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Temperature-modulated electronic structure of graphene on SiC: possible roles of
electron-electron interaction and strain

Choongyu Hwang',* Jinwoong Hwang!, Ji-Eun Lee!, Jonathan Denlinger?, and Sung-Kwan Mo

2

! Department of Physics, Pusan National University, Busan 609-735, South Korea and
2 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
(Dated: November 3, 2017)

We have investigated the electron band structure of graphene epitaxially grown on an SiC sub-
strate using angle-resolved photoemission spectroscopy. The conical energy spectrum of graphene
exhibits minimum slope at ~50 K, which is accompanied by the minimum separation between its two
branches. These observations provide a viable route towards the engineering of the electronic prop-
erties of graphene using temperature, while the latter suggests a possible evidence of gap engineering
via strain induced by the substrate and modulated by temperature.

The search for an efficient way to engineer electronic
properties of a material has been a major issue in applied
sciences when a new type of material emerges. Espe-
cially, the presence of two-dimensional (2D) crystals such
as graphene makes it possible to realize new approaches
engineering their physical properties that barely work in
three-dimensional systems [1]. For example, due to the
dimensionality, the electronic properties of 2D crystals
are strongly influenced by dielectric screening [2] and me-
chanical strain [3] induced by the presence of a substrate.

The Coulombic interaction between charge carriers in
graphene exhibits strong dependence on a dielectric sub-
strate [4]. In charge neutral graphene, the Fermi ve-
locity, the key factor in determining electric properties
of a material, can be modulated by dielectric screening
from a substrate that strongly influences the electron-
electron interaction [5]. The reduced screening leads
to the enhanced electron-electron interaction that brings
about the deformation of the characteristic linear energy-
momentum dispersion of graphene to a logarithmic spec-
trum, resulting in the increasing Fermi velocity hence
providing a straightforward evidence of non-Fermi liquid
behavior of charge neutral graphene [2]. On the other
hand, the Fermi velocity of electron-doped graphene is
predicted to decrease with increasing electron-electron
interaction that is well described within the Fermi-liquid
theory [5, 6].

Meanwhile, the plasticity of graphene allows mechan-
ical strain to induce not only energy gap at the cross-
ing point between the conduction and valence bands,
so-called Dirac energy, Ep [7—12], which is one of the
ultimate goals for the application of graphene in semi-
conducting industries, but also pseudomagnetic fields as
high as 300 T [13] that cannot be achieved using super-
conducting magnets and electrostatic potentials opening
up the way to use graphene as a solar cells [14]. Such
strain has been introduced in graphene by applying strain
to a flexible substrate [15], stretching [16], or producing
local deformation, e.g., by insulting water in between
graphene and a substrate [17].
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The manipulation of electronic properties of graphene
using both electron-electron interaction and mechanical
strain can be achieved by varying temperature of the
interface between graphene and a substrate. Graphene
shows strong electronic correlations beyond the marginal
Fermi liquid self-energy [18] and unusual thermal con-
ductivity violating the Wiedemann-Frantz law [19], hence
suggesting a possible formation of strongly coupled Dirac
fermionic states. This reveals that temperature is one
of the important factors in engineering electron-electron
interaction in graphene. In addition, negative thermal
expansion coefficient of graphene [20, 21] compared to
positive ones of most of the substrate [22] can cause in-
evitable mechanical strain [15, 23] that can be controlled
by temperature.

In this letter, we report temperature-dependent angle-
resolved photoemission (ARPES) study on graphene epi-
taxially grown on an SiC substrate. When graphene is
intrinsically electron-doped on an SiC substrate [24], the
slope of the valence band of the graphene 7 band and the
distance between the two branches of the conical disper-
sion at the leading edge exhibit a minimum at ~50 K.
The observed non-monotonic changes of the energy spec-
trum are attributed to electronic-electron interaction and
mechanical strain that are modulated by temperature.

