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The change in bending rigidity with temperature κðTÞ for 2D materials is highly debated: theoretical
works predict both increase and decrease. Here we present measurements of κðTÞ, for a 2D material:
AB-stacked bilayer graphene. We obtain κðTÞ from phonon dispersion curves measured with helium
atom scattering in the temperature range 320–400 K. We find that the bending rigidity increases
with temperature. Assuming a linear dependence over the measured temperature region we obtain
κðTÞ ¼ ½ð1.3  0.1Þ þ ð0.006  0.001ÞT=K eV by fitting the data. We discuss this result in the context of
existing predictions and room temperature measurements.
DOI: 10.1103/PhysRevLett.127.266102

Mechanical properties of 2D materials are important for
fundamental understanding and for a range of application
areas, for example, flexible electronics. To design electronic components that do not fracture when bent, it is
important to know how flexible the different material layers
are relative to each other and how this flexibility changes
with temperature. This is expressed by the bending rigidity
κ sometimes referred to as bending stiffness or flexural
rigidity: a measure of material resistance to deformation.
In classical mechanics κ can be derived for an isotropic
plate with thickness h, Young’s modulus Y, and Poisson’s
ratio σ as [1]
κðhÞ ¼

Yh3
:
12ð1 − σÞ

ð1Þ

The unit of κ is ½Pa × m3  ¼ ½J, usually expressed in [eV]
for nanomaterials. For crystalline materials, the elastic
properties are described by a tensor. However, for hexagonal
crystals such as graphite the elastic properties in the (0001)
plane can be treated as isotropic [1]. A relatively simple
method for measuring Y and σ for 2D materials is to use an
atomic force microscope to poke with a well-defined force
and measure the response (nanoindentation) [2]. It should
then be possible to determine κ from the formula above.
However, this implies knowing the thickness h, which is
difficult to determine for 2D materials, as reflected in the
“Yakobson’s paradox” debate in the graphene community a
few years back, see, for example, Refs. [3–5]. Furthermore,
the formula implies that the 2D materials behave classically,
which is not necessarily the case.
Numerous experiments have investigated mechanical
properties of 2D materials using various forms of
0031-9007=21=127(26)=266102(6)

nanoengineering. For a review, see Ref. [2]. However,
the bending rigidity has proven difficult to measure due to
contributions from extrinsic stiffening from out of plane
corrugations or in-plane strain. The reported values (experiment and theory) range from around 0.85 to 10 eV for
monolayer graphene [6–14] and 3 to 180 eV for bilayer
graphene [9,13,15–19]. A recent experimental paper claims
that the bending rigidity at room temperature for few-layer
graphene decreases with bending angle [17].
A few years ago, a theoretical paper showed how the
bending rigidity for an isotropic, free-standing thin membrane can be obtained from a phonon dispersion curve
where the membrane is weakly bound to a substrate as [20]
ωðΔKÞ ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
κ
ΔK 4 þ ω0 2 ;
ρ2D

