be qualitatively
accounted for by a simple model. The interfacial electron-phonon coupling also gives rise to characteristic
steplike structures in the dI/dV spectra, implying dominant coupling with the phonons with zero in-plane
momentum. A Lifshitz transition occurs at higher coverage, where quantum well states derived mainly from 5d
electrons dominate near the Fermi level and possess large effective mass (up to ~19 m,). Our results highlight the
potentially important role of interfacial electron-phonon interaction for ultrathin films and provide spectroscopic
insight to understand this cross-interface fermion-boson interaction.
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Electron-phonon coupling (EPC) plays an important role
in condensed matter physics; it can drive superconductivity
(SC) and charge-density-wave formation [1]. While EPC in
bulk materials has been studied extensively, much less is
understood about interfacial EPC in ultrathin films grown
on substrates. Because of the abrupt change in the crystal
potential at the interface [2], EPC at the interface can be
much stronger than that in the bulk, possibly leading to novel
consequences. A notable example is the single-layer FeSe
grown on SrTiO3(001), for which a SC transition temperature
Tc up to 60 K has been reported [3—8], almost an order of
magnitude higher than the bulk 7¢ (8 K). This remarkable
enhancement has been partially attributed to a large interfa-
cial EPC [9-12]. Experimental signatures of interfacial EPC
in thin films have been identified by angle-resolved photoe-
mission spectroscopy (ARPES) via shake-off bands due to
bosonic excitations [9] or temperature-dependent broadening
of quasiparticle bands [2]. Theoretically, when the substrate

“These authors contributed equally to this work.
Tyiyin@zju.edu.cn
tyangliuphys @zju.edu.cn

2469-9950/2021/104(16)/L161402(6)

L161402-1

phonon energy is much smaller than the conduction band
width of the film, interfacial EPC could also give rise to kinks
in the quasiparticle dispersions [13], similar to those observed
in bulk samples such as cuprates [14—16] or in simple metal
surfaces [17,18]. Here, we report evidence of such kinks for
the quantum well states (QWSs) in ultrathin Yb films grown
on graphite, implying a band-dependent coupling constant A
as large as 0.6. The interfacial EPC is further supported by
measurements from scanning tunneling microscopy (STM),
which reveal steplike features in the d1/dV curves caused by
the phonon-mediated inelastic tunneling. These spectroscopic
signatures of interfacial EPC can be important for character-
izing and understanding this cross-interface interaction.

Our work on Yb films is also motivated by earlier studies
suggesting that 4f electrons might play an important role in
the Fermi surface (FS) of ultrathin Yb films at low tempera-
tures [19], analogous to its electron counterpart Ce with one
4f electron [20-22]. Some recent work further showed that
bulk Yb under pressure could undergo valence fluctuations
associated with the 4 f occupancy and exhibit a SC transition
at temperatures up to 6 K [23]. Therefore it is important to
elucidate the underlying electronic structure and understand
the role of 4 f electrons and electronic correlation. Prior stud-
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FIG. 1. Film growth and formation of magic-height islands.
(a)—(d) STM images of clean graphite substrate (a) and Yb films with
increasing nominal coverages: 2.5 MLs (b), 6 MLs (c¢), and 9.5 MLs
(d). (e) The (1,0) peak intensity from RHEED as a function of film
coverage, showing a slope change near three MLs. The inset is a line
cut of RHEED intensity, implying possibly a small lattice change
between 2 MLs and 15 MLs. (f) Height profile of a four-ML magic
island along the dashed line shown in Fig. 1(b). (g) The island height
distribution for a film with 2.5-ML coverage. (h) ARPES spectra
for the substrate and for Yb films with one- and three-ML nominal
coverages. (i) Cartoons illustrating different stages of film growth
(stages 1-4).

ies of Yb films on W(110) [24-26], while informative, did not
provide the fine electronic structures near the Fermi level (Er)
to address the issues of 4 f-5d occupancy and interfacial EPC
effects.