Graphene samples have been prepared by epitaxial
growth on an n-doped 6H-SiC(0001) crystal [25]. An
SiC substrate was degassed up to 600 °C for sev-
eral hours, followed by an annealing process at
900 °C under Si flux for 30 mins. in a high vacuum
chamber with a base pressure of 1x10~8 Torr.
The sample is further annealed at 1200 °C under
Si flux for 5 mins. to grow single-layer graphene.
The overall process leads to the characteristic
61/3 x 61/3 low-energy-electron diffraction pattern
as shown in Fig. 1(a). The graphene sample is
transferred to a ultra-high vacuum chamber, fol-
lowed by another annealing process up to 750 °C
to remove air contaminations. The temperature-
dependent ARPES experiments have been per-
formed at the beamlines 4.0.3 and 10.0.1.1 of the
Advanced Light Source in Lawrence Berkeley Na-
tional Laboratory using a photon energy of 50 eV.
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FIG. 1. (Color online) (a) An LEED image of graphene on an SiC(0001) substrate taken at 98.8 eV. The white circle denotes
graphene 1 x 1 LEED pattern in addition to the 61/3 x 61/3 phase corresponding to the graphene/substrate superstructure. (b)
ARPES intensity maps of graphene on an SiC(0001) substrate taken perpendicular to the I'K direction of the graphene unit
cell denoted by the red line in the inset at 6 K, 55 K, and 170 K. The white arrow denotes the Dirac energy where conduction
and valence bands of graphene meet at a single point. The red lines are Lorentzian fits to the ARPES maps.

Energy and momentum resolutions at 6 K (170 K)

were 16 meV (62 meV) and 0.025 A~ (0.032 A1),
respectively.

Figure 1(b) shows ARPES intensity maps of graphene
on the SiC substrate taken across the K point perpen-
dicular to the I'K direction of the graphene unit cell
denoted by the red line in the inset at three different
temperatures, 6 K, 55 K, and 170 K. The characteristic
conical dispersion is intrinsically electron-doped by the
formation of a Schottky barrier at the interface between
graphene and the SiC substrate [24], so that Fermi en-
ergy, Fr, lies ~0.4 eV above Ep that is denoted by an
white arrow. The origin of the high intensity near Ep
is highly controversial [26] between the plasmaron that
can be influenced by the dielectric screening from the
substrate [4, 27] and the in-gap state induced by the
substrate [28, 29]. In this study, we focus only on the
spectral behavior away from Ep. The red lines shown
in each ARPES intensity map are the result of
a Lorentzian fit to ~160 momentum distribution
curves taken by 3 meV step.

The comparison of the energy-momentum dis-
persion obtained below FEp provides a unusual
temperature dependence of the electron band
structure of graphene on SiC, despite the effect is
small. Figure 2(a) shows the energy-momentum
dispersion of the graphene m band obtained at
55 K (blue curve) and 170 K (red curve). One can
notice that the slope of the dispersion is slightly
modified upon changing temperature. The dif-
ference in momentum, Ak, shown in the inset
indeed denotes that upon approaching towards
Er the energy-momentum dispersion is gradu-
ally separated. This indicates that the slope of
the dispersion becomes steeper at higher tem-
perature. To better understand this tempera-
ture dependence, Fig. 2(b) shows the slope of the

graphene 7 band extracted by a line fit to the
data from 1.0 eV to 1.5 eV below Er as a func-
tion of temperature. Upon changing temperature,
the slope exhibits non-monotonic change as a function
of temperature. The change in the slope of the energy-
momentum dispersion holds two possibilities. First, the
electron-electron interaction can lead to the change of
the slope. When graphene is electron-doped, its charge
carrier dynamics is approximately well described by the
theory that works for typical metals [5]. Within the
Fermi liquid theory, as the electron-electron interaction
become stronger, the effective mass becomes heavier, so
that the slope of the energy-momentum dispersion or ve-
locity of charge carriers is decreasing. Indeed, in electron-
doped graphene, velocity is predicted to decrease with in-
creasing electron-electron interaction [5]. Recent thermal
conductivity measurements suggest that such electron-
electron interaction in graphene can be modulated by

