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The electronic band structure of Au2 Pb has a Dirac cone which gaps when undergoing a structural transition
into a low temperature superconducting phase. This suggests that the superconducting phase (Tc = 1.1 K) might
hold topological properties at the surface. Here we make Scanning Tunneling Microscopy experiments on the
surface of superconducting Au2 Pb. We measure the superconducting gap and find a sizable superconducting
density of states at the Fermi level. We discuss possible origins for this finding in terms of superconductivity
induced into surface states.
DOI: 10.1103/PhysRevResearch.4.023241

I. INTRODUCTION

Recent efforts in band structure calculations have shown
that it might be possible to obtain many intermetallic compounds with topologically nontrivial surface states [1–3].
Among these systems, a few become superconducting at low
temperatures. It has been shown that superconductivity induced by proximity into a topologically nontrival electronic
surface state can lead to triplet correlations and the appearance
of Majorana modes at the surface [4–7].
Here we analyze the compound Au2 Pb. Au2 Pb is a binary
intermetallic system which crystallizes at room temperature
in a cubic Laves phase [8,9]. At low temperatures, Au2 Pb
presents an orthorhombic phase which is superconducting
with Tc = 1.1 K [10]. Band structure calculations of the room
temperature cubic phase predict a bulk 3D Dirac cone due to
symmetry allowed band crossings [8,9]. The presence of the
bulk Dirac cone is confirmed by angle resolved photoemission
studies (ARPES) [11]. The lowered crystal symmetry of the
low temperature phase lifts the band degeneracy and a gap
opens at the bulk Dirac cone [8,11]. As we show in detail
below and represent schematically in Fig. 1(a), the parity of

the bands is inverted at the gap, with the valence band having Au d-electron character and the conduction band Pb-sp3
character.
Experiments aiming to characterize surface states in the
normal phase using optical conductivity have concluded that
the contribution of the Dirac cone to the optical properties is
masked by bulk bands crossing the Fermi energy [8,11,12].
In the superconducting phase, low temperature specific heat
and thermal conductivity measurements have suggested that
the bulk superconducting state of Au2 Pb is fully gapped,
agreeing with s-wave superconductivity [8,13]. Here we analyze the superconducting properties using scanning tunnelling
microscope (STM) experiments on the surface of Au2 Pb. We
measure the superconducting density of states as a function of
temperature and magnetic field. We find a superconducting
gap value corresponding to a Tc = 1.1 K within BCS theory and rough surfaces [Fig. 1(b)]. The zero bias tunneling
conductance is larger than about a third of the normal state
density of states. We analyze the possible origin for the finite
zero bias tunneling conductance in terms of the influence
of defects on surface superconducting states, creating in-gap
states schematically represented Fig. 1(c).
II. EXPERIMENTS AND METHODS
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We synthesized the sample with a Pb flux growth method
[8,11,14,15]. Lumps of gold (99.99% Sempsa) and lead
(99.999% Goodfellow) with a molar ratio Au:Pb 42:58 were
put inside frit disk alumina crucibles [16] and sealed in an
Published by the American Physical Society

FRANCISCO MARTÍN-VEGA et al.

PHYSICAL REVIEW RESEARCH 4, 023241 (2022)

(b)
b)

(a) E

(a)
Δ = 0.17 meV

0 nm

(c)

EF

Fd3m

Intensity (arb. units)

1.9 nm

DOS

c
a

(b)
Pbcn

E

FIG. 1. (a) Schematic representation of the band inversion occurring in Au2 Pb upon cooling into the orthorhombic low temperature
phase [8,11]. The color code represents the relation between Pb-sp3
and Au-d character from blue to yellow. At the surface, it is possible
that the inverted gap closes (dashed black lines). (b) Schematic
representation of our findings. The bulk of Au2 Pb is shown in blue
and the surface in gray. We find a bulk superconducting gap with
 = 0.17 meV and a surface with a rugosity (white to black spots
on the top, following scale bar on the left) which is of the order of
a unit cell size and consists of a random height variation. We also
find that the surface presents a superconducting density of states with
a finite value at zero energy. In panel (c) we show schematically
the superconducting density of states of a system with a surface
Dirac cone dispersion inside the superconducting gap (blue) and
the localized states generated by scattering (dark gray) at a certain
energy EDist in the vicinity of the Fermi level EF . In a system with a
large coherence length and a random distribution of localized states
at many different EDist , these smear the low energy part of the density
of states into a gapless regime [42].

evacuated silica ampoule. The ampoule was then heated in
12 h to 1150◦ C, fast-cooled to 375◦ C in 12 h, held at this
temperature for 6 h, and then slow-cooled to 275◦ C in 22 h. At
this point the excess flux was decanted using a centrifuge. The
obtained crystals typically had sizes of a few millimeters and
showed clean triangular dark-silvered facets. We show powder
x-ray data in Fig. 2(a) and a picture of the samples in the upper
left inset. In Fig. 2(b) we show the resistivity as a function
of temperature, and highlight with colors the different crystalline structures [8,9]. In the lower right inset of Fig. 2(b)
we show the specific heat vs temperature. These data mostly
coincide with previous results in high quality single crystals
of Au2 Pb [8,11]. Furthermore, in the insets of Figs. 2(a) and
2(b) we show the room and low temperature crystalline structures found in Au2 Pb. At room temperature [violet points in
Fig. 2(b)], the crystal structure is the cubic Laves phase F d3m
(No. 227) [9]. It is based on the pyrochlore lattice, with Au
atoms having a tetrahedric arrangement distributed inside a
face centered cubic lattice of Pb atoms. The crystalline structures of the phase at intermediate temperatures [yellow and
red points in Fig. 2(b)] are unknown. The structure of the low
temperature phase [blue points in Fig. 2(b)] is derived from
the cubic room temperature phase by small atomic distortions,
giving orthorhombic Pbcn, No. 60 [8].
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FIG. 2. (a) Powder x-ray data at room temperature of Au2 Pb
(purple lines). We show the expected Bragg peaks by vertical lines
on the bottom. A picture of the crystals is shown in the upper-right
inset. We also show a picture of atomic arrangements (Au is shown
in gold color and Pb in gray) of the room temperature cubic phase.
(b) Resistivity vs temperature of Au2 Pb is shown as colored points.
The specific heat vs temperature is shown in the inset (with a zoom
for the transition at 50 K as an additional inset). We use different
colors for the different structural phases. The low temperature crystalline structure (points in blue) is shown in the upper-left inset.

We performed STM measurements using a home-made microscope described in Ref. [17] and the software described in
Ref. [18]. The energy resolution of the tunneling conductance
measurement setup is of 10 μeV as shown measurements in
Al with a similar setup (Tc = 1.1 K) [19]. For image treatment, we use Refs. [18,20]. We cut single crystalline samples
in rectangular bars that are a few millimeter long and a fraction of a millimeter wide and mount them on the STM sample
holder. The position of the sample holder can be modified to
approach the long axis of the bar shaped sample to a blade
in situ at 4 K in such a way that the blade cleaves the sample
and exposes a fresh surface. We exposed a surface perpendicular to a main crystalline axis of the cubic room temperature
crystalline structure. Given the different structural transitions
undergone upon cooling we can expect that we maintain a
crystalline face at low temperatures. We observed large and
flat areas over fields of view of a few hundreds of nm. We
did not observe atomic resolution, but instead surfaces with
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FIG. 3. (a) Tunneling conductance as a function of the bias voltage for different temperatures (colored lines, bottom is 100 mK,
in light blue, and top is 1 K, in red, with 100 mK increases). The
tunneling conductance is normalized to the value at bias voltages
between 0.5 and 1 mV. (b) Local density of states (LDOS) as a
function of energy for the same temperatures and using the same
color scheme. Black lines in panel (a) provide the LDOS shown in
panel (b) convoluted with temperature. (c) Temperature dependence
of the superconducting gap, also shown by the arrows in panel (b).
The BCS temperature dependence of the superconducting gap is
shown by a black line. Error bars provide the estimated uncertainty
in the gap value.

elongated structures and a surface corrugation of order of the
unit cell size (between 1 and 2 nm; see Fig. 4(a) and the
Appendix).
First-principles calculations with spin-orbit coupling
(SOC) were performed using the Quantum ESPRESSO package [21]. In our calculations we employed the generalized
gradient approximation (GGA) with the Perdew-BurkeErnzerhof (PBE) [22] exchange-correlation functional. We
used fully relativistic norm-conserving pseudo DoJo pseudopotentials [23] and the electronic wave functions were
expanded with well-converged kinetic energy cutoffs of
45 and 180 Ry for the wave functions and charge density, respectively. The Brillouin zone was sampled with
a Monkhorst-Pack [24] (8×8×8) k-point mesh. Dispersion interactions to account for van der Waals interactions
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FIG. 4. (a) Scanning tunneling microscopy image obtained with
a constant current of 1 nA and at a bias voltage of 10 mV. The
obtained height changes are shown as a gray scale, following the
bar on the left. The height profile along the yellow line is shown
in the bottom panel. (b) Tunneling conductance map at zero bias
in the same field of view as in panel (a). Conductance changes are
shown as a blue-red variation following the bar on the left. The
zero bias conductance profile along the yellow line is shown in the
bottom panel. White scale bars in panels (a), (b) are 60 nm long.
(c) Tunneling spectroscopy as a function of the bias voltage along
the yellow lines in panels (a), (b).

between the layers were considered by applying semiempirical Grimme DFT-D3 corrections [25]. Structures were
fully optimized using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm [26] until the forces on each atom were
smaller than 2×104 Ry/au and the energy difference between two consecutive relaxation steps less than 104 Ry.
To analyze the surface band structure, we constructed a
tight-binding model based on maximally localized Wannier
functions [27–29] with Au sd and Pb sp orbitals in the range
EF ± 1 eV. We verified that we find the same results as in
the first principles calculations within this energy range. To
find the structure of surface states, we built surface spectral
functions for a semi-infinite Au2 Pb(001) surface via the surface Green’s function method [30–33] as implemented in the
WannierTools package [34].
III. RESULTS

In Fig. 3 we show scanning tunneling spectroscopy measurements of the superconducting gap of Au2 Pb as a function
of temperature. We see that there is no fully opened superconducting gap, but instead a large zero bias conductance.
The quasiparticle peaks are also suppressed with respect to
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FIG. 5. (a) The electronic band structure of the low temperature orthorhombic phase of Au2 Pb, obtained from density functional
calculations is shown by the black lines. In the upper right inset we show as lines the partial densities of states of the orbitals marked in
the legend as a function of the energy. We see that, at the Fermi level, the largest contributions are due to Pb (p), Au (s), and Au (d) orbitals.
In the lower left inset we show a zoom over the -X direction, with the gap that opens in the low temperature phase and the associated
band inversion [8,11]. The blue to yellow color scale shows the relation between Pb-sp3 and Au d-orbital character, following the scale bar
at the right. (b) Fermi surface of the orthorhombic low temperature phase of Au2 Pb is shown as colored surfaces. The first Brillouin zone,
with the high symmetry directions, is shown in red. The Fermi surface is made by three bands, the 15th [in blue (c)], the 17th [in yellow, (d)],
and the 19th band [in red, (e)].

the expected high peaks for a usual s-wave BCS superconductor. We deconvolute the local density of states
N (E ) at each