Yb films were grown on graphite at room temperature
using molecular beam epitaxy (MBE). ARPES and STM mea-
surements were performed at low temperatures (~20 K for
ARPES and ~4.7 K for STM) by transferring the sample un-
der ultrahigh vacuum from the MBE chamber to the ARPES
or STM chamber. More growth and measurement details can
be found in the Supplemental Material [27]. Figures 1(a)-1(d)
show the STM images of the Yb films at various nominal cov-
erages (the coverage refers to the amount of Yb deposited onto
graphite [27]). At low coverage, flat islands with a preferred
height of four monolayers (MLs) can be readily identified
[Figs. 1(b) and 1(f)]. The height distribution in Fig. 1(g)
reveals the preferred formation of a four-ML island, which is
also supported by measurements from reflection high-energy
electron diffraction (RHEED) in Fig. 1(e), showing a slope
change in the diffraction intensity near a nominal coverage
of four MLs. Figure 1(i) schematically illustrates the growth
behavior: At low coverage (stages 1-3), “magic” islands
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FIG. 2. Thickness-driven Lifshitz transition in Yb films. (a) and
(b) ARPES spectra of a three-ML film (the magic-height islands)
(a) and a ten-ML film (thick film) (b). In (a) the three-ML data
are displayed, as the four-ML data contain a slight admixture from
higher-thickness films due to inevitable roughness [27]. (c) and
(d) The calculated band structures for four-ML (c) and ten-ML
(d) film along two high-symmetry directions, obtained from slab
calculations. (e) The d1/dV curves of Yb films with different thick-
nesses, from STM measurements.

with four-ML height are formed preferably, and the islands
grow laterally to cover the surface below ~4 MLs; above
four MLs (stage 4), islands with higher thickness form with
appreciable roughness. Such magic islands with preferred
height have been reported previously for metallic thin-film
systems [28-30], most notably in Pb/Si(111) [31,32]. The for-
mation of a magic-height island is generally driven by the total
energy minimization, where both the electronic quantization
and interfacial effects could play an important role.

ARPES spectra for Yb films are shown in Figs. 1(h), 2(a),
and 2(b) (more systematic data are included in Fig. S2 of the
Supplemental Material [27]). The graphite substrate shows no
discernible features within the displayed energy and momen-
tum ranges. Approximately parabolic bands emerge as Yb is
deposited; these correspond to quantum well states (QWSs)
of Yb films [33]. The energies and perpendicular momenta of
these QWSs are governed by the Bohr-Sommerfeld quantiza-
tion condition [33]:

2k (E)Nt + @; + ¢; = 207, (1)

where k,(E) is the perpendicular momentum as a function of
energy E, N is the film thickness in MLs, ¢ is the thickness
of one ML, ¢,(¢;) is the phase shift at the surface (interface),
and n is the quantum number of each QWS subband. As N
increases, the QWS energies should change (most obviously
for thinner films) and more subbands should emerge within
the same energy range [34,35]. However, the results for films
of less than four MLs show approximately the same set of
subbands (Fig. 1(h) and also Fig. S2 of the Supplemental
Material [27]), and only the emission intensity increases with
coverage. This confirms the formation of four-ML magic
islands with identically quantized electronic states. For cover-
ages above four MLs, the QWSs become more closely spaced
due to larger thickness (Fig. 2(b) and also Fig. S2 of the
Supplemental Material [27]). Note that the energy positions of
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QWSs are quite different for the three-ML (magic thickness)
film and ten-ML (thick) film: The parabolic bands below
—0.4 eV near I are shifted to lower energies for thicker films,
and simultaneously, heavy electron bands emerge right near
Er [Figs. 2(a) and 2(b)], signaling a thickness-driven Lif-
shitz transition. We mention that the graphite substrate used
here is highly oriented pyrolytic graphite. Hence the ARPES
spectra from the Yb films contain averaged contributions
from domains with different in-plane orientations. Since we
are mainly concerned about isotropic QWSs derived from 6s
electrons, the in-plane orientational averaging does not affect
our main results, as evidenced by the well-defined QWSs
extending to large in-plane momentum.

