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Superconducting layered compound b-ZrNClx (x = 0.7) with the critical temperature Tc = 13–14 K was
investigated by means of scanning tunnelling microscopy/spectroscopy. The single-crystal domain facet
of �100 lm2 in the c-axis-oriented polycrystal was used as a probing surface. The STM image at 4.9 K
shows triangular atomic lattice spots with the period of �0.36 nm, which agrees with the X-ray diffrac-
tion measurements. The STS measurements of the local conductance, dI/dV, exhibit broadened gap struc-
tures with a substantial distribution of the gap-edge values. Most frequently observed peak-to-peak value
of �20 mV is remarkably similar to the superconducting gap edge of the isostructural b-HfNClx with
Tc = 24 K. Temperature, T, dependence of the dI/dV shows that the gap structure disappears above
Tc � 13 K. Fitting of the dI/dV curve by the broadened BCS density of states leads to the superconducting
gap of 2D(4.9 K) = 11–13 meV. This is in accordance with our former break-junction data confirming the
intrinsic character of the previously obtained extremely large gap to Tc ratio 2D(0)/kBTc � 10 (kB is the
Boltzmann constant), thereby pointing to the unusual superconducting properties of this compound.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The transition-metal layered chloro-nitride compounds b-MNCl
(M = Zr, Hf) exhibit semiconducting properties with an indirect
band gap of 2–3 eV [1–3]. Their crystal structure involves hexago-
nal MN bilayers inserted between closed-packed Cl layers as illus-
trated in Fig. 1a. The electronic-structure calculations clarified that
their valence and conduction bands are dominated by N p and M d
states, respectively [3]. It is well known that the electron doping of
these compounds made them high-Tc superconductors with
Tc = 14 K (M = Zr)–26 K (M = Hf) [1,4]. Since Tc is relatively high
among existing superconducting materials, a question naturally
arises about the relevant mechanism of superconductivity [5].

In existing experimental methods of investigating superconduc-
tivity mechanisms, tunnelling spectroscopy is one of essential
techniques since it directly probes the quasi-particle density of
states. Our previous measurements of b-MNCl (M = Zr, Hf) using
the break-junction tunnelling spectroscopy (BJTS) and scanning
tunnelling microscopy/spectroscopy (STM/STS) revealed several
unusual features. The most significant one is the existence of extre-
mely large superconducting gap values, 2D, with the gap to Tc

ratio, 2D/kBTc, up to �10 or more, which might indicate an
unconventional superconductivity mechanism [5–10]. More
recently, it has been demonstrated from the density functional
theory that the conventional Migdal–Eliashberg strong-coupling
account of the electron–phonon pairing cannot fully explain
superconducting properties of b-MNCl [11]. Therefore, further
systematic measurements are required to gain insight into super-
conductivity of b-MNCl on the basis of measuring a large number
of such materials.

In the present paper, we report on the STM/STS measurements
of b-ZrNClx intended to find the electronic states with atomic res-
olution. In particular, the unusual manifestations of the supercon-
ducting gap features found in the former BJTS studies were
examined at the nanometer length scale [6]. The presented results
confirm the gap properties found previously.
2. Experimental procedure

Polycrystalline b-ZrNClx samples were synthesized by reaction
with alkali metal ions from thermally decomposed KN3. The nom-
inal composition of Cl is x � 0.7. STM/STS measurements were
done with an Omicron LT-UHV-STM apparatus which had been
modified to further reduce external disturbances of the sample.
The sample to be measured was brought in an ultra-high vacuum
(UHV) sealed box into in a UHV sample preparation chamber of
�10�8 Pa just before the measurements to avoid contamination/
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Fig. 1. (a) Crystal structure of b-ZrNClx. (b) STM image of b-ZrNClx at 4.9 K
(V = 0.1 V, I = 0.3 nA).
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migration of atoms on the crystal surface, and cleaved along the
layer at 77 K. The single-crystal domain facet of �100 lm2 in the
c-axis-oriented polycrystalline sample served as a test surface for
STM/STS. Before the scanning operation, a Pt/Ir tunnelling tip
was cleaned by a high-voltage field emission process with the Au
single-crystal target which resulted in the typical local barrier
height of �2–4 eV. The STM measurements were carried out at
T = 4.9–20 K under UHV. A constant current mode was applied to
obtain STM images. The break-junction tunnelling spectroscopy
Fig. 2. Mapping of STS conductance, G(V), for vario
(BJTS) was also employed as the supporting tool to obtain fresh
and clean SIS (superconductor–insulator–superconductor) junc-
tion interfaces at 4.2 K [12]. This is in contrast to the SIN (I = vac-
uum, N = normal metal) junctions inherent to STS.
3. Results and discussion