ð2Þ

where ω is the phonon frequency, ΔK the parallel component of the wave-vector transfer, ρ2D is the density of the
2D material and ω0 the binding energy between the thin
membrane and the substrate. Note that as long as the
sample is only weakly bound to the substrate, it is the freestanding 2D material value for κ that is measured. Strictly
speaking, for an infinite extent thin film with fixed or
periodic boundary conditions, Eq. (2) should also contain a
quadratic term in ΔK within the argument of the square
root, implying the weak linear term in the dispersion
relation. However, this term is typically small compared
to the binding energy and is therefore usually ignored [21].
In 2015 Al Taleb et al. applied this theory for the first
time to measure the bending rigidity of free-standing
monolayer graphene [12] using phonon dispersion curves
from monolayer graphene on copper obtained with helium
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scattering. For recent reviews of helium scattering see
Refs. [22,23]. Al Taleb et al. obtained the first experimental
measurement of κ for monolayer graphene, which shows
good agreement with theory. Experimental results for
graphene previous to this publication gave much higher
values due to challenges with out-of-plane corrugations and
strain as discussed above [2]. The experimental value often
cited in the literature which agrees well with theory actually
stems from Raman spectroscopy on bulk graphite [24]. To
the best of our knowledge, the Al Taleb work remains the
most precise measurement of the bending rigidity of
monolayer graphene ever obtained. The bending rigidity
of monolayer graphene has since been measured with
helium scattering on other weakly bound substrates such
as sapphire, demonstrating how deviation in bending
rigidity can be used to quantify defects [25]. In 2018 some
of the present authors and co-workers measured the
bending rigidity of bilayer silica using the same method
as Al Taleb et al. The result agrees well with theoretical
predictions [26].
Up until now no experimental Letter has addressed the
issue of temperature dependence of the bending rigidity
κðTÞ of 2D materials, even though it is highly debated
in the literature. For graphene both a decrease [27,28] as
well as an increase [10,29,30] of the bending rigidity
with temperature has been predicted. For bilayer graphene,
there are also conflicting results. Zero-temperature ab initio
calculations predict κ ¼ 162.7 [19] and 180 eV [16]
whereas experimental work at room temperature yields
values of around 3–35 eV [8,9,15,17]. Taken together these
results suggest a decrease in the bending rigidity with
temperature. In contrast, a theoretical paper calculates the
temperature dependence of the bending rigidity of bilayer
graphene predicting it to increase with temperature [18] and
pointing out with reference to Ref. [31] that an increase
in bending rigidity with temperature is generally to be
expected for crystalline membranes. Reference [18] also
predicts that the bending rigidity of bilayer graphene is
twice that of monolayer graphene for all temperatures,
rather than a factor 8 as would be expected from the
classical formula, assuming the thickness of bilayer graphene to be twice that of monolayer graphene, see Eq. (1).
As mentioned in the introduction the thickness of monolayer graphene has been a topic of debate, with different
plausible approaches yielding very different values (the
Yakobson paradox) [3–5]. We note that for the method
presented by Al Taleb et al. only knowledge about the
2D material density is required to obtain the bending
rigidity [12]. In the most recent theoretical paper on
temperature dependence of bending rigidity of graphene
that we found, the authors, while not presenting any
numbers, state that they expect the bending rigidity of
bilayer graphene to also increase with temperature [29].
Here we present measurements of the variation of
bending rigidity with temperature for a 2D material.