Figures 2(c) and 2(d) show the calculated band struc-
tures for the four-ML and ten-ML films, obtained from slab
calculations using density functional theory (DFT). The cal-
culations can reasonably reproduce the experimental data in
Figs. 2(a) and 2(b), particularly the thickness-driven Lifshitz
transition, although slight quantitative differences are present.
The parabolic bands near T below —1 eV are derived from
the Yb 6s states, and they shift to lower energies for the
ten-ML film, qualitatively consistent with the experimental
results. Detailed comparison with DFT calculations suggests
that the tensile strain for the magic-thickness film, ~5% in-
ferred from the RHEED measurements shown in Fig. 1(e),
could be important for this energy shift (Figs. S1 and S4 of
the Supplemental Material [27]), in addition to the thickness-
dependent electronic quantization. Another major difference
between the four-ML and ten-ML films is the emergence
in the latter of an intense flat band right below Ep. This
band moves down with increasing thickness, and its estimated
effective mass can be up to ~19m, (see Fig. S6 of the
Supplemental Material [27]). It is tempting to associate this
heavy band with the Yb 4f electrons, especially in view of
earlier reports of a temperature-dependent phase transition in
ultrathin Yb films [19], implying a possible analogy to the
a-y transition in Ce [20]. However, DFT calculations suggest
that this heavy electron band is mostly derived from the Yb 5d
states. This is also supported by the measured energy positions
of shallow 4fs, and 4f;/,, states, which correspond to an
electronic configuration of 4f'* (Fig. S2 of the Supplemental
Material [27]). Thus valence fluctuations or instabilities in-
volving the 4 '3 configuration as suggested in earlier studies
are irrelevant in the present case, and the Yb 4 f electrons play
a minor role near Er. The thickness-driven Lifshitz transition
can be better illustrated from the thickness-dependent dI/dV
curves from STM shown in Fig. 2(e). Here, the occupied
states below Er (probed by ARPES) are rather weak, but the
unoccupied QWSs (mainly from Yb 5d) above Ep can be
clearly observed. The Yb 5d QWS with the lowest energy is
well above Ef for the magic-thickness film, and it approaches
Ep with increasing thickness, eventually crossing Ep at
~8 MLs. Such a large shift with thickness is likely caused by
quantum confinement and the strain effect [27,36]. We note
that the QWS positions in Fig. 2(e) differ slightly from those
in Figs. 2(c) and 2(d), likely due to electron correlation effects.

Strong kinks in the QWS dispersions can be observed
for the magic-thickness film [Fig. 3(a)], suggesting a large
interfacial EPC. In Fig. 3(a), the QWS subbands are labeled
in terms of n =0, 1,2,..., with k,(E) in Eq. (1) defined
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FIG. 3. Band dispersion kinks and phonon-mediated tunneling in
magic-thickness Yb films from interfacial EPC. (a) ARPES spectra
near Er for the magic-thickness film. The extracted band disper-
sions (colored symbols) are overlaid on top of the experimental
data. (b) Extracted band dispersions (colored pluses) and the ex-
trapolated bare-band dispersion without EPC (dash-dotted curves).
(c) Extracted real part of the self-energy and A for each QWS
labeled by (N, n). (d) A typical STM image of magic-thickness
islands. (e) Calculated phonon dispersion relations for graphite.
Dashed ovals and rectangular boxes indicate phonons contributing
to inelastic tunneling for magic-thickness Yb films and the graphite
substrate, respectively. (f) d1/dV curves at different positions labeled
in Fig. 3(d): Positions 1-3 are on bare graphite; positions 4-8 are on
Yb islands. Vertical dashed lines indicate the steplike features due to
the phonon-mediated inelastic tunneling.

