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Abstract
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The research performed during the realization of the postdoctoral studies were directed to the
investigation of electronic and thermo-mechanical properties of graphene and graphene related
materials such us graphene nanoribbons, graphene nanotubes, hydrogenated graphene and the
boron-nitride hexagonal single layer. The systems considered and the obtained results can be
summarized as follows:

(i) The conductance through graphene nanoribbons (GNR) connected to a partially unzipped
carbon nanotube (CNT) was studied in the presence of an external magnetic field applied parallel to
the long axis of the tube by means of non-equilibrium Green’s function technique. We considered
CNTs that are partially unzipped to form armchair-GNR/zigzag-CNT/armchair-GNR or zigzag-
GNR/ armchair-CNT/zigzag-GNR junctions. We found that the inclusion of a longitudinal magnetic
field affects the electronic states only in the CNT region, leading to the suppression of the
conductance at low energies. We demonstrated that both types of junctions can be used as magnetic
field sensors.

(ii) Thermal fluctuations of a single layer hydrogenated graphene were investigated using large
scale atomistic simulations. By analyzing the mean square value of the height fluctuations <h*> and
the height-height correlation function H(q) for different system sizes and temperatures, we showed
that hydrogenated graphene is an unrippled system in contrast to graphene. The height fluctuations
are bounded, which was confirmed by the behavior of H (q) tending to a constant in the long
wavelength limit instead of showing the characteristic scaling law q“™ (n approx. 0.85) predicted
by membrane theory. This unexpected behavior persists up to temperatures of at least 900 K and is a
consequence of the fact that in graphane the thermal energy can be accommodated by in-plane
bending modes, i.e., modes involving C-C-C bond angles in the buckled carbon layer, instead of
leading to significant out-of-plane fluctuations that occur in graphene.

(iii) Using atomistics we investigated the thermodynamical properties of a single atomic layer
of hexagonal boron-nitride (h-BN). The thermal excited ripples of large scale single h-BN sheets
were calculated and compared to those found for graphene (GE). We found that the h-BN sheet is a
less stiff material as compared to graphene. The bending rigidity of h-BN is about 16% smaller than
the one of GE at room temperature (300 K), and it increases with temperature as it occurs in GE.
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I. Partially unzipped carbon nanotubes as magnetic field sensors

Among the existing available techniques to produce GNRs [1,2,3,4], a very appealing one is
the unzipping of CNTs. This can be done, for example, by using chemical attack [5] or throught
plasma beam etching [6]. Although recent molecular dynamics studies have shown that dangling
bonds tend to re-bond on partially unzipped CNT, by fully hydrogenating the opened edges this
self-healing behavior can be suppressed [7]. Thus, it is feasible that multi-junctions composed of
CNTs and GNRs can be fabricated in the near future. From a theoretical point of view, the
electronic transport properties of such junctions have been addressed in a series of works. In Ref.
[8] the conductance of partially unzipped aCNT/zGNR junctions was numerically studied. The case
of unzipped zCNT was addressed in Refs. [9, 10] where analytical expressions for the wave
functions and transmission probabilities were obtained by connecting different parts of the system
under proper boundary conditions. The main result is that the metallic aGNR/zCNT/aGNR
junctions exhibit perfect transmission for incident low-energy electrons. Different from previous
works, here we are interested to study the conductance of partially unzipped CNT in the presence of
an external magnetic field parallel to the tube axis. Here, we analyze the aGNR/zCNT/zGNR and
zGNR/aCNT/zGNR junctions schematically displayed in Fig. 1 and we show that variations in the
external magnetic field can dramatically change the conductance of the system and therefore we
propose to use these systems as magnetic field sensors. Such sensors have the additional advantage
that much better contacts can be realized on the ribbon sections as compared to plain nanotubes. In
order to describe the electron hopping between the Tt orbitals pertaining to neighboring carbon
atoms we adopt a nearest-neighbor tight binding Hamiltonian. The unzipped systems studied here
(a) zCNT and (b) aCNT, are displayed in Fig. 1. Note that, for simplicity we have adopted a
different enumeration Ny and Ny to define each geometry and that periodic boundary conditions are
used at the two edges to define the tubes.
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When a CNT is partially unzipped we model it as a CNT that is connected to ribbons on both of its

sides. The aGNR/zCNT/aGNR system can be thought of as a zCNT from which one line of C-atom
dimers is removed in the left and right section, forming the aGNR-leads. In the zZGNR/aCNT/zGNR
system, no atoms are removed, but the bonds between two zigzag edges are removed. In both cases
the model Hamiltonian describing the whole system is therefore given by