temperature, using the relation G(V ) = N (E ) df (EdV−eV ) dE
(see Refs. [18,35–37] and the Appendix) and show the result in Fig. 3(b). From the density of states, we obtain the
superconducting gap  and its temperature dependence by
following the quasiparticle peak positions in N (E ). We find
a superconducting gap of (T = 0K ) = 0.17 meV. The BCS
expression (T = 0 K) = 1.76kB Tc provides (T = 0 K) ≈
0.17meV using Tc = 1.1 K, in close agreement with the value
we find. Figure 3(c) shows the temperature dependence of the
superconducting gap (T ) up to Tc = 1.1 K. (T ) roughly
follows the temperature dependence of a fully opened s-wave
superconducting gap expected within BCS theory.
The variations of the zero bias conductance as a function
of the position are shown in Fig. 4(b). We observe variations
that occur randomly over the whole surface. These are small,
below about 10% of the normal state tunneling conductance.
The magnetic field dependence is shown in the Appendix and
is compatible with superconductivity having a low GinzburgLandau parameter κ and a coherence length of about ξ ≈
60 nm, as shown previously [8,11]. Thus, we find a gap
value which is compatible with specific heat measurements
[8,11,38], but there is a sizable finite density of states at the
Fermi level which slightly varies as a function of the position.
We show the calculated electronic band structure of the
low temperature orthorhombic phase in Fig. 5(a). The overall
shape coincides with previous calculations [8]. The Dirac
cone of the room temperature cubic structure is opened by
a gap along the -X line. The Fermi surface presents three
bands crossings, the 15th, the 17th, and the 19th bands. All are

spin degenerate and produce three dimensional pockets with
an intricate structure [Fig. 5(b)]. The top and bottom of the
bands crossing the Fermi level are just a few hundreds of meV
from the Fermi level [Fig. 5(a)], confirming that Au2 Pb is a
low density semimetallic system. The 15th band [Fig. 5(c)]
consists essentially of two hole pockets located at the top side
and the edges of the Brillouin zone. It has a mixed Pb-p and
Au-s,d character. The 17th band [Fig. 5(d)] consists of three
electron pockets. One closed spherical pocket located well
inside the Brillouin zone. Another one goes from the top to the
bottom of the Brillouin zone, and the third one is located at the
sides of the Brillouin zone. The 19th band [Fig. 5(e)] produces
two electron pockets that are nested inside the 17th band
pockets located at the sides of the Brillouin zone. Actually,
these two pockets are nearly degenerate, as shown by the band
structure between the T and Y high symmetry points and both
have a predominant Au-s,d character.
IV. DISCUSSION

Our tunneling conductance measurements [Fig. 3] show a
single quasiparticle peak, showing that the gap magnitude is
similar over the whole Fermi surface. However, we do not
observe the zero density of states expected at a Fermi level
for a usual isotropic s-wave superconductor. Furthermore,
the measured LDOS(E ) at low temperatures [Fig. 3(b)] has
a continous V-shaped variation for low energies, instead of
a U or squarish-shaped curve expected for a usual s-wave
superconductor. These two findings differ from previous bulk
specific heat measurements, which suggest instead a fully
opened superconducting gap [8,13].
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One possible origin for modified superconducting properties at the surface is chemical degradation. This can be
excluded in our case, because samples were cleaved at low
temperatures in fully inert cryogenic vacuum. Thus, the STM
measurements show that superconductivity at or close to the
surface in Au2 Pb is different than in the bulk.
To discuss this issue, we should first note that the surface
roughness we find here is of order of the size of a unit cell (caxis lattice parameter is of 1.1 nm). Previous ARPES experiments have found electronic surface states in polished surfaces
of the room temperature cubic phase, whose roughness is
above a unit cell size. Thus, the actual surface roughness does
not disturb significantly the formation of surface states [11].
As a first scenario to discuss our results, we consider group
theory applied to the low temperature orthorhombic phase.
The Dirac cone of the high temperature tetragonal phase
along the -X line opens in the low temperature orthorhomic
phase, due to symmetry breaking allowed band mixing. The
influence of this situation in superconductivity was recently
analyzed in detail for the case of Au2 Pb in Ref. [39]. For the
D2h orthorhombic point group (low temperature crystalline
phase), only the superconducting states belonging to the
trivial Ag and the triplet Au representations have no nodes
in the bulk and are thus compatible with the available bulk
specific heat. Out of these, the Au state presents a linear
Dirac band dispersion inside the bulk superconducting gap at
the surface. This surface state is topologically protected by
a zero-dimensional topological number that can be defined
using the y-z mirror symmetry [39–41]. The linear Dirac band
dispersion inside the superconducting gap generates a linearly
dependent superconducting density of states, with massless
particles and thus zero states at the Fermi level. Atomic scale
impurities within such a two-dimensional Dirac spectrum are
known to produce distinct impurity resonances at an energy
Edist varying with the strength in the impurity and located
within the linear portion of the spectrum [see Fig. 1(c)] [42].
These resonances have been observed inside the Dirac in-gap
dispersion of cuprate superconductors and graphene and are
inherent to a Dirac dispersion relation [42–44]. Thus, one
possible origin for a finite zero bias tunneling conductance
is that the surface corrugation generates in-gap states at
different energies Edist that overlap and provide a finite
zero bias tunneling conductance with slight variations as a
function of the position. This scenario would imply, however,
a triplet bulk superconducting order parameter belonging
to the Au representation. In absence of bulk spin-dependent
measurements, such as Knight shift, there is no firm ground
to assume triplet superconductivity in Au2 Pb.
As a second scenario, we analyze in more detail the surface
band structure in the normal state. We have calculated the
surface Green’s function using DFT on a semi-infinite Au2 Pb
sample. We find well defined surface states located in the gaps
of the bulk band structure for all surface terminations. Furthermore, the spin degeneracy of these surface states is lifted by
spin orbit coupling. We show results on the (010) surface in
Figs. 6(a) and 6(b). The Z2 topological invariant is one on this
plane. We can clearly see that the gap along -X is closed at
the surface by a Dirac cone. In addition, there are three surface
states inside the gap, two of which cross the Fermi level at the
center of the Dirac cone. These two surface states cross again
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FIG. 6. Surface band structure of the low temperature orthorhombic phase of Au2 Pb, with the electronic density shown in
blue to red. In panel (a) we show the result for the (010) surface
as a function of energy. In blue are gapped regions without bulk or
surface states. The green rectangle shows the region corresponding
to the green rectangle in Fig. 5(a), highlighted by Refs. [8,11]. In
panel (b) we show the Fermi level cut of the surface band structure.
The Brillouin zone high symmetry directions are shown as red points
connected by dashed lines. The green bar shows approximately the
region covered by the green rectangle in panel (a).

the Fermi level close to X . As we can see in Fig. 6(b), there
are a number of additional surface states crossing the Fermi
level along different directions of the Brillouin zone. Ginzburg
showed that it was in principle possible to find superconductivity on a surface two-dimensional electron gas [45]. It has
been shown that surface states of Ag and Au deposited on top
of a superconductor show a superconducting density of states
with a nonzero value at the Fermi level [46,47]. Our measurements provide a similar result, suggesting that the opening of
the superconducting gap at the surface states is incomplete.
We observe in our images that the surface corrugation
is well above atomic size. The surface consists of irregular
changes in height. However, absence of atomically flat surfaces does not modify surface states, as mentioned above and
shown in Ref. [11]. Still, it induces disorder, which in turn
smears out any sharp features in the density of states. The
density of states we find in our experiments has a strong
V-shape that can also be compatible with gapless s-wave
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superconductivity at surface states, the triplet order parameter
discussed above as well as other possibilities that are not
compatible with bulk measurements, such as nodal d-wave superconductivity with impurities [42]. In any case, the density
of states we observe is strongly influenced by the disordered
surface topography.
V. CONCLUSION
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In conclusion, we have determined the superconducting
gap and density of states of Au2 Pb. We find a superconducting
gap magnitude of 0.17 meV, compatible with Tc = 1.1 K and
BCS relation between the critical temperature and the gap.
The superconducting density of states measured at the surface
has a V-shape and a large finite value at zero bias, suggesting
that there is a finite zero energy density of states. As possible
origins for the finite density of states we discuss bulk triplet
superconductivity and the concomitant Dirac states at the surface. We also discuss an intricate structure of surface states
with incomplete superconducting gap opening.
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APPENDIX A: CALCULATION OF THE BAND
STRUCTURE AT THE SURFACE

We show the surface band structure at the (100) and (001)
surfaces in Fig. 7. The gapped region around U remains free of
surface states close to the Fermi level. But there are numerous
surface states at the Fermi level along all other directions.
There is, for instance, a close surface contour that emerges
from the pocket of the 17th band on top and bottom of the
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FIG. 7. In panel (a) we show the calculated surface band structure of the (100) as a function of the energy. The density of states is
shown by the red-blue color scale. Surface states appear in bright red
color and join areas with projected bulk states. In panel (b) we show
the Fermi energy cut in the Brillouin zone high symmetry points
indicated by red dots and dashed lines. The same figure are shown
for the (001) surface in panels (c), (d).

Brillouin zone. There is also another state connecting the 15th
and 17th bands together along the -U line and the same
occurs along the -X line.
The Z2 topological index of the (100) and (010) surfaces is
one, while it is zero for the (001) surface.
APPENDIX B: DETAILS ON THE CRYSTALLINE
STRUCTURE AND THE SURFACE TOPOGRAPHY

In Fig. 8(a) we present an optical picture of the surface
obtained after having cleaved the sample at low temperatures.
We see triangular like features. We present the room temperature structure of Au2 Pb schematically in the left panel
of Fig. 8(b). This is a cubic Laves phase Fd3m with a cell
parameter of a = 7.9141(2) Å [9]. The structure in the low
temperature phase is the Pbcn structure and is derived from
the cubic Laves phase by small atomic distortions [8]. The
intermediate temperature structures (between 40 K and 97 K)
are still unknown. Further structural analysis has also lead to
the structures Pca21 and I42d which are also derived from the
Laves phase and occur under pressure [48]. These are shown
for completeness in Fig. 8(b) (bottom panels). Notice that the
crystalline transitions induced on cooling are quite varied, as
shown in the specific heat [Fig. 2(b)]. The transitions at 97 K
and at 40 K consist of jumps and the transition at 50 K consists
of a large peak, with additional hysteresis, indicating latent
heat. The actual atomic arrangements on cooling might lead to
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FIG. 8. (a) Optical picture of the surface of the sample made at
room temperature after cleaving the sample at 4 K (scale bar is 10 μm
long). (b) Schematic atomic arrangement, with Au in gold and Pb in
gray, in the room temperature structure (cubic laves phase, Fd3m),
the low temperature structure (Pbcn) and two further structures that
are found under pressure [48]. All structures derive from the room
temperature cubic laves phase. (c), (d) STM images obtained at
100 mK on different fields of view. Scale bars are 20 nm long. The
corrugation shown in the STM images is of about 2–3 nm, as shown
by the color bars on top of (c), (d).

changes in the surface crystalline plane. This might influence
cleaving, making it difficult to establish a clear cleaving plane
at low temperatures, and leading to the absence of atomic
size features, as we observe here. The optical picture obtained
after cleaving at room temperature [Fig. 8(a)] shows triangular
features, but no clear squarish or linear features as expected in
a cubic structure, suggesting that the cleavage was not made
along a clear crystalline direction.
We have cleaved two samples and analyzed in each over ten
different fields of view, always finding surfaces as discussed
in the main text. We often use 10 mV as a bias and work with
tunneling currents between 0.1 nA and about 3 nA, finding
the same images and tunneling spectroscopy, irrespective of
the actual tunneling conductance. We present further images
obtained in different fields of view in Figs. 8(c) and 8(d).
APPENDIX C: TUNNELING CONDUCTANCE AND
DENSITY OF STATES IN A SUPERCONDUCTOR

At exactly zero temperature, the tunneling current vs bias
voltage obtained with a STM is proportional to the convolution of the densities of states of tip and sample within
an energy interval between zero energy and eV, where V
is the applied bias voltage and e the elementary charge
[49]. As the superconducting gap  is usually much smaller

than the Fermi energy EF ,   EF , the density of states
of the tip is featureless in the energy range of interest in
superconducting samples. Thus, the tunneling current is
just the integral between zero energy and eV of the density of states of the sample. Derivation leads to the well
known relation for the tunneling conductance G, G(V ) ∝
NSuperc (eV ), where NSuperc (eV ) is the density of states of
the superconductor. In a single gap s-wave superconductor,
the density of states is given by NSuperc (eV ) = NBCS (E ) =
( √E 2E−2 ) for |E | >  and zero elsewhere. At finite temperatures, the Fermi function smears the features of the density
of
which is given by G(V ) ∝
 ∞states in the∂ fconductance,
(E −eV )
N
(eV
)
dE
.
At
the same time, the gap 
Superc
−∞
∂V
changes with temperature. For a s-wave BCS superconductor, we can try to follow the main feature of NBCS (eV ), the
peak located when eV is qual to the superconducting gap,
eV = (T ), as a function of temperature. To this end, one
might try to trace the maximum in G(V ) versus temperature.
However, while ∂ f (E∂V−eV ) is a symmetric function in E − eV
at any eV , NBCS (E ) is definitely not symmetric for eV ≈ ,
because NBCS (E ) ≡ 0 for E <  and presents a sharp peak
for E > . Thus, the maximum in G(V ) does not coincide
with the maximum in NBCS (E ) for finite temperatures T . This
is valid for features usually found in any NSuperc (E ) in superconductors that do not follow the simple s-wave single band
expression NBCS (E ). For example when there are multiple gap
peaks in the density of states of multiband superconductors, or
for the linearly dispersing NSuperc (E ) proposed in Fig. 1(c),
or for the density of states found in d-wave superconductors. To obtain the temperature dependence of features in
N
(E ), we have to deconvolute NSuperc (eV ) from G(V ) ∝
 Superc
∞
∂ f (E −eV )
N
dE . Using this method, the tempera−∞ Superc (eV )
∂V
ture dependence of the main gap values were found in several
multiband superconductors [36,37] and the gap was followed
as a function of temperature in a magnetic superconductor
with many states inside the gap [35]. The method is however
best illustrated in a simple s-wave superconductor as Pb. The
results in that case are described in Ref. [18].
The BCS shape of NBCS (eV ) is found until close to Tc in
Pb, i.e., NSuperc (eV ) = NBCS (eV ). In Pb there is a small but
nonzero contribution to the density of states from inelastic
scattering. One can use then NDynes (E ) = ( √ E −i2 2 ),
(E −i) −

with  being very small in Pb,  ≈ 0.01 meV, i.e., less than
1% of the superconducting gap value,  = 1.3 meV [50]. As
shown in Ref. [18], the influence of  is practically negligible
in the experiment, so that G(V ) can be traced as a function of
temperature by using NBCS (E ) = ( √E 2E−2 ) until very close to
Tc . It is important to note that, even close to Tc and in spite of
the smearing induced by the Fermi function, it is still possible
to disentangle details in Nexp (E ). For example, introducing
a NSuperc (E ) with a finite density of states at E = 0 at 6 K
(Tc = 7.2 K) or taking a different position for the quasiparticle
peaks in NSuperc (E ) does not lead to the measured G(V ) in
Ref. [18]. This also applies to the results shown here in Au2 Pb.
For example, we show in Fig. 9(a) the tunneling conductance
G(V ) obtained at 0.5 K and at 0.8 K as black disks. The
tunneling conductance obtained by using the same NSuperc (E )
as the one used at 0.1 K is shown as a blue line. Clearly,
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FIG. 9. (a) The normalized tunneling conductance obtained in
the experiment at 0.5 K and at 0.8 K is shown as black disks. The
conductance obtained from the convolution of NSuperc (E ), shown in
Fig. 3(b) at 0.5 K and at 0.8 K, and the derivative of the Fermi
function is shown as red lines. In blue we show the convolution of the
density of states chosen for the lowest temperatures in Fig. 3(b) with
the Fermi function at a temperature of 0.5 K and of 0.8 K. We see
that the density of states has a temperature dependence that is well
captured by the deconvolution procedure leading to Fig. 3(b). Data
for 0.8 K are shifted along the y axis for clarity. (b) The tunneling
conductance obtained at 0.1 K is shown as black discs. The black
line is the convolution of the red line [which is NSuperc (E ) for 0.1 K
in Fig. 3(b)] with the Fermi function at a temperature of 0.1 K. For
comparison, we provide in blue the density of states following Dynes
inelastic scattering expression NDynes (E ) that best follows NSuperc (E ),
with  = 0.05 meV and  = 0.16 meV.

there is a temperature induced modification of NSuperc (E ). The
tunneling conductance obtained by a modified NSuperc (E ) [also
shown in Fig. 3(b) for the curve at 0.5 K and at 0.8 K] is shown
as red lines in Fig. 9(a).
Other than the density of states N (E ) proposed in Fig. 1(c),
we can also analyze further possibilities. We show in Fig. 9(b)
the tunneling conductance obtained in the experiment at 0.1 K
as black disks. The NSuperc (E ) used to obtain the black line
through convolution with the Fermi function at 0.1 K is shown
as a red line. We see a sublinear dispersion to very low energies and a close to linear increase above about 0.1 mV. We
also see that NDynes (E ) [blue curve in Fig. 9(b)] leads to a flat
energy dependence at low energies which does not reproduce
what we find in the experiment. The NSuperc (E ) curve we find
is also compatible with a d-wave order parameter, which provides a density of states that is very similar to the one shown
as a red line in Fig. 9(b), provided that there are randomly
distributed pair breaking states. Nevertheless, macroscopic
experiments show an opened superconducting gap, there is no
evidence for d-wave superconductivity in the bulk.
APPENDIX D: TUNNELING CONDUCTANCE
IN A MAGNETIC FIELD

To further study the superconducting properties we measure the tunneling spectroscopy in a magnetic field. We

0 mT
0

FIG. 10. (a) Magnetic field dependence of the superconducting
tunneling conductance, with the values of the magnetic field indicated. (b) Zero bias conductance as a function of the magnetic field
for increasing (green) and decreasing (dark red) magnetic fields. (c),
(d) Same as panels (a), (b) in a different field of view. The inset in
panel (d) shows a tunneling conductance map at zero bias voltage at
100 mK and at a (decreasing) magnetic field of 0.01 T. Horizontal
scale bar (black line) is 50 nm long.

observe that superconductivity disappears most often between
20 and 30 mT (Fig. 10), depending on the field of view. We
could find no indications for vortices or of separated normal
and superconducting areas within the fields of view we investigated under magnetic fields. However, we observe a clear
hysteresis when measuring the magnetic field dependence of
the tunneling conductance at a fixed position [Fig. 10]. Previous bulk measurements have found a first critical field of
about 30 mT. There are reports about the presence of a second
critical field in the range between 20 and 80 mT [8,11,13,38].
From these data we can estimate a coherence length of at least
ξ ≈ 60 nm.
There is clearly Meissner field expulsion until several tens
of mT at low temperatures [38]. Thus, we can expect strong
demagnetizing effects, similar to those that can be found in
elemental Pb or in Nb at small magnetic fields [51,52]. Our
sample is nearly plate-like, with a demagnetizing factor close
to one. This implies that the magnetic field enters the sample well below the first critical field and that we can expect
an inhomogeneous field distribution and hysteretic behavior
when increasing and decreasing the magnetic field due to
trapped flux [53–55]. The large value of the coherence length
suggests that the separation of the sample into normal and
superconducting areas, characteristic of the intermediate state
[51,52,56], occurs over length scales that are much larger
than our fields of view. The hysteresis shows however that
such well separated normal and superconducting areas are
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present in our sample. We also notice that small angle neutron
scattering experiments did not lead to the observation of a
vortex lattice [57].
Clearly, Au2 Pb is a type I or weakly type II superconductor. This adds Au2 Pb to the rapidly increasing list
of nonelemental materials that are type I or weak type II

superconductors. We can find reports indicating such a behavior in Al6 Re, YNiSi3 , LuNiSi3 , SnAs, RuB2 , KBi2 , PdTe2 ,
CaBi2 , β-IrSn4 , RPd2 Si2 (R = Y, La, Lu), LaRh2 Si2 , TaSe2 ,
Ag5 Pb2 O6 , LaRhSi3 , ScGa3 , LuGa3 , YbSb2 , BeAu, LiBi,
potassium graphite intercalation compounds or SrRu2 O4 (the
latter two along a given field direction) [56,58–77].
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