(a) (b)

Enl u?
_1‘0 L :o( ; 7‘2
< 0. L
= 3 &
[
o Tl2p 371
| [}
W — 170K ﬁ
14t 55k g
. “ 7.0
0.05 0.10 0.15 0 50 100 150 200
k, (A1) Temperature (K)

FIG. 2. (Color online) (a) Fitted energy-momentum disper-
sion of the energy spectra taken at 55 K (blue curve) and
170 K (red curve). The inset shows the difference of the two
dispersions (Ak) as a function of E — Ep. (b) The slope of
the dispersion extracted by a line fit to the data from 1.0 eV
to 1.5 eV below Er. The blue curve is a guide to the eyes.
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FIG. 3. (Color online) (a) Momentum distribution curves
(MDCs) at the leading edge (L.E.) at three different temper-
ature, 6 K, 50 K, and 170 K. (b) The distance between the
two branches of the conical dispersion at the leading edge
(Akp.g.) as a function of temperature. The black curve is a
guide to the eyes.

temperature [19]. The thermal conductivity of graphene
deviates from the Wiedemann-Frantz law due to the en-
hanced electron-electron interaction with its maximum at
~70 K that can further decrease with decreasing impu-
rities such as charge puddles, etc., that is observed from
graphene on SiOy but not from epitaxial graphene that
we have used in our experiments. Within this picture,
the maximum thermal conductivity denotes the maxi-
mum strength of electron-electron interaction suggesting
that the observed minimum slope may be attributed to
the maximum electron-electron interaction that is mod-
ulated by temperature.

As an alternative explanation, the competition be-
tween thermal expansion and contraction of graphene
and the SiC substrate, respectively, affects the area of
the graphene unit cell giving rise to the velocity change.
Graphene exhibits a negative thermal expansion coeffi-
cient of —8.0x107% K~! [21], indicating that the area
of the graphene unit cell is expected to change mono-
tonically as a function of temperature when it stands
alone. However, it is important to note that the SiC
substrate has a positive thermal expansion coefficient
of 1.22x107% K= at 200 K and 0.27x1076 K~! at
100 K [22]. As a result, graphene experiences inevitable
mechanical strain by the substrate when temperatures
for growth and measurements are different [23]. For this
case, the area of the graphene unit cell can change upon
changing temperature resulting in the change of the slope
of the energy-momentum dispersion.

The possible change of the area will cause the change
in charge carrier density of graphene, i.e., when the
area of the graphene unit cell becomes maximum, the
number of charge carriers per unit area will be mini-
mum. In order to investigate this issue, Fig. 3(a) shows
MDCs at three different temperatures, 6 K, 50 K, and
170 K. Throughout the analysis, MDCs at the leading
edge (L.E.: the highest kinetic energy of photo-emitted
electrons from the occupied states) instead of those at the
Fermi wavenumber, kg, are discussed, due to the ambi-

(a) - (b)
— 3
€ o
i
g
VE Ahsetow 1ev
-
2
2
<
+ .
Q(J
<

0 50 100 150 200 0 50 100 150 200

Temperature (K) Temperature (K)

FIG. 4. (Color online) (a) The summation of A kg, g. and the
distance taken at 1.0 eV below the leading edge (A kbelowiev)
as a function of temperature. The red curve is a guide to
the eyes. The inset denotes Akpg. and A Ekbelow 1 ev in
the conical band structure. (b) The change of energy gap
A Emax. — A E as a function of temperature. The black curve
is a guide to the eyes.

guity in determining kp in the possible presence of charg-
ing [30]. At 6 K, the separation between the two branches
of the conical dispersion of graphene taken at the leading

edge, Akpg., is 0.089 A_l, which slightly decreases at
50 K and increases again at 170 K. The temperature-
dependent Ak, g is summarized in Fig. 3(b) clearly
showing minimum A kp g at ~50 K. The change of
A kp, g, directly provides the charge carrier density of

graphene by n = (%)2 x 3.18 x 10 cm™2. Thus
minimum A kp, g. at ~50 K denotes minimum charge car-
rier density, which might be related to the maximum area
of the graphene unit cell. However, the maximum area of
graphene unit cell will lead to the maximum slope of the
dispersion, which is inconsistent with the result shown in
Fig. 2(a). As a result, the observed change in velocity
and charge carrier density is not simply understood by
the mechanical strain, while above discussion does not
exclude the existence of strain applied to graphene by
the presence of the substrate [23].