H=H. ont + Hozyonvee + Hazyenge (1)
where Haconriuwr) corresponds to the semi-infinite left (right) lead, and H,uonr describes the
nanotube. In addition to these terms we have h;c and h;r which are the hopping amplitudes
connecting the leads to the nanotube. The hopping parameter between carbon atoms, t,=2.7 eV, is
taken as unit of energy. The conductance calculation was done by using the non equilibrium
Green's function technique [11,12,13] where G(E) is obtained from the transmission function T(E)
as G(E)=(2e*/h) T(E). We remark that the self-energies for the semi-infinite leads have been
computed self-consistently and when used to calculate the G(E) of pure CNTs and GNRs they give
the expected value as shown in Fig. 2.
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Even without external magnetic field, very different low energy electronic properties can be
present in these junctions. In the case of zCNTs/aGNRs, it is known that the metallicity of undoped
samples is determined by the width of the tubes and ribbons [9]. In Fig. 2, panels (a.1) and (a.2)
show the low energy band-structure for pure infinitely long aGNRs and zCNTs of different widths.
In both, the metallic and the semiconducting regimes, only some of the bands of the aGNR coincide
with the bands of the zCNT due to the different transverse boundary condictions (open vs. periodic),
see e.g. Ref. [9]. For the partially unzipped aGNR/zCNT/aGNR metallic junctions, i.e. N,=8, it is
expected that in the absence of the magnetic field the system should show no backscattering and a
perfect conductance at low energies [9]. Accordingly we see in Fig. 2 (b.1) that the transmission
remains unity at low energies. For higher energies G(E) shows the expected jumps each time that a
new channel is available for conduction.
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On the other hand, in the case of the zZGNR/aCNT/zGNR junction (Fig.2 (a.3) and (b.3)) we
observe a quite different low energy behavior. While zGNRs are always metallic independent of
their width, due to the localized edge states at zero energy, T(E) vanishes in the combined system
when the energy approaches zero, which is made more clear in the inset of Fig. 2. This sharp drop
in the conductance at zero energy can be understood from the mismatch in the dispersion of the
zGNR and aCNT subsystems, (cf. Fig. 2 (a.3)), as the energy approaches zero. Due to the resulting
difference in momentum of the corresponding eigenstates, electron wave-functions incident from
the ribbon become evanescent in the aCNT and therefore the conduction is suppressed. Although
not shown here, we have found that this suppression is sensitive to the length of the aCNT
subsystem, as the electron tunnels through it.

When an external magnetic field is acting on the CNTs it can be included into the tight
binding Hamiltonian using the so-called Peierls phase. For a magnetic field parallel to the tube
axis, this is B=Bj, there will be only three different hopping phases. These terms were displayed in
Fig. 1(c) and Fig. 1(d). @=h/e is the quantum flux, r is the radius of the tube, B is the magnitude of
the magnetic field and a=1.42 A is the carbon atoms distance. For the GNR the axial magnetic field
has no effect since the flux through the ribbon is zero.
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zGNR/ACNT/2GNR

L L B B ¢ r'DI Figure 4: Variation of T(E) in the unzipped
] 1 aCNT (Ny=6, N,=24) for different magnetic
fields as indicated on the plot.