The STM image at 4.9 K is shown in Fig. 1b which describes the
cleaved ab-plane surface. The image data were obtained at the
sample bias V = 0.1 V and for the tunnel current I = 0.3 nA. Note
that the sample is in the superconducting state, but the energy
range of the data acquisition is much higher than the expected
characteristic energy (kBTc � 1.2 meV). The triangular lattices con-
sisting of bright spots, which correspond to higher altitude of the
scanning tip, are readily seen against the weakly inhomogeneous
background that displays the maximum vertical deviation of
�0.07 nm. This is smaller than �0.2 nm inherent to b-HfNClx

[9,10]. We always obtained such a sufficient quality of the surface
topography which means that the surface of b-ZrNClx cleaved un-
der UHV is clean and stable in contrast to that produced in ambient
atmosphere.

The nearest-neighbour spot interval of �0.36 nm determined
from the two-dimensional fast Fourier-transform analysis is con-
sistent with a = 0.3579 nm from the X-ray diffraction measure-
ments. This also agrees with that of b-HfNClx. Since the observed
interval of the bright spots is consistent with the unit-cell size,
they are attributed to a specific kind of an atom. The inhomoge-
neous brightness in Fig. 1b might be due to the deficiency of Cl
atoms because of the same spatial interval between the constituted
atoms. However, the ratio of brighter/darker spot areas by no
means corresponds to x � 0.7 of Cl in this compound. Therefore,
the bright spots are naturally attributed to metallic Zr ions in the
conducting double-honeycomb MN network on the ab-plane in
b-ZrNClx. This feature is very similar to the STM image of b-HfNClx

confirming that the atomic topographic images are the same for Zr
and Hf compounds except for the degree of atomic corrugations.
[9,10].

Fig. 2 shows the local STS conductance (dI/dV = G(V)) mapping
the ab-plane of b-ZrNClx in bias voltages of �60 mV < V < 60 mV
at 4.9 K. The G(V) mapping corresponds to the local density of
states itself at a fixed V, which is in contrast to the STM
us bias voltages �60 mV < V < 60 mV at 4.9 K.
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topography reflecting the quantity proportional to the integrated
density of states. Therefore, the characteristic feature of the local
Cooper pairing can be resolved at a particular energy. In Fig. 2,
the trace of spot-like structures forming the lattices are
evidently seen which can be naturally attributed to the regular
structure of Zr atoms. The overall magnitudes of G(V) in the
mapping are quite asymmetric at higher bias voltages of
V = ± 60 mV, i.e., G(�60 mV) > G(+60 mV), while G(V) of lower
bias range |V| < 10 mV displays almost homogeneous spatial
distribution of the local density of states. The G(V) enhanced at
�60 mV gradually diminishes and acquires proper magnitudes
at intermediate biases. Below |V| < 5 mV, the mapping colour be-
comes still darker (the conductance becomes lower) in
comparison with those at higher biases. This is due to the super-
conducting gap formation for the measuring temperature of
4.9 K which is below Tc. However, the G(V) near zero bias in
the range V = �1 mV � +3 mV does not become significantly
darker which indicates the excited quasiparticles appearance
probably due to electronic inhomogeneity. Such a feature coin-
cides with that observed in Hf compound, thereby characterising
nanoscale electronic features in the layered nitrochloride com-
pounds [9,10].
Fig. 3. (a and b) Line profiles of G(V) from STS at 4.9 K. (c) Gap d
Fig. 3 shows the characteristic features of the local G(V) probed
by STS. The line profiles of G(V) are shown in Fig. 3a and b for the
different line cuts along the intervals of 2 nm. The conductance
G(V) exhibits a certain amount of inhomogeneity within the nano-
meter length scale and the majority of G(V) dependences reveal an
asymmetric form. Namely, the positive bias (electrons tunnel to
the sample) polarity is usually suppressed. The origin of the inho-
mogeneity is not clear but it presumably reflects either incomplete
synthesis or inherent electronic properties at the atomic scale.
Since we have observed by STM such an inhomogeneity simulta-
neously in the regular atomic lattice arrangement on the surface,
it probably has an electronic origin rather than the bulk crystallo-
graphic one. The inhomogeneous distribution arising from the lay-
ered structure is unlikely because a fairly homogeneous mapping
pattern, which is in contrast to the present case, was obtained in
the isostructural HfNClx. Perhaps, the asymmetric G(V) reflects
modified surface electronic states of ZrNClx, by which the incident
electrons are dispersed and the spectrum is obscured.

