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ABSTRACT: van der Waals heterostructures, vertical stacks of layered materials, offer
new opportunities for novel quantum phenomena which are absent in their constituent
components. Here we report the emergence of polaron quasiparticles at the interface of
graphene/hexagonal boron nitride (h-BN) heterostructures. Using nanospot angle-
resolved photoemission spectroscopy, we observe zone-corner replicas of h-BN valence
band maxima, with energy spacing coincident with the highest phonon energy of the
heterostructure, an indication of Fröhlich polaron formation due to forward-scattering
electron−phonon coupling. Parabolic fitting of the h-BN bands yields an effective mass
enhancement of ∼2.3, suggesting an intermediate coupling strength. Our theoretical
simulations based on Migdal−Eliashberg theory corroborate the experimental results,
allowing the extraction of microscopic physical parameters. Moreover, renormalization of
graphene π-band is observed due to the hybridization with the h-BN band. Our work generalizes the polaron study from
transition metal oxides to van der Waals heterostructures with higher material flexibility, highlighting interlayer coupling as an
extra degree of freedom to explore emergent phenomena.

KEYWORDS: van der Waals heterostructure, NanoARPES, electronic structure, electron−phonon coupling, polaron,
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Van der Waals heterostructures formed by the super-
position of two-dimensional (2D) atomic materials have

been revealed as a promising field in condensed matter
physics.1 One of the most interesting heterostructures consists
of hexagonal boron nitride (h-BN) and monolayer graphene.
Their small lattice mismatch (∼1.8%) and high interfacial
quality have already led to the observation of a number of
exotic phenomena such as Hofstadter’s butterfly,2−4 fractal
quantum Hall effect,4 and commensurate−incommensurate
transition.5 Like for most other crystalline materials, it is the
intrinsic electronic structure (energy versus momentum
relation) that determines their macroscopic behaviors. From
the quantum mechanical point of view, electronic bands arise
from the overlap of electronic states of atoms in the lattice.
Consequently, the electronic structure contains complex

information about the interplay of charge, orbital, spin, and
lattice degrees of freedom. For this reason, the electronic
structure measurement plays an essential role in understanding
the underlying physics of van der Waals heterostructures.
To this point, few techniques to measure the electronic

structure of graphene/h-BN vertical heterostructures (G/h-
BN) have been employed.6−8 Of particular importance is angle-
resolved photoemission spectroscopy (ARPES) which meas-
ures directly the single-particle spectral function. ARPES
studies have revealed the electronic signature of van der
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Waals interaction in G/h-BN.6,7 The observed Dirac cone

replicas and minigaps are direct consequences of van der Waals

potential modulation imposed on graphene. However,

surprisingly little is known so far about the modulated

electronic structure of h-BN in G/h-BN. Even though the

unique electronic, optical, and mechanical properties of

graphene in G/h-BN have been well studied, the degree of

disruption of the h-BN band structure at the heterostructure is
still an open question.
In this study, we focus on the modulated electronic structure

of h-BN in G/h-BN. Currently, high-quality G/h-BN
heterostructures, especially those with high device mobility2−5

are mainly fabricated by transfer method9,10 with typical
domains in micrometric or nanometric scale. This makes
traditional ARPES (spot size ∼100 μm) measurements

Figure 1. General experimental geometry and sample characterization. (a) Schematic focus mechanism of NanoARPES. (b) Schematic of G/h-BN
lattice structure. (c) Overall photoemission core level spectrum taken with beam energy 350 eV and beam spot larger than 50 μm. The inset shows
the detailed NanoARPES spectrum close to Fermi level taken with beam energy 100 eV. (d) NanoARPES image shows the distribution of
photoemission intensity integrated from the energy-angle window (dashed box) shown in panel c. (e) Optical image of the measured sample. The
heterostructure is grounded by Au contact. Pristine h-BN border is highlighted by dashed white lines in panels d and e.