The effect of the magnetic field on the aGNR/zCNT/aGNR junction is shown in Fig. 3. At
low energies the transmittance is suppressed due to the magnetic field induced gap in the zCNT
(this comes about because the magnetic field will shift the transverse momentum thus changing a
metallic nanotube into a semiconducting one). The suppression is due to a decrease of the overlap
of evanescent modes from the aGNR and depends on the tube length as can be seen in Fig. 3(b).
Thus, when the transmittance vs. magnetic flux is plotted for different energies and tube lengths, as
shown in Figs. 3(c-d), we notice that this junction could be used as a magnetic sensor since the
resistance of the junction is very sensitive to magnetic field changes. The longer the tube length, the
more sensitive the sensor will be since smaller magnetic fields are needed to suppress the overlap of
the wave functions coming from the leads. When the Fermi level is shifted from the Dirac point for
certain energies, which depends on the tube length, the transmittance is even more sensitive to
changes in the magnetic field thus improving the efficiency of the sensor. For the
zGNR/aCNT/zGNR junction, the dependence of the transmittance is presented in Fig. 4. Except to
the peculiar zero energy suppresion, the behavior is similar to the aGNR/ZCNT/aGNR junction thus
making the operation of the proposed magnetic sensor independent of the orientation of the partially
unzipped CNTs.
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The performance of these magnetic field sensors could be affected by defects. The effect
of defects as Carbon atom vacancies on the edges of the ribbons, where they are more likely to
appear in the unzipping process, is shown in Fig. 5. While edge defects modify the conductance,
their effects can be clearly distinguished from the effects of the magnetic field thus even in the
presence of defects the partially unzipped CNT are still feasible as magnetic field sensors.

To conclude: Magnetic field induced changes of the electronic properties in the
zCNT/aGNR regions will modify the magneto-resistance of the junctions which hence can be used
as magnetic field sensors. While more realistic system sizes are out of the scope of the numerical
technique employed, given a tube radius of r=500 nm, @@ equals to 0.001 which implies a
magnetic field B of approx. 0.67-1.16 T depending on the junction. Therefore, the simplicity of the
sensor, due to the fact that the GNRs are perfect contacts to the CNTs while the magnetic field does
not affect the contacts, makes it interesting for possible applications. Edge defects in the ribbons do
not modify the qualitative behavior of the junctions and their effect on the conduction can be
neglected when the defects are far from the junction (e.g. farther than 1nm). Also, due to the
extraordinary stiffness of CNTs, in the relaxed configuration the nanotube region is expected to be
straight and therefore curvature effects can be safely neglected.

II. Thermal excited ripples in hydrogenated graphene (Graphane)

Hydrogenated graphene (GE), called graphane (GA), is a quasi-two-dimensional (2D)
structure of carbon (C) atoms ordered in a buckled honeycomb lattice covalently bonded to
hydrogen (H) atoms in an alternating, chairlike arrangement [14]. Experimentally, it has been
shown that GA can be obtained reversibly starting from a pure GE layer [15], and since then it has
become a material of high interest due to its potential applications in nanoelectronics [16]. As
compared to GE, the chemisorption of the H atoms is accompanied by an important reconstruction
of the chemical bonds and angles in the flat honeycomb lattice [17]. Each carbon atom acquires an
H neighbor, involving a transition from sp? to sp® hybridization, which turns the conjugated,
graphitic C-C bonds into single C-C bonds, changing locally the planar shape of graphene into an
Atrom scale out-of-plane buckled shaped membrane [18], as displayed schematically in Fig. 6.

One expects that at nonzero temperature thermally excited ripples will occur and distort
the lattice. For GE these ripples can be described theoretically by elasticity theory of continuum
membranes [19]. Among others, this membrane theory predicts a suppression of the long
wavelength out-of-plane fluctuations by the anharmonic coupling between the out-of-plane bending
and in-plane stretching modes, leading to a characteristic power law behavior for the height
fluctuations as a function of the system size. Although the height fluctuations still diverge, the
normal-to-normal correlation is preserved over a large length scale, stabilizing the membrane. By
using atomistic simulations these results were shown to be applicable to GE, implying that this
prototype 2D solid behaves as a membrane [20, 21], and also to bilayer GE [22]. Experiments have
confirmed that suspended GE is not perfectly flat but instead presents ripples at finite temperatures
[23].
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Figure 6: (a) Schematic view of a large sample of graphane.
(b) Buckling between C atoms in the A (higher) and B
(lower) sublattices at T = 300 K.
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Here, we study thermally excited ripples in GA using state-of-the-art molecular dynamics
(MD) simulations and show that the Atrom scale thermal ripples present in GE do not appear in GA
for temperatures up to at least 900 K. The A- and B-sublattice buckling is preserved and inhibits the
formation of long wavelength ripples. As a consequence, the calculated height-height correlation
function H (q) does not follow the characteristic ¢“™ power law scaling in the long wavelength
limit predicted by membrane theory, and the height fluctuations appear to be bounded. According to
membrane theory and within the harmonic approximation, applicable in the short wavelength
regime where q is larger than some crossover value q*, the out-of-plane and in-plane modes are
decoupled and the elastic bending free energy density is described by Fram = k(V? h)? , where h is
the local height and « is the bending rigidity of the membrane which governs the properties of the
temperature induced ripples. Substitution of the Fourier transform of h and integrating over 2D
space leads to the following height-height correlation function,

Il

Huam(@) = (@) = 20, @
K Sog

where N is the number of atoms, S, the surface area per atom, and kg is the Boltzmann constant.
Accordingly, the height fluctuations in the harmonic regime behave as <h®>j.m = CL? , with C a
temperature-dependent constant and L the linear size of the system. In the large wavelength limit,
i.e.,, for ¢ < q", the height fluctuations are suppressed by the mentioned anharmonic coupling
between bending and stretching modes giving rise to a renormalized q-dependent bending rigidity
« g™ and a power law scaling behavior

and accordingly h*> = C L™ with C a constant (=C). The universal scaling exponent n has been
estimated to be 0.821 [24]. For GE, using Monte Carlo (MC) simulations with the empirical long-
range carbon bond-order potential I (LCBOPII), good agreement with these results, derived from
continuum theory, was found with n = 0.85. Here, we investigate to which extent membrane theory
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can be applied to the description of thermally excited ripples in GA and we compare our results
with those for GE. To calculate the height fluctuations for GA we first need to define an appropriate
value for the height h; of each lattice site i. Since we are mainly interested in the long wavelength
fluctuations, which normally govern the size of the height fluctuations, we defined it on the basis of
the carbon positions as

where i is a carbon atom, j runs over the three carbon neighbors of i, and z; is the z coordinate
perpendicular to the plane. This definition allows for a straightforward comparison with GE, for
which the heights were defined in the same way following previous work [20]. To measure h? and H
(q) we have performed MD simulations using the LAMMPS package. Both the GA and the GE
systems have been sampled using the constant NPT ensemble (with P = 0). For the interatomic
interactions we used the modified second generation of Brenner’s bond-order potential, i.e.,
adaptive intermolecular reactive bond-order (AIREBO), which has been shown to predict correctly
the configurations for many different hydrocarbon structures. We simulated square shaped systems
with the number of C atoms equal to N = 4860, 8640, 19 440, and 37888, in a temperature range
from 100 to 900 K (note that for GA the total number of atoms is twice as large). Periodic boundary
conditions were applied in the x and y directions.

LA B :
*—8GE (g
C—aOGA
L 2n=1s e
— ’(II —
[
E_— OO — ;f
_3 u B sublarttice H atoms b ]
-4 =y L M L " L . L i L 't PR I
o 1000 2000 3000 4000 SO0 128 256 512
1 (site index) L (A)
S S ——
= e ¢
= ! N : Figure 7: Heights of the C atoms in the GE (a) and GA
" E . 4860 (b) against the site index for arbitrary snapshots taken
0.0l = 13233 during the MD simulation. N = 4860. T = 300 K. (c) h?
ITSER against L. = L * L, in GE (circles) and GA (squares). H
) E = (q) for different system sizes as indicated for (d) GE
/E-“* and (e) GA. The dashed line shows the harmonic q™
- behavior and the solid line the correction due to
anharmonic coupling for small q. Vertical arrows
oooolF roughly indicate q* below which the harmonic behavior
’ is broken.
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The results have been computed averaging over 300-500 uncorrelated configurations. In
Fig. 7 we show the out-of-plane positions for GE (a) and GA (b) for arbitrary snapshots taken
during the simulation at room temperature. In GA, the A and B sublattices fluctuate around their
mean heights hag ~ +0.256 A. The scaling of h? with the system size is displayed in Fig. 7(c). The
obtained values for GE are in close agreement with previous reported MD results obtained with the
reactive empirical bond-order (REBO) potential and slightly lower than those obtained from MC
simulations using the LCBOPII [25]. For GE, h? increases as L®™ as expected from membrane
theory. For GA, instead, h® is almost independent of the system size. The differences in the rippling
behavior of GA and GE are also evident from the results for H(q) [Figs. 7(d) and 7(e)]. As it should
be, the H(q) functions for different system sizes overlap. However, for GA, although the harmonic
q™* behavior for short wavelengths is well recovered, H(q) tends to a constant in the long
wavelength limit. Hence, it does not follow the q*™ power law as expected from membrane theory
and found for GE.

H(q) (arb. units)

R
2z 1F : “-"‘-.:2 o, Figure 8: (a) H (q) at 300 K for different % of
= H atoms (0% correspond to GE and 100% to
= I GA). The different curves have been shifted for
oot (b) GE a better comparison. In the inset we show the
| variation of h?. H (q) for different temperatures
b [ E as indicated for (b) GE and (c) GA. The inset
- 1E= v P l _:‘I"‘I B 3 of (c) shows the average value of the heights in
= S 1-_-.3'.-2’“‘,;_ = "3¢'“,'c,'uu'y,'1,fé the A sublattice of C atoms against
Tomf. AR : Tk 3 temperature. N = 8640.
{c) GA
o.0001 &
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The intermediate regimes where GE is only partially covered by H atoms are analyzed in Fig.
3(a). Notice that H(q) displays harmonic behavior even for a H coverage as large as 90%. The
deviations at low wave vectors are small and hence can be ascribed to anharmonic coupling. The
variation of h% shown in the inset, indicates that first the sheet is softened when partially
hydrogenated and becomes stiff at full coverage. The behavior of H(q) for different temperatures is




Dr. Sebastian Costamagna - BELSPO Postdoctoral fellowship - FINAL RESEARCH REPORT 14

shown in Figs. 8(b) and 8(c). As expected, with increasing temperature H(q) is shifted to larger
values for both GE and GA. In the inset of Fig. 8(c) we show the average heights of the C atoms in
the A sublattice against temperature. We also found that ha ~ — hg over the whole temperature
range, implying that the A- and B-sublattice buckling is preserved.

More signals of the differences between the corrugations in GA and GE comes from the
temperature dependence of h® shown in Fig. 4(a). Note the difference in the vertical scale displayed
on the left- and right-hand sides for GE and GA, respectively. While for GE the value of h? changes
about 0.61 A between 100 and 900 K, the variation is only 0.07 A for GA, indicating that GA
remains approximately un-rippled even at 900 K. The variation of q* against T [Fig. 9(b)] also
shows the same almost constant behavior for GA, whereas for GE, q*(T ) behaves as expected for a
2D membrane [20]. From the calculated H(q — o0) at different T and Eq. (2), one can also
determine the T dependence of the bending rigidity k. Using the REBO potential it was found that
decreases with T for GE, similarly as for liquid membranes. However, the opposite behavior was
found using the LCBOPII potential [20]. In Ref. [26] the rigidity was found to depend on the
system size. Thus, the reported values for k in GE vary from 0.79 to 2.13 eV depending on the
calculation method [27]. In Fig. 9(c) we show x for GE and GA calculated from the harmonic part
of H(q) between q = 0.5 and 1 A™!, confirming that for GE, « increased with T. For GA, « is much
larger and, most surprisingly, k strongly decays when temperature is increased, opposite to the
behavior for GE. The reason why GA does not obey membrane theory should be found in the
geometry of the buckled carbon layer which allows for low energy in-plane bending modes,
involving the C-C-C angles. These accordion types of modes have a relatively low energy. In
principle this comes down to a strong anharmonic coupling of the out-of-plane bending mode with
these in-plane bending accordion modes which strongly damp the out-of-plane excitations.

P= 9 MPa, N=4860
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Figure 9: Variation of (a) h?, (b) g and (c) k against Figure 10: (a)Energy increase under biaxial pressure
temperature for GE (circles) and GA (squares). N = 8640. with respect to the relaxed system at zero pressure for

GA and GE (0 K). Shape of (b) GE and (c) GA for
P = 9 MPa. Note that while GE is corrugated,
GA instead remains unrippled.
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To illustrate this further we have performed NPT simulations for increasing pressure, the
results of which are shown in Fig. 10. It shows that GA resists much higher pressures before
bending than GE. Using MD simulations we have shown that the intrinsic thermal ripples present in
GE do not appear in GA for temperatures up to at least 900 K, which we ascribe to the Atrom scale
buckling of the carbon layer in GA into a carbon bilayerlike configuration. The rippling behavior of
GA is in disagreement with the continuum elasticity theory of membranes. The results from
membrane theory are supposed to be universal, which means that they should not depend on the
atomic scale details within the membrane. Instead, we find that GA can accommodate the thermal
energy by in-plane bending modes, i.e., modes involving C-C-C bond angles in the buckled carbon
layer instead of leading to significant out-of-plane fluctuations that occur in graphene. The present
results for GA suggest that membranes of atomic scale thickness can exhibit a more complicated
behavior than predicted by membrane theory.

[11. Thermomechanical properties of a single hexagonal boron nitride sheet

The single layer of hexagonal boron-nitride (h-BN) is a wide gap insulator that is very
promising for opto-electronic technologies [28, 29], tunnel devices and field-effect transistors [31,
30, 31]. h-BN ribbons doped by carbon has been proposed [32, 33]. In addition, BN based
nanostructures are potential materials for thermal management applications [34-40]. Therefore, the
knowledge of the shape and the temperature dependence of the intrinsic ripples is fundamental for
novel nano-devices based on this material.

Figure 11: Schematic view of the single h-BN
sheet. Smaller-yellow (bigger-blue) circles refers
to the B (N) atoms. The rectangles indicate the
atoms that are fixed during compression. Dashed
=" (straight) lines correspond to zig-zag (armchair)
~ uniaxial compression in the direction given by
the arrows. Open arrows indicate the shear stress
applied in the armchair direction.

Armchair

@ Boron © Nitrogen

Both GE and h-BN sheets have a honeycomb lattice structure, however the different
electronic properties and phonon band structure [41-43] results in unequal morphologies and
corrugations. First-principle calculations have been performed using small unit cells, periodically
replicated, which are unable to model long wavelenght corrugations which require thousands of
atoms. Conversely, atomistic simulations using molecular dynamics simulations (MD) enable to
study thermo-mechanical properties directly on large scale samples. The modified Tersoff potential
[44] (TP) (parameterized originally for carbon and silicone) with various set of parameters have
shown to predict reasonable values for the thermo-mechanical properties of the h-BN sheet. In the
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pioneering work by Albe et al. reparameterized TP was used to study the impact of energetic boron
and nitrogen atoms on a cubic-BN target [45]. Some other groups have also parameterized TP using
various experimental data, e.g. Sekkal et al. [46] treated h- N as a one-component system, using the
same potential parameters for both boron (B) and nitrogen (N) (neglecting the B-N interaction) to
investigate the structural properties. Matsunaga et al. [47] proposed the TP of B in order to simulate
cubic boron carbonitrides which are compatible with the parameters of nitrogen fitted by Kroll [48],
and recently, Liao et al. [49] and Sevik et al. [50] reported TP parameters that were used to study
the mechanical properties and the thermal conductivity of a h-BN sheet, respectively.

In this study, we investigate the thermal rippling behavior of free standing monolayer h-BN by
using state of the art molecular dynamics (MD) simulations. We adopted the TP potential
reparametrized by Sevik et al. which has been shown to obtain the experimental structure and the
phonon dispersion of the two-dimensional h-BN sheet. As we describe below we found that h-BN is
more corrugated and a less stiff material as compared to GE.

lU_
< |
12 | i Figure 12: Variation of (a) < h?> > and (b) the bending
I 1 rigidity versus temperature for both h-BN (open squares)
01 7 and GE (solid circles). (c) Height-height correlation function
i H(q) of h-BN at two different temperatures as is indicated.
0.01k The dashed lines indicate the harmonic q* law.
{J.S-.I.I.I.I.I- 1 L
0 200 400 600 80D 1000 (1125 0.25

T [K]

The out-of-plane fluctuations shown in Fig. 12(a) indicate that in h-BN the increase of
temperature creates larger corrugations in h-BN than in GE. The bending rigidity K, calculated from
the harmonic part of H(q) between q=0.5 A and =1 A" and in agreement with the larger values of
<h? >, is smaller in h-BN than in GE. Note thatk for both h-BN and GE increase with temperature.
In Fig. 12(c) we show H(q) at 200K and 1000K where the harmonic behavior can be clearly
observed (fitted with a dashed line) and, as expected, with increasing temperature H(q) acquire a
larger magnitude. This figure also reveals that the ripples are not characterized by an unique wave-
length and instead follows the behavior expected from continuum membrane theory. Thus, we
found that the h-BN sheet is a less stiff material as compared to graphene. The bending rigidity of h-
BN is about 16% smaller than the one of GE at room temperature (300 K), and it increases with
temperature as it occurs in GE.
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