The separation between the two branches of the conical
dispersion at constant energy, however, provides another
intriguing insight on the strain applied to graphene on
an SiC substrate. Figure 4(a) shows the summation of
Akp, g and A kpelow 1 v, the separation taken at 1.0 eV
below the leading edge, as schematically shown in the
inset. The Akp g + Akpelow 1 ev Versus temperature
plot also shows a minimum at 50 K. This safely excludes
a charging effect [30] as the origin of the temperature
dependence of Akp g, because the trivial charging ef-
fect is expected to cause constant A kr, g. + A kpelow 1 oV
for the whole temperature range. Instead, the mini-
mum of the Ak g + Akpelow 1 ev may indicate the
maximum separation between the conduction and va-
lence bands that varies as a function of temperature.
Although a similar effect can take place by the maxi-
mum slope of the dispersion, the slope extracted from
1.0 eV to 1.5 €V below Er exhibits its minimum within



the error bar at 50 K as discussed in Fig. 2(a), ex-
cluding this possibility. Given the almost linear energy-
momentum dispersion of graphene near Ep, we attribute
the change of Akp g + Akpelow 1 ev to the change of
the energy gap around Ep of the graphene 7 band. Fig-
ure 4(b) shows relative change of the energy gap AFE
with respect to A Epax., when A E is converted from
hv(AkLg + Akbeow 1 ev) and A Ey,y. corresponds to
the minimum of Akp g + Akpelow 1 ev- We find that
A E— A E,,.x. shows non-monotonic behavior below and
above 50 K, when the black curve is a guide to the eyes.

Now we discuss the unusual non-monotonic change of
AFE — A FE,. as a function of temperature. Epitax-
ial graphene on SiC experiences mechanical strain by
the presence of the substrate [23]. The role of strain
on the electronic properties of graphene has been exten-
sively studied by first principles calculations [3, 7-12, 31],
e.g., the opening of an energy gap of ~100 meV for the
uniaxial strain of ~0.2 % and ~60 meV for ~0.1 %, re-
sulting in the change of an energy gap of ~40 meV [7]. In
graphene on SiC, based on the thermal expansion coeffi-
cients of graphene and SiC, the relative difference of the
area of graphene and the surface of SiC, i.e., strain, is
0.185 % with decreasing temperature from 200 K to 0 K,
and 0.085 % for the change from 100 K to 0 K [21, 22].
The difference of A E — A E.«. between ~200 K and
100 K shown in Fig. 4(b) is ~35 meV, which is similar to
the theoretically predicted value of ~40 meV, when we

consider that the strain applied to graphene might also be
anisotropic due to the anisotropic potential from the sub-
strate [28]. Within this picture, non-monotonic change of
A E—A E,, .. is attributed to the slip of graphene sitting
on the substrate with the weak van der Waals force and
the minimum charge carrier density observed in Fig. 3(b)
can be understood by the change in the interaction be-
tween graphene and the SiC substrate which can modify
the Schottky barrier formed in between them [24].

In summary, we have investigated the electronic prop-
erties of graphene on an SiC substrate. Upon chang-
ing temperature, the slope and separation of the conical
dispersion of graphene exhibits a minimum at ~50 K.
While the former can be understood by temperature-
dependent electron-electron interaction in electron-doped
graphene, the later is attributed to strain induced by
the different thermal expansion rate of graphene and the
SiC substrate. These results suggest a possibility of us-
ing graphene in semiconducting devices with controlled
quasiparticle dynamics via the interaction with a sub-
strate.
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