with respect to the zone boundary [33]. The kink is partic-
ularly strong for the n = 0 subband and becomes obviously
weaker for larger n. Following the standard procedure of
analyzing EPC in bulk samples [16], we extract the bare-
band dispersions ¢, (without EPC) by extrapolating the QWS
dispersion from far below Ep, shown as dash-dotted curves
in Fig. 3(b). The real part of the self-energy, Re X(F), is
the difference between the experimental band E (k) [colored
pluses in Fig. 3(b)] and the bare-band ;. The resulting
Re X(E)’s from such analysis [Fig. 3(c)] show broad peaks
at approximately —0.18 eV, particularly for n =0 and n =
1. This energy does not correspond to any known bosonic
excitations from Yb itself [37]; instead, it corresponds well
to the in-plane optical phonons of graphite, whose energies
range from 150 to 200 meV [Fig. 3(e)] [38,39]. This im-
plies that the kinks likely originate from the interfacial EPC.
Prior studies from FeSe on SrTiO3(001) suggest that interfa-
cial EPC could be strongly peaked at g = 0 due to a large
ratio between the in-plane and out-of-plane dielectric con-
stants in two-dimensional films [9,40,41]. Therefore the kink
at approximately —0.18 eV could be attributed to the dom-
inant coupling with the in-plane optical phonons near the
I' /A point(s). The strength of the interfacial EPC XA can be
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estimated from

( Z_]E( ) bare
( ?i_llf ) renormalized

A= —1, 2)

which yields A ~ 0.58, 0.38, and 0.01 for n =0, 1, and 2,
respectively.

Evidence of interfacial EPC can also be found in STM
via the phonon-enhanced conductance in the d1/dV spectra.
Specifically, the d1/dV spectra could exhibit steplike features
at the corresponding phonon energies due to sudden onset of
phonon-mediated inelastic tunneling [42—44]. Such phonon-
induced steplike structures have been well documented for
graphene and graphite [42,43,45] and are reproduced here for
the graphite substrate [Figs. 3(d) and 3(f)]. Due to the special
band structure of graphene and graphite involving only the
Dirac bands from the K or H point near Er, the phonon-
mediated inelastic tunneling is dominated by the phonons near
the K or H point(s), i.e., the out-of-plane (in-plane) phonons
at ~65 (~160) meV shown in Fig. 3(e), leading to phonon-
induced steps marked by the vertical blue dashed lines in
Fig. 3(f). For the magic-thickness Yb films grown on graphite,
the typical dI/dV spectra show steplike features at roughly
4180, —100, and £15 meV, which seem to agree very well
with the phonon energies of graphite at the I" or A point. The
results are also consistent with recent studies suggesting that
the interfacial EPC could be dominated by coupling with the
g, = 0 phonons [9,40]. We mention that there are some site-
dependent variations near the 100-meV region in the dI/dV
curves, which is likely due to different surface structures or
electronic reconstructions. In comparison, the phonon kinks
in ARPES spectra are dominated by the high-lying phonons at
~180 meV, while the kinks from other phonon modes appear
to be much weaker. The difference between ARPES and STM
might be related to the different photoexcitation and tunnel-
ing matrix elements, which have also been observed in bare
graphene [42,46]. After all, these two experimental methods
involve very different physical processes, i.e., the momentum-
integrated electron tunneling for STM vs the photoexcitation
dipole transition for ARPES.

Due to the interfacial nature, the strength of interfacial
EPC is expected to decay rapidly with film thickness. Indeed,
the kink feature in ARPES spectra diminishes quickly with
increasing film thickness (Figs. 4(a) and 4(b) and also Fig. S5
of the Supplemental Material [27]). The extracted dispersion
for the n =0 QWS of ten-ML film shows possibly a very
weak kink at approximately —0.2 eV, and no evidence of a
band kink can be identified for the 20-ML film.