Figure 2. General electronic structure and Fermi surface of G/h-BN heterostructure and pristine h-BN by NanoARPES. (a) Spectral intensity
distribution image in (kx, ky, E) space for G/h-BN. The top surface shows the Fermi surface. (b,c) NanoARPES band structure along graphene Γ-K
direction for pristine h-BN and graphene in G/h-BN. (d) Momentum-distribution-curve-second-derivative (MDC second) spectra along Γ-K
direction of graphene in G/h-BN as shown in panel c. The white dashed elipse indicate the band hybridization region. The black solid line indicates
the Dirac cone dispersion. (e) Detailed Dirac cone spectral intensity distribution of G/h-BN in (kx, ky, E) space. Again the top surface shows the
Fermi surface and emphasizes the existence of moire ́ Dirac cones.
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impossible. To measure G/h-BN with transferred graphene, we
employ ARPES with nanometric lateral resolution (Nano-
ARPES11−13). From the ARPES E-k spectra, we observe
directly renormalization of the graphene Dirac cone where it is
close to the h-BN band, probably due to the orbital
hybridization between graphene and h-BN, suggesting that
orbital character plays a role in shaping the interlayer
interaction.14 More importantly, dispersive replicas of h-BN
valence band maxima (VBM) are distinguished at the hexagonal
Brillouin zone corner. We attribute these replica bands to the
formation of Fröhlich polaron, a composite quasiparticle
created in this heterostructure by the coupling of phonons
and valence electrons. In particular, we suggest that the
characteristic optical zone-center phonons of ∼210 meV15,16

are involved. To extract physical parameters from this polaronic
interaction, we calculate the spectral function with Thomas−
Fermi screened coupling using Migdal−Eliashberg theory,17

concluding a rather forward scattering with a characteristic
distance of 7 unit cells. The emergence of the Fröhlich polaron
in G/h-BN suggests a practical way to create new composite
quasiparticles by atomic layer stacking. Controlling the stacking
alignment angle18 or interlayer coupling strength19 can
potentially tune the properties of the quasiparticle. The
potential influences on polaron-related physics are also
discussed.
NanoARPES principle, sample preparation, and character-

ization are detailed in Supplementary Note 1. Figure 1a,b
describes the typical NanoARPES setup and sample lattice
structure, respectively. The overall photoemission spectra,
probed with a beam spot larger than the size of the G/h-BN
domain, show sharp core level peaks of carbon 1s, boron 1s,
and silicon 2p orbitals, suggesting the absence of hydrocarbon
contamination (Figure 1c and Supplementary Note 1). The
crystallographic alignment angle of graphene with respect to h-
BN is defined as ϕ ∼ 3° as discussed in Supplementary Note 2.
Figure 1d shows the real space map of photoemission intensity
(NanoARPES image) around the G/h-BN domain. It was
collected by integrating the photoemission signal close to the
Fermi level while scanning the sample along two in-plane
directions with a focused nanometric beam. This NanoARPES
image of the sample matches its optical image with clear
contrast (Figure 1e), demonstrating the capability of our

instrument to identify the sample location of both G/h-BN and
h-BN samples precisely with the required lateral resolution and
the stability of the whole setup at the submicrometric scale.
Taking advantage of the nanometric sample positioning,

Fermi surface and valence band structure of G/h-BN and
pristine h-BN are collected, as shown in Figure 2. Although the
G/h-BN electronic structure can be naively treated as the
superposition of pristine graphene and h-BN valence bands, we
observe deviations due to the heterostructure interactions. On
the one hand, G/h-BN shares similar h-BN σ- and π-bands with
pristine h-BN. This is reflected in the general consistency of
πh‑BN and σh‑BN between pristine h-BN and G/h-BN (see the
comparison in Figure 2b,c), even with ∼3° mismatch. Note that
because of the insulating nature of the pristine h-BN, its
binding energy is calibrated according to our previous work.20

For G/h-BN, electronic states close to the Fermi level are
dominated by the monocrystalline graphene π-band, whose
Fermi surface consists of only one main set of Dirac points at
the Brillouin zone corners. On the other hand, the G/h-BN
moire ́ superlattice, formed due to the lattice mismatch and
rotation, imposes periodic potential on graphene and results in
Dirac cone replicas (Figure 2e). This observation is consistent
with previous works by atomic force microscopy (AFM) and
scanning tunneling microscopy (STM).3−5,10,21 Analyzed in
detail in Supplementary Note 2, graphene is rotated ∼3°
respect to h-BN and shows no gap opening in the secondary
mini Dirac cones.7 Furthermore, the graphene Dirac cone and
h-BN valence band show signatures of renormalization in the
region highlighted in Figure 2d by the white dashed ellipse,
suggesting orbital hybridization between graphene and h-BN.
Similar hybridization features have also been observed in
graphene/MoS2 heterostructure.