On the basis of the G(V) mapping, the histogram of gap distribu-
tion is built in Fig. 3c from 320 averaged data points in the whole
sampling area of 100 nm2. We adopt here the peak-to-peak dis-
tance in G(V), 2Dp–p, as a definition of the gap value. It is obvious
istribution taken from the peak-to-peak value (Dp–p) of G(V).



Fig. 4. (a) Averaged STS G(V) fitted with the calculated N(E, C) (broken curve) with
thermal smearing at 4.9 K. D � 6 meV and C � 3 meV. (b) G(V) from BJTS at 4.2 K
showing the different SIS gap sizes by A and B. The broken curves represent SIS
convoluted N(E, C) with thermal smearing at 4.2 K.

Fig. 5. Averaged STS G(V) at various temperatures. Inset: Simulated G(V) using
thermally smeared N(E, C) at each temperature.
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that the gap distribution possesses fairly sharp cut-off at the gap
value Dp–p � 7–8 meV in the low-energy side, while it is continu-
ously extended to Dp–p � 28–30 meV in the high-energy side. The
whole characteristic energies with the distribution range of
�20 meV are significantly larger than that of Tc (�1.2 meV). In par-
ticular, there are no corresponding gap energies to the expected
BCS (Bardeen–Cooper–Schrieffer)-size gaps in the distribution,
thereby demonstrating the intriguing nature of the observed inho-
mogeneous superconductivity. The values above Dp–p � 20 meV
constitute only a tiny fraction of the overall distribution, presum-
ably reflecting a small number of corresponding domains, which
exhibit the strong interaction revealed by the gap magnitude. Such
asymmetric and wide gap-distribution profile indicates a non-triv-
ial dispersion with the lower boundary of the pairing energy being
strictly defined. Although the peak and the depression in G(V)
around zero bias demonstrate the existence of a superconducting
gap, the strength and the sharpness of the conductance peaks are
weakened, and the conductance leakage is significantly higher
than for the samples with ideal gap characteristics. These gap val-
ues and particularly the larger ones in the distribution are surpris-
ingly similar to those of the isostructural b-HfNClx with Tc = 24 K.
This suggests the relevant electronic structure being optimal for
superconductivity [6]. Actually, the inhomogeneous G(V) profile
at the nanometer scale depends on the specific location but we
show here the representative data only. One can see in Fig. 3a
and b a general trend according to which the higher background
conductance is accompanied by the narrower widths and shal-
lower depths of the gap.

Fig. 4a shows the averaged G (V) at 4.9 K to reveal the supercon-
ducting gap characteristics. It was acquired from 1024 data points
of the STS measurements including the scanned regions of Fig. 3.
The zero-bias dip feature representing the gapped state is readily
seen in the strongly bias-dependent asymmetric background con-
ductance. This gap structure exhibits very weak gap-edge peaks
or better to say humps with their bias interval Vp–p � 20 mV, which
is fairly consistent with the peak gap value of the distribution in
Fig. 3c. The averaged background positive bias conductance shows
an almost linear dependence, while the negative bias one exhibits a
broad hump. We have sometimes observed similar hump struc-
tures around ±40–50 mV in the several measurement runs, but
they are strongly dependent on the sample characteristics. In
Fig. 4b, the representative G(V) variations observed in BJTS are
shown to compare with the STS results. The same synthesized
sample batch is used to avoid irregular factors while measuring
the gap characteristics. The difference in the G(V) quality is obvi-
ous, especially in the gap-edge peak regions and the depression
of the zero-bias conductance. Such a difference arises from the dif-
ferent conditions of the interface treatment as will be discussed
below.