The large subband (n) and thickness () dependence of A
observed here is likely a common characteristic for interfacial
EPC, distinct from EPC in bulk. Such n and N dependence
could be qualitatively accounted for by a simple model pro-
posed in Ref. [2]: Assuming that the interfacial EPC arises
from the large potential gradient at the interface and can be
described within the rigid-ion approximation, the strength of
interfacial EPC () is proportional to the fourth power of
the amplitude of the QWS wave function (or square of the
probability density) at the interface. For the n = 0 QWS, the
probability density along the z direction has a maximum at
each Yb atomic layer [see Fig. 4(c) for a simple illustra-

V)&
o
o

-0.2

Energy (e

Energy (eV)

K, (K") Graphite Yb

FIG. 4. The thickness (N) and subband (n) dependence of in-
terfacial EPC coupling strength A. (a) and (b) ARPES spectra for
10-ML (a) and 20-ML (b) film near Ey. The dispersion of the n = 0
QWS subband is extracted and highlighted. A yellow arrow indicates
a possible kink for the ten-ML film. A parabolic fitting to the heavy
electron band right below Er is shown for the 20-ML film. (c) Simple
drawings of the probability density of QWSs [labeled by (N, n)]
near the Yb/graphite interface. The probability density is shown as
curves, with their zero positions offset vertically for clarity.

tion]. As N increases, the normalized probability density at
each atomic layer diminishes correspondingly. This dilution
effect leads to a reduction in the probably density at the
interface, and A should decay approximately as 1/N2. For
a given N, increasing n by 1 results in a reduction in the
number of probability density maxima in the film by 1, as
illustrated by the top three curves in Fig. 4(c). Hence the
probability density maximum next to the interface moves
inward toward the center of the film. The resulting decrease
in the probability density at the interface should cause XA to
decrease considerably. Thus the dependence of A on N and
n can be qualitatively explained by this simple model. A
quantitative analysis, however, is difficult at the moment and
requires detailed knowledge of the interfacial structure and
the corresponding electronic wave functions. The formation
of magic-thickness islands with large interfacial EPC implies
large interfacial interaction, but the microscopic origin re-
quires further studies in the future. It is interesting to note
that most metallic thin films grown on graphite are close to
being freestanding due to the weak van der Waals bonding
at the interface, but the current Yb/graphite system seems to
be different, likely due to the small electronegativity of Yb
(hence strong tendency to form ionic bonds).

Our results therefore demonstrate that large interfacial EPC
is present in ultrathin Yb films grown on graphite, which
is manifested by the kinks in the QWS dispersion measured
from ARPES and the phonon-induced steplike features in the
dl/dV curves obtained from STM. The interfacial EPC is
strongest for the magic-thickness film with N = 4 MLs and
for the n =0 QWS, whose wave function has the largest
interfacial weight. Detailed analysis of the ARPES and STM
results suggests that the interfacial EPC is likely dominated
by coupling with phonons with zero in-plane momentum. It
is interesting that such interfacial interaction can be detected
by surface-sensitive probes such as ARPES and STM, al-
though previous studies have already shown that QWS could
mediate magnetic coupling at the interface [47] and couple
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coherently with the substrate electronic states [48]. A
thickness-driven Lifshitz transition related to Yb 5d occu-
pancy is also observed, leading to heavy quasiparticle bands
near Ep with effective mass ~19 m,, which is likely rel-
evant to the easily tunable properties of Yb films [19] or
bulk Yb [23]. All of these observations indicate that the
Yb/graphite system is unusual with interesting properties that
are governed by a delicate interplay between quantum con-
finement, interfacial EPC, and electronic phase transition. Our
extracted coupling constant A in the Yb films can be as high
as 0.6, exceeding the Bardeen-Cooper-Schrieffer threshold for
SC. It would be desirable in the future to perform lower-
temperature STM measurements to explore the possibility of
the interfacial SC. Finally, it would be very interesting to
perform similar spectroscopic studies on other 4f-electron

ultrathin films, to explore the interplay between quan-
tum confinement and strong electron correlations from 4f
electrons [49].
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