14 It is believed that only bands
with out-of-plane orbital character are responsible for interlayer
interaction and modification of the electronic structure. Our
findings support this, pointing out the possibility of controlling
van der Waals interaction by choosing appropriate materials
with different orbital character and twisted angles between
them.
We move forward to analyze in detail the h-BN side in order

to examine the exotic phenomena induced by van der Waals
interaction. As shown in Figure 3a,b, the VBM of pristine h-BN
and G/h-BN display significant differences around the K point.

Figure 3. Detailed analysis of Fröhlich polaron spectra of G/h-BN. (a) Valence bands of pristine h-BN along Γ-K direction of h-BN. (b) Valence
bands of G/h-BN. Blue dashed lines represent the energy-distribution-curve (EDC)-fitted dispersions. Note that only the Γ-K side is fitted and the
K-M side is filled using mirror-plane symmetry. Solid box indicates the region where spectrum in panel c is from. (c) Zoom in EDC second derivative
band structure of G/h-BN. (d) Comparison of VBM spectra from pristine h-BN and graphene covered h-BN. Spectra are shifted in energy to be in
line with each other. (e) Poisson fitting to the EDC from the K point of G/h-BN.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b04604
Nano Lett. 2018, 18, 1082−1087

1084

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b04604


For pristine h-BN, the VBM consists of a broad parabolic band
with a fitted effective mass (only for the Γ-K side) m0 ∼ 0.6 me
(me the free electron mass). This value is in general agreement
with previous ARPES works on bulk h-BN20 and quasi-
freestanding h-BN on gold.22 In particular, previous Nano-
ARPES work on bulk h-BN20 reported an effective mass m0 ∼
0.5 me, in quantitative agreement with our data, especially
because in both works by using the same photon energy (100
eV), bands from the same kz plane are considered. In contrast,
for G/h-BN the VBM is much flatter with the effective mass
fitted as m* ∼ 1.4 me. As analyzed in Supplementary Note 3,
single-particle model indicates that coupling to graphene
increases the VBM effective mass of h-BN, However, this
increase is more than 1 order of magnitude too small to explain
our experimental observations. This suggests that many-body
effects are responsible for the renormalization of the effective
mass and it is the construction of heterostructure that induces
such change.
To further understand the quasiparticle physics and

interactions, we analyze the energy distribution curves
(EDCs) at the VBM. As shown in Figure 3e, NanoARPES
spectra display additional peaks at multiples of ∼210 meV
below the G/h-BN VBM. A second derivative analysis (see
Figure 3c) proves the existence of multiple parallel replicas. The
moire ́ superlattice reciprocal vector (0.16 ± 0.02 Å−1) is
supposed to duplicate the bands along momentum axis and
cannot result in such a big energy shift (see Supplementary
Note 4 for more detailed discussion). In contrast, the equal
energy spacing between these replicas suggests energy shake-off
due to electron−phonon coupling (EPC).23−27 In addition, the
characteristic energy, ∼210 meV, coincides with the highest
frequency of G/h-BN phonons.15,16 Note that both graphene
and h-BN have phonon frequencies close to this value.
Consequently, we cannot identify unambiguously if the phonon
involved is from graphene or h-BN. Hence, it is more
appropriate to associate these replicas to the heterostructure
as a whole.15,16 Nevertheless, as discussed in the previous
paragraph, the band effective mass enhancement only appears
in the heterostructure. That means this EPC is activated with
the formation of G/h-BN interface. Therefore, this unique
electronic structure represents the interfacial coupling of
valence electrons (photoholes) and phonons, resulting in the

emergence of new composite quasiparticles, 2D Fröhlich
polarons.
To estimate the coupling strength and fit the polaronic

spectra for a preliminary understanding, we follow the same
procedure as that employed in previous works.23−26 The mass
enhancement is estimated as m*/m0 ∼ 2.3, suggesting an
intermediate EPC. Assuming zero-momentum phonons for the
EPC, the single-particle spectral function follows a Poisson
distribution, as shown in Figure 3e and Supplementary Note 5.
This fitting gives the zero-phonon peak intensity fraction of
total weight Z0

(0) ∼ 0.34, corresponding to a 2D Fröhlich
coupling constant α2D ∼ 0.9, according to the diagrammatic
quantum Monte Carlo simulation28 and scaling relation.29

To qualitatively explain the polaron formation and its
effective mass enhancement, we calculate the spectral function
of G/h-BN with a numerical many-body method by
introducing a more realistic, finite momentum, forward
scattering. The valence bands of h-BN is treated by a tight-
binding model with up to third nearest neighbors (Supple-
mentary Note 6). The coupling between electrons and
phonons is described by the Hamiltonian

∑ ∑ ∑= + + + Ω
σ

σ σ
σ

σ σ
†

+
†

−
† †E c c
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c c a a a a
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in which the phonon is simulated by a dispersionless Einstein
model with energy Ω0 and g(q) denotes the electron−phonon
coupling vertex. We use Migdal−Eliashberg theory to solve the
self-energy and Green’s function iteratively (Supplementary
Note 6). This theory has been proven suitable to deal with
forward scattering for an intermediate coupling.17

To capture the screened electron−phonon coupling, we
choose a Thomas-Fermi coupling vertex as g(q) = 4πg0(1 +
|q|2/qTF

2 )−1. Here, qTF presents the Thomas−Fermi screening
wavevector, describing the characteristic coupling range in the
lattice. In the small qTF limit, this coupling vertex represents the
forward scattering, while in the large limit a local Holstein
coupling is realized. As shown in Figure 4a,b, with the increase
of g0 and qTF the coupled electron−phonon forms smaller
polarons, which is characterized by the effective mass
enhancement (Figure 4a) and quasiparticle residue reduction
(Figure 4b). The physical qTF and coupling strength g0 are
determined through the comparison of experimental effective

Figure 4. Simulated polaronic spectra of G/h-BN at 100 K by Migdal−Eliashberg theory. (a) Simulated mass enhancement m*/m0 and (b)
quasiparticle residue Z0

(0) using various coupling strength g0 and Thomas-Fermi screening wavevector qTF in lattice. The circles indicated by black
arrows, denote the optimal parameter (m*/m0 = 2.29, Z0

(0) = 0.378) set compared with experiments. (c) Simulated single-particle spectral function at
the optimal parameter set. For simplicity, graphene band is not included. (d) Corresponding simulated EDC though K point with Lorentzian fwhm
40 meV. (e) Comparison between simulation and experiment. The simulated EDC is convolved by a Gaussian peak (∼150 meV in width).

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b04604
Nano Lett. 2018, 18, 1082−1087

1085

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b04604/suppl_file/nl7b04604_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b04604


mass enhancement and the quasiparticle residue Z0. We extract
the optimal parameter set g0 = 250 meV and qTF = 0.25, at
which m*/m0 = 2.29 and Z0 = 0.378. The optimal screening
wave vector reflects a characteristic coupling scale of ∼7 unit
cells. Figure 4c,d shows the simulated spectra function and
EDC from K point, respectively. To highlight the weak replicas,
we use narrow Lorentzian peaks to simulate the h-BN bands.
By convolving with a broader Gaussian peak, the simulated
EDC shows satisfactory agreement with the experimental EDC,
given the fact that for simulation the background is not
included (Figure 4e).
Our findings expand Fröhlich polaron hosts from three-

dimensional perovskite surfaces/interfaces23−26 to 2D van der
Waals heterostructures. It is known that G/h-BN shows
enhanced light-matter interaction with unique excitations;30

polarons could potentially interact with these excitations and
give rise to an interesting performance of optoelectronic
devices.31 The large family of 2D materials with diverse band
characters allows a flexible approach for exploring polaron
physics and its interplay with other emergent phenomena such
as excitonic insulator32 and topological insulator.33 Specifically,
2D transition metal dichalcogenides (TMDCs) TiSe2 and TiS2
have shallow conduction bands. Therefore, it is suitable to
construct Fröhlich polarons by transferring graphene on top of
these materials. Located close to the Fermi level, these polarons
will efficiently modify the macroscopic properties of graphene/
TMDC heterostructures, providing an excellent platform for
studying the interplay of EPC with charge density wave
(CDW) and excitonic insulator.32

Our study suggests interfacial coupling as an extra degree of
freedom to develop polaron-related physics. Although inter-
facial polarons have been observed in FeSe/SrTiO3 previ-
ously,23 their formation demands a very delicate epitaxial
synthesis environment and no parameter is easily accessible to
control the polaronic effect. On the contrary, 2D hetero-
structures can be fabricated with relatively easier controlled
parameters such as alignment angle,2,4,5,9,10,18,19 component
material,14,34 carrier density2,4,9,12,34 and so on. This suggests
that van der Waals heterostructures are superior to other
material systems to serve as a platform for polaron physics
study.
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