Fig. 7. Temperature dependence of the gap value, 2D, derived from Fig. 5.
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In order to find the gap characteristic, the broadened and ther-
mally smeared BCS density of states N(E, C) = |Re(E � iC)/
[(E � iC)2 � D2]1/2| was calculated and fitted to the data [13]. The
fitting parameters D and C were chosen to match the experimental
data especially in the gap-region spectrum at 4.9 K (Fig. 4a) and
4.2 K (b). The fitting is done with raw G (V), but the effect of the
background should be small inside the gap region. The best fitting
result of the G(V) from STS in Fig. 4a was obtained with the gap va-
lue D = 6.0 ± 0.5 meV and the phenomenological broadening
parameter C � 3–4 meV. The D magnitude is almost consistent
with that obtained from BJTS as is shown by the G(V) curve A in
Fig. 4b. The extracted value of D obtained here is smaller than
Dp–p from Fig.3, but we can readily deduce an empirical relation-
ship Dp–p � D + C. This result was firmly obtained from numbers
of the superconducting tunnelling spectroscopy results [14]. The
detailed discussion about the relationship between Dp–p and D
was also given for the similar compound [10]. The obvious differ-
ence in the sharpness (and, therefore, in C values) of the gap struc-
tures as well as in the sub-gap leakage of G(V) between STS and
BJTS is attributed to the difference in the degree of the junction
interface purity, because the tested sample pieces were taken from
the same batch of the synthesis. Therefore, results of BJTS measure-
ments support STS results intended to overcome tough problems
concerning the interface quality. The results also mean that there
still exists much room for improvement of the STS technology to
study the sample interface which is extremely sensitive to an ines-
capable change of the surface during the course of necessary STS
operations.

The gap distribution revealed by STS and shown in Fig. 3 is
probed also by BJTS and manifests multiple gaps which are demon-
strated as an example by curve B in Fig. 4b. Since G(V) curves are
well reproduced for the smaller gap feature in curve B by the con-
volution of N(E, C) inherent to SIS junctions, the distribution ob-
tained here does not seem to be the artefact of the BJTS junction
property (namely, accidental SIN junction formation in the SIS
junction design due to crystal imperfections, etc., at the in situ
junction interface).

Fig. 5 shows the averaged G(V) from STS measurements at var-
ious temperatures, T, up to �Tc. The low-T gap spectrum showing a
regular value Vp–p � 20 mV with broad peaks and strongly asym-
metric background conductance becomes gradually broadened
with the increase of T, and eventually a rather symmetric but
Fig. 6. G(V) of BJTS at various temperatures.
strongly bias dependent background remains. The variation seen
in the background of G(V) at different T is probably due to the slight
change at the atomic scale of the sampling area caused by thermal
expansion. In the inset of Fig. 5, the calculated G(V) is demon-
strated at each T using N(E, C) with thermal smearing and appro-
priate background conductance to simulate the observed STS
spectra. It seems that the simulated G(V) properly reproduces the
observed gap region spectra. Apparent broadening of G(V) in
Fig. 5 is connected with the large C value which becomes
C � 0.6D at 4.9 K. The broadening begins to increase and exceeds
0.8 when T approaches Tc � 13 K. The somewhat irregular change
in G(V) against T in Fig. 5 is in contrast to that of the stable junction
condition in BJTS during the T change as is shown in Fig. 6. The
smooth T evolution of the gap structure can be always obtained
in BJTS, as opposed to the initial suspicion that the thermal expan-
sion of the mechanical in situ junction would make it unstable and
it should be difficult to maintain the tunnelling barrier of �nm
scale kept constant.

The superconducting gap 2D extracted from the above men-
tioned simulations is plotted as a function of T in Fig. 7. Although
the gap value is significantly scattered, the average size is decreas-
ing with increasing T in a good accordance with the scaled BCS
Fig. 8. Temperature variations of BJTS G(V) in the normal state above Tc � 13 K. The
junction is the same as that of Fig. 6. Inset: Temperature dependence of the
normalised zero-bias conductance (NZBC = G(0)/G(|V| > 0)), which is proportional to
thermally smeared quasiparticle density of states at the Fermi energy.
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curve as shown by the upper dotted curve. Note that the lower
curve is the standard BCS one from which a rapid decrease of the
unusually large gap is apparently recognised. This is also consistent
with our previous BJTS measurements [7,8]. From the above plot,
one might expect that such a huge pairing energy leaves a certain
trace up to much higher temperatures. In fact, the background G(V)
in Fig. 6 exhibits V-shaped feature above Tc, although the apparent
gap magnitude becomes zero while approaching Tc. Fig. 8 depicts
the further T-dependence above Tc � 13 K of G(V) shown in Fig. 6.
The magnitude of G(V) is normalised to its magnitude at highest
biases. It is seen that G(V) smoothly changes with T, where the well
developed V-shaped feature at zero bias just above Tc is gradually
filled and eventually seems to merge into the flat background. This
feature is readily visible as shown in the inset where the filling of
the normalised zero-bias conductance G(0) is completed (G(0)/
G(V) � 1) at a characteristic temperature Tch � 35–40 K. Such a
feature resembles the suppression of the density of states in the
vicinity of the Fermi energy commonly observed in cuprate super-
conductors but differs in the typical energies [15]. The observed
value of Tch � 35–40 K is �3 times higher than Tc � 13 K which cor-
responds to the fact that the observed largest gap value �30 meV
in the distribution of Fig. 3 is also �3 times larger than that of
the distribution peak, �11 meV. Therefore, this might explain the
very existence of Tch. Whether or not such a high T feature is seen
in the isostructural HfNClx with higher Tc deserves further
examination.

From 2D(0) = 11–13 meV and Tc � 13 K as observed by both STS
and BJTS measurements, the gap-to-Tc ratio 2D/kBTc � 10 is consis-
tently obtained. This is much larger than the s-wave BCS ratio 3.5,
but it is similar to that found in the copper-oxide and organic
superconductors [16,17]. It is remarkable that this ratio becomes
approximately a BCS-like value when Tch � 35–40 K is adopted as
the characteristic temperature instead of the measured Tc. There-
fore, one might speculate that the behaviour of the order parame-
ter at low T can be closely connected to the thermal characteristics
above Tc, although the origin of such a large gap value is still
unknown in the present investigation. To this end, there exists a
possible explanation based on the formation of charge density
waves (CDWs) coexisting with superconductivity. This is especially
probable in layered superconductors with their nested Fermi sur-
faces [16].

It is worthwhile to make certain more detailed comments on
the multi-gapness revealed by our measurements, both presented
here and previous ones. Multiple superconducting gap features as
well as the difficulty even to sometimes detect them are connected
to lability of the surface electronic properties probed by the tun-
nelling technique. Specifically, it is easy for the layered ZrNClx sam-
ples to lose charge carriers under an external influence. The spatial
inhomogeneity of the losses inevitably leads to the spatial distribu-
tion of superconducting gaps. Superconductivity in the probed
areas may even disappear. On the other hand, the deliberate charge
carrier injection may improve the situation and boost metallic and
superconducting properties in systems with small initial itinerant
electron densities. This was recently done in important experi-
ments [18] resulted in the electric-field-induced superconductivity
The author has requested enhancement of the downloaded file. All in-tThe author has requested enhancement of the downloaded file. All in-t
with Tc = 15.2 K on a film of the initially semiconducting ZrNCl. In
this connection, one should always bear in mind that in any con-
ventional tunnel technique we not only probe the surface but also
disturb it locally probably changing the primordial electronic state.
The possibility of the superconductivity induced by the applied
electrostatic field was extensively studied theoretically [19,20].

4. Summary

The obtained STM image of b-ZrNClx with the periodic triangu-
lar atomic lattice spots of �0.36 nm agrees with that of the
isostructural b-HfNClx exhibiting higher Tc = 24 K. The STS mea-
surements of the local conductance G(V) reveal the significant
gap distribution which includes, in particular, gap magnitudes
inherent to b-HfNClx. Temperature dependence of G(V) shows the
gap structure disappearing above Tc = 13–14 K. From the BCS
fitting of G(V), the superconducting gap of 2D(0) = 11–13 meV is
obtained. This is in accordance with our break-junction data, con-
firming the intrinsic character of our previously obtained extre-
mely large ratio 2D(0)/kBTc � 10 for b-ZrNClx.
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