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Abstract

Measurements of differential current—voltage (/-V') characteristics of point
contacts between Nb and the charge density wave (CDW) conductor NbSes
formed along the conducting chain direction are reported. Below the
superconducting transition of Nb, we have clearly observed Andreev reflection
of the gapless electrons of NbSe;. Analysis of the spectra obtained indicates
that when the energy of injected particles exceeds the superconducting energy
gap, the superconductivity near the S—-CDW interface is suppressed because of
non-equilibrium effects.

1. Introduction

Investigations of contact phenomena in quasi-one-dimensional conductors with a charge
density wave (CDW) ground state (for reviews of CDW properties see [1-3]) allow one to
obtain rich information about the physical properties of these materials. Thus, it can now be
regarded as reliably established that the current conversion process near the electrical contacts
to a CDW conductor proceeds via a slippage of the CDW phase propagating a substantial
distance away from the contact [4-6]. Recently there has been a study of the mechanism
by which electrons penetrate from the normal metal into the CDW. The most interesting
experimental configuration is realized when current contacts are oriented along the CDW chain
direction. The current—voltage (/—V') characteristics of the normal-metal (N)-CDW interface
in such a geometry were experimentally investigated above liquid nitrogen temperature for
Ky3MoOj3 [7] and NbSej; [8]. It was found that the N-CDW interface has an excess resistance
for normally incident carriers with energy E less than the Peierls energy gap, Ap. These
results gave a proof of the validity of the proposed mechanism [9, 10] where it was assumed
that electron—hole pairs moving from the interface carry away from it twice the momentum of
an electron incident normal to the interface. Unpredictable effects may be expected when the
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normal metal at the boundary with a CDW is replaced by a superconductor. Indeed, while the
condensate in a superconductