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Graphene on TaC: air tight protection of a superconducting surface

L. Huder,! G. Trambly de Laissardiere,? G. Lapertot,! A. G. M Jansen,! C. Chapelier,! and V. T. Renard’
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We report on the fabrication of a clean, stable in room atmosphere and superconducting surface
consisting of graphene on tantalum carbide (TaC) obtained by high-temperature annealing of a
tantalum thin film on SiC. Low temperature scanning tunnelling spectroscopy reveals that the
surface is superconducting with a superconducting order parameter up to 1.6 meV. In addition,
atomically-resolved imaging establishes the chemical inertness of the surface. This result is achieved
because few graphene layers protect the surface superconductivity of the buried superconducting
TaC formed during the high-temperature annealing.

I. INTRODUCTION

Since the invention of the scanning tunnelling mi-
croscope (STM), graphite has been the substrate of
choice for atomically resolved imaging because it of-
fers a surface which is easy-to-produce, atomically-
clean and stable in room atmosphere!. This surface
quality has allowed the study of various isolated or
self-organized molecular systems?. Recently, there
has been a surge of interest for the study of magnetic
atoms or molecules at the surface of superconductors
because these systems are prime candidates to bear
topological phases and, in particular, Majorana zero
modes (see Ref.? and references therein for a review).
These investigations are challenging because super-
conductors, like most conductors, oxidize in room
atmosphere? which puts stringent constraints on ex-
perimental conditions and surface preparation. Sur-
face reactivity is also a concern as reactions between
the magnetic adsorbates and the surface could alter
the output of the experiments. It would be therefore
highly desirable to have a superconducting analogue
of HOPG to conduct this research.

The rise of two-dimensional (2D) superconductors
has not allowed improvements since no inert 2D su-
perconductor has been isolated yet®%. Capping 2D
superconductors with a protective 2D layer (either
graphene or h-BN) has however revealed a fruitful
strategy to preserve the structural and electronic
properties of those fragile materials™®. Importantly,
superconductivity can still be probed through the
capping layer owing to its extreme thinness. Un-
fortunately, the transfer technique implemented in
those studies does not allow the preparation of large
surface areas which are more convenient for STM
studies. In view of producing large areas, an in-
teresting proposal has been made in Ref? where
graphene was deposited by CVD on rhenium to pro-
tect this conventional superconductor. However, in
this study, graphene is strongly hybridized with the

substrate and loses both its two-dimensional charac-
ter and its Dirac electronic properties.

We present here a similar strategy, albeit using
graphitization of a superconducting carbide, to get
a clean and superconducting surface spanning large
area with a relatively large energy gap which would
be suitable for easy STM experiments. This result
follows from our recent discovery that high tempera-
ture annealing of a carbide-forming metal (Nb or Ta)
thin film on silicon carbide (SiC) leads to the forma-
tion in a single process step of a superconducting car-
bide (NbC or TaC) capped with graphene layers'’.
We have shown by transport measurements that the
known strong interaction between graphene and su-
perconducting carbides™ allows for the realization
of high-quality epitaxial electrical contacts between
graphene and the superconducting carbide!?. In this
article, we present a study of surface superconductiv-
ity probed by low temperature STM measurements
(topography and spectroscopy). It is demonstrated
that the surface of the graphene layers on top of
TaC is clean and retains simultaneously a supercon-
ducting gap and a Dirac cone which mimics that of
graphene despite exposure to ambiant air without
further surface preparation.

II. EXPERIMENTAL AND
COMPUTATIONAL PROCEDURES

A. Sample preparation

The TaC and graphene films were prepared by de-
positing a 40 nm thick layer of tantalum by e-beam
evaporation on top of the carbon terminated surface
of 4H-SiC substrates. The samples were then an-
nealed in a RF-induction furnace inside a graphite
crucible under a pressure lower than 10~6 mbar, fol-
lowing a recipe similar to that for graphene growth
on SiC*2. The first annealing step ramps the tem-
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Figure 1. a) A 2 ymx 2um AFM image of the surface
of a graphitized TaC sample showing the typical grains.
b) A 13x13 nm? STM topography image of graphene
layers on a TaC grain showing the moiré pattern typical
of twisted graphene layers (V, = —4 mV, I; = 1 nA) at
4.2 K.

perature to 1140°C in 60 minutes and holds this
temperature during 30 minutes for degassing. The
next temperature ramp is done in 180 minutes up to
1360°C and the temperature is then kept stable for
18 minutes. The cooling down to room temperature
follows a reversed procedure.

B. STM measurements

After thermal annealing, the sample remained in
air atmosphere for one day before it was loaded with-
out further treatment into a home-made low tem-
perature STM operating down to 1.5 K. Images of
the surface topography were acquired in the constant
current mode and unless specified recorded at 4.2 K.
The spectroscopic measurements of the Local Den-
sity of States (LDOS) were performed by measur-
ing the differential conductance (dI/dV’) using phase

sensitive detection while ramping the tip-sample bias
V, at fixed tip height.

C. Tight binding calculations

Local density of states (LDOS) are computed by
recursion method in real space from a tight-binding
(TB) Hamiltonian that has been shown to simulate
LDOS in twisted graphene bilayer with strain®? and
without strain™5. Only p, orbitals of C atoms are
taken into account since we are interested in what
happens around the Fermi level.

The Hamiltonian has the form:

HZZQ‘ )Gl + Y g i, (1)

<i,j>

where |é) is the p, orbital located at 7;, and (i, 7) is
the sum on index i and j with i # j. The coupling
matrix element, ¢;;, between two p, orbitals of atoms
7 and j, is computed by Slater-Koster formula from
the hopping parametersd,

Vpr (Ti5) = =0 e’ <1_ 23 ) ) (2)
Vopo (rij) = 1 €™ (17;)’ (3)

where 7;; is the distance between the two or-
bitals, ag = 1.418 A is the nearest neighbor dis-
tance within a layer, and a; = 3.349 A is the in-
terlayer distance. First neighbors interaction in a
plane 7y = 3.7eV is taken to recover the Fermi ve-
locity which in graphene equals to 1.09x10% m.s~ 124,
Second neighbors interaction -, in a plane is set to
().1fy0Ijzl which fixes the value of the ratio ¢,/ap in
equation . The inter-layer coupling between two
p, orbitals in 7 configuration is ~;. 7 is fixed to
obtain a good fit with DFT calculations around the
Dirac energy in AA stacking and AB Bernal stack-
ing which results in y; = 0.48eVI8, To get ¢,, we
choose the same coefficient of the exponential decay
for Vipr and Vpp,. All p, orbitals have the same on-
site energy €; equal to the Dirac energy in monolayer
graphene.
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Figure 2. a) A 6x6 nm? STM topography image of twisted graphene layers found on a TaC grain (V;, = —1 V,
I, = 500 pA). The rotation angle is 7.25°. b) Fourier transform of the image in panel (a). Arrows indicate the
distances from which the graphene lattice parameter a and the moiré period D can be determined. ¢) LDOS of the
grain shown in panel (a). The LDOS is measured by scanning tunnelling spectroscopy (dotted line) with a 6 mV
AC bias modulation and shows van Hove singularities which are independent of the position where the spectrum is
measured. The theoretical prediction is shown as a solid line. It has been shifted vertically by 0.75 arbitrary unit.
d) A 16x16 nm? STM image of rotated graphene layers found on a TaC grain (V, = —1 V, I; = 1 nA). The rotation
angle is 2°. e) Fourier transform of the image in panel (d). The inset shows a zoom on the moiré harmonics at the
center of the Fourier transform. f) Experimental LDOS acquired in AA (red dotted line) and AB (blue dotted line)
regions of the grain presented in panel (d). The measurement was performed with a 6 mV AC bias modulation. The
corresponding theoretical prediction is shown as a solid line. They have been shifted vertically by 2.5 arbitrary unit.

III. RESULTS AND DISCUSSION stacking angle as several moiré lattice parameters
D are observed, indicating different rotation angles
between the topmost layers. The lattice constant a
and moiré periodicity D are found from the Fourier
transform (Figs. 2b and d) which allows the deter-
mination of the average rotation angle 6 according
to 0 = 2sin =1 (i . For instance, the rotation angle

is 2.46° in Fig. ] 7.25° in Fig. Ph and 2° in Fig. BH.

A. Graphene on TaC: topography and
spectroscopy.

Figure [Th shows a large scale Atomic Force Mi-
croscope (AFM) image of the surface of the sam-
ple after the thermal annealing. One recognizes the

typical granular morphology of TaC on SiC with
typical grain size ~200 nm'? The atomically re-
solved low temperature STM image of Fig[Ib con-
firms our previous study in that the grains are cov-
ered with graphenél®. A clear moiré signal is su-
perposed to the atomic signal indicating that sev-
eral graphene layers (at least two) are present at
the surface. Bright regions in Figs. correspond
to regions where the atomic lattices of the two lay-
ers are in registry (AA regions) while the lattices
are in anti-phase in dark regions (AB regions)819,
Figures [1] and [2] show that there is no preferential