We performed our measurements on a bilayer graphene
sample on H-terminated SiC(0001) prepared at the Istituto
Italiano di Tecnologia (IIT) on a N-doped (1018 =cm3 )
6H-SiC(0001) crystal from Crystal GmbH. The sample
was prepared using an established procedure at the institute: First the substrate was etched in a 50% Ar and H2
mixture with a total pressure of 450 mbar (fluxes 500 sccm
each) at 1200 °C for 5 min to regularize the step-terrace
morphology. Then, following the method introduced by
Emtsev et al. [32], a graphene monolayer
pﬃﬃﬃ was
pﬃﬃﬃ obtained on
top of the C-rich reconstruction ð6 3 × 6 3ÞR30° of the
SiC(0001) plane [33,34], by heating the sample in a
750 mbar Ar atmosphere at 1310 °C for 4 min. Finally
the sample was exposed to a 50% Ar and H2 mixture with a
total pressure of 750 mbar (fluxes 500 sccm each) at 800 °C
for 20 min. This leads to atomic hydrogen intercalating
at the hetero-interface between SiC(0001) and the carbon
rich surface reconstruction, thereby lifting the covalent
interaction so that the carbon atoms previously in the
reconstruction form a monolayer of graphene on top of the
now H-terminated SiC(0001) [35–37]. The resulting
bilayer is predominantely AB, though small deviations
from the ideal AB stacking can occur [38]. The sample
quality (structure and coverage) was assessed at IIT using
Raman spectroscopy, scanning tunneling microscopy
(STM), atomic force microscopy (AFM), and low energy
electron diffraction (LEED). See Figs. S4–S6 and discussion in the Supplemental Material [39].
Bilayer graphene on H-terminated SiC(0001) is referred
to in the literature as quasi-free-standing bilayer graphene
[35] and as the name says is weakly bound to the substrate
because of the hydrogen intercalation which lifts the
covalent bond. In fact it can be peeled off the substrate
in a manner similar to graphene on Cu [47]. Because the
sample is weakly bound to the substrate we can use the
phonon dispersion curve model, Eq. (2), described above
to obtain the bending rigidity for the free-standing bilayer.
A particular advantage of using this model is that the
temperature of the 2D material can be easily and uniformly
varied by changing the temperature of the underlying
SiC(0001) substrate.
After preparation, the sample was removed from the
preparation chamber and placed in a sealed package,
filled with ambient air from the laboratory (humidity
50%, temperature 22°C) and shipped to the University of
Bergen (UiB). The sealed package was stored in the
laboratory for a few days before the sample was mounted
in the argon vented sample chamber of the molecular beam
apparatus known as MAGIE at UiB, which was then
pumped down. The neutral helium beam was created by
a supersonic (free-jet) expansion from a source reservoir
through a ð10  0.5Þ μm diameter nozzle [48]. The central
part of the beam was selected by a skimmer, ð410  2Þ μm
in diameter, placed ð11.6  0.5Þ mm in front of the nozzle.
The sample was characterized in vacuum, by helium
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diffraction scans and time of flight (TOF) spectra using a
pseudorandom chopper [49]. The background pressure
during all measurements was around 1 × 10−9 mbar or
less. The incident beam spot size on the sample was around
4 mm in diameter for all measurements. A diffraction
pattern could be obtained immediately after installing
the sample and pumping down, without any preparation,
but a bake-out for 1 h at T s ¼ 675 K improved the signal,
yielding a high intensity specular peak, with a measured
full width at half maximum of ð0.0254  0.004Þ Å−1 ,
corresponding to the instrument resolution limit, see
Figs. S2 and S3 in the Supplemental Material [39].
The bake-out procedure was repeated in between
measurements..
Figure 1 shows phonon dispersion curves obtained at
three different temperatures using helium atom scattering.
The solid curves show best fits obtained using the model
presented in Eq. (2). The overall shape of the measured
dispersion curve is in excellent agreement with the model.
We use these fits to obtain the bending rigidity as a function
of temperature (Fig. 2) using the measured density of our
bilayer graphene sample, ρ2D ¼ 1.56 × 10−6 kg=m2 (see

FIG. 1. Phonon dispersion curves of bilayer graphene on
SiC(0001), obtained for different sample temperatures T using
helium atom time of flight scattering. All measurements are done
along the [11] axis, except one measurement where the crystal
was rotated in the plane 7°° away from the [11] axis, to verify that
the elastic properties are isotropic in the plane. The lines present
fits according to Eq. (2) with ΔE ¼ ℏω. For each T the lower
curve with negative energies corresponds to helium atom energy
loss (phonon creation), the upper curve with positive energies
corresponds to helium atom energy gain (phonon annihilation).
The error bars for ΔE are smaller than the data points. A
description of the error bar evaluation can be found in the last
section of the Supplemental Material [39].