Figures 2t and P show typical LDOS measure-
ments recorded in the moiré regions of Figs. 2h and
respectively. The spectra show resonances which
have been attributed to van Hove singularities?C.
These singularities occur due to the interlayer inter-
action that induces an anticrossing between the two
Dirac cones in the electronic dispersion of the two
rotated layers’®2l. Since graphene layers have lin-
ear dispersion the energy of this anti-crossing is also
linearly dependent on the rotation angle, a prop-
erty which could be used to tune the van Hove
singularities’®22. Figure 2k and [2f show the results
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Figure 3. a) A 1lumx1lum STM topography image of the surface of TaC covered with few graphene layers acquired
at 2.2 K (V, =4 mV and 4, = 1 nA). b) Superconducting gap map in the same region as shown in panel (a). The
superconducting gaps were extracted from the dI/dV spectroscopy with a 0.1 mV AC bias modulation. Black pixels
indicate the places where the superconducting gap could not be estimated. The grains seen in panel a) are highlited
with a dotted contour. c) Individual spectra acquired at a position indicated by a dot in panel b) The red dot
corresponds to the red spectrum while the gray dot corresponds to the black spectrum. ¢). Fits to the BCS theory

are displayed as solid curves.

of LDOS calculations performed following the tight-
binding method (see section . These results re-
produce accurately the position of van Hove singu-
larities in the experiments. For the large rotation an-
gle of Fig.[2h the density of states does not depend on
the position in the moiré. In contrast, Fig. [2d shows
more pronounced van Hove singularities in AA re-
gions than in AB regions for the moiré with a low
rotation angle. This stems from the localisation of
charge carriers by the moiré potential?d. All in all,
the rotated graphene layers on TaC show the same
features in the electronic structure as graphene lay-
ers on SiC1#22,

The important conclusion of these STM measure-
ments is that the layers do not grow in the conven-
tional Bernal stacking of graphite but are rotated
with respect to each other. Firstly, this suggests
that the growth kinetics of graphene on TaC is fast
and resembles that of graphene on the carbon face
of SiC rather that of graphene on the silicon face of
SiC. This was suggested by the characteristic shape
of the 2D band observed in our previous Raman
measurementsi’ and finds here a direct confirma-
tion. Secondly and more importantly, in these con-
ditions of rotated growth the electronic dispersion
at low energy retains its linear behaviour mimicking
that of graphene?,

B. Superconductivity of graphene on TaC

In our previous report we found that the
TaC/graphene film on SiC becomes superconducting
at 7.=10.35 K. This corresponds to the super-

conducting transition temperature of stoichiomet-
ric TaC?? and to a superconducting order param-
eter A = 1.76kgT. = 1.6 meV according to the
Bardeen—Cooper—Schrieffer (BCS) theory. Here, we
have investigated whether or not the surface of this
film is superconducting. The scanning tunnelling
spectroscopy gives a direct access to the order pa-
rameter at the surface and to its spatial fluctuations
by mapping the LDOS at low temperature. Fig-
ure displays the superconducting gap map. To
form this image, a tunnelling spectrum was mea-
sured at each pixel and the superconducting gap was
measured from each spectra (defective spectra were
removed from the analysis). There is a strong cor-
relation between the surface topography (Fig. [Bh)
and the superconducting gap map. Fitting the ex-
perimental data with BCS theory indicates that the
superconducting gap varies up to A = 1.6 meV de-
pending on the grain chosen for the measurement.
Superconductivity is observed for grains with flat
topography while the grains with rougher surface
are not. The superconducting gap can vary within
a single grain. The graphene surface shows a rich
variety of superconducting strength that could re-
sult from the following effects or a combination of
them. First, all TaC grains may not be stoichiomet-
ric with decreasing T, for off-stoichiometry grains
and therefore could present different order parame-
ter amplitudes?®. However, this explanation is un-
likely because the bare presence of multilayers of
graphene on top of these grains suggests that the
original Ta film has been fully saturated by carbon
atoms during the graphene growth. Secondly, since
superconductivity is induced by proximity to the



graphene layers, its strength on the topmost layer
depends on the number of layers beneath® and this
number may vary significantly from grain to grain.
Unfortunately our STM measurements do not allow
to discriminate these scenarii. A careful adjuste-
ment of the growth condition may allow, if required,
to improve the spatial homogeneity of the supercon-
ducting properties.

IV. CONCLUSION

In conclusion a clean and stable superconduct-
ing surface can be produced by the graphitization
of a tantalum thin film on SiC. Graphene layers do
not adopt the Bernal stacking on TaC but rather

grow with a rotational disorder as evidenced by the
moiré pattern which preserves the linear dispersion
of graphene. Such surface could prove a useful plat-
form for the study of the interaction of superconduc-
tivity with magnetic adsorbates in search of topolog-
ical phases. Its two-dimensional character would
promote long-range impurity states, a great asset
for visualizing them with scanning probes®Z. In this
context, the spatial variation of the superconducting
gap between 0 and that of pure TaC could turn into
an opportunity for observing at different positions on
the same sample the quantum phase transition be-
tween a singlet ground state when the superconduct-
ing pairing energy is smaller than the Kondo tem-
perature and an unscreened doublet ground state in

the opposite situation?s,
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