the Supplemental Material [39]). This value is very close to
the theoretically expected value for bilayer graphene:
ρ2D ¼ 1.52 × 10−6 kg=m2 . We see that the bending rigidity
increases with temperature, a linear, weighted fit gives
κðTÞ ¼ ½ð1.3  0.1Þ þ ð0.006  0.001ÞT=K eV: ð3Þ
The errors are the standard errors from the weighted fit. We
note that the linear fit is to be taken with caution. It is a
good fit in the relatively small temperature range that we
investigate. It is not necessarily to be expected that the
behavior is linear over a larger range [18].
In Fig. 2 we also include room temperature bending
rigidity measurements from two of the three experimental
publications on the bending rigidity of bilayer graphene
[15,17]. The measurements were done by either measuring
the curvature of folded exfoliated sheets [15] (large bending
angle) or by measuring the curvature of exfoliated sheets
draped over step edges of varying heights [17] (varying
bending angle between around 4° and 80°). We did not
include the measurement published in Ref. [9] (the earliest
of the three publications) because it is an order of
magnitude larger. We attribute this to strain induced during
the fabrication process. We note the rather puzzling fact that
our measurements agree very well with the large bending
angle results in Ref. [17] and in Ref. [15] but less so with
the small bending angle result in Ref. [17]. We also plot the
theoretically predicted curve from Ref. [18] as a black
dashed line in Fig. 2. Most importantly, our measurements

FIG. 2. Bending rigidity values obtained from dispersion curve
fits (see Fig. 1) and plotted as a function of temperature with a
linear fit (red line).The dashed black line is a theoretical
prediction taken from Ref. [18]. We also show three data points
from previous room temperature experiments (not included in our
fit). The top point (green diamond [17]) is obtained from small
angle bending, the two lower points (green diamond [17] and
gray square [15]) are obtained for high angle bending. A
description of the error bar evaluation can be found in the last
section of the Supplemental Material [39].
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the bending rigidity increases with temperature in agreement with theoretical calculations for bilayer graphene and
the general theory of crystalline membranes. Our results
also agree well with recent experiments made only at room
temperature. The next step will be to perform further
measurements covering larger temperature ranges and on
other 2D materials such as single-layer graphene and
bilayer silica glass [26]. Of further interest would be to
investigate layered structures of van der Waals materials
whose bending rigidity has been measured by other
methods [50]. Other layered materials of interest include
the pnictogen chalcogenides of which several have
already had some surface properties measured by He atom
scattering [51,52].
FIG. 3. Temperature dependence of the binding energy ℏω0
between the bilayer and the substrate. The error bars were
determined in a similar manner as in Fig. 2; see explanation at
the end of the Supplemental Material [39].

clearly show that the bending rigidity increases with
temperature as predicted in Ref. [18]. The theoretically
predicted slope in this temperature range is around
0.001 eV=K, which is lower than the slope we measure
[see Eq. (3)]. Furthermore, the theoretically predicted
values all lie below the experimental values measured by
us and others. We note that the predictions for the bending
rigidity of graphene, presented in Ref. [18] are also lower
than what has been experimentally measured. Finally,
Ref. [18] presents the general prediction that the bending
rigidity of bilayer graphene should be twice that of the
bending rigidity of graphene. Within error bars we measure
twice the value measured by Al Taleb et al. for graphene on
copper [12] and also twice the value measured on graphene
flakes as recently presented [17]. In a recent paper [30] the
temperature-dependent bending rigidity of single-layer
graphene is modeled using modal analysis. In the temperature range 300–400 K the dependence was approximated
well with a linear fit with a slope of 0.003 eV=K—exactly
half the value that we measure for bilayer graphene. Noting
the prediction that the bending rigidity of bilayer graphene
should be exactly twice that of single-layer graphene, this is
excellent agreement.
Finally, we use the fits of the data from from Fig. 1 to
Eq. (2) in order to determine the binding energy ℏω0
between the bilayer graphene and the SiC(0001) substrate.
The binding energies for different temperatures are shown
in Fig. 3. As one would expect, there is indication of a weak
decrease of the binding energy with temperature. The
values that we measure are comparable to what has been
measured previously for other very weakly bound 2D
materials: graphene on copper [12] and sapphire [25]
and bilayer silica on ruthenium [26].
To conclude, we have performed measurements of the
variation of the bending rigidity with temperature for a
2D material: AB-stacked bilayer graphene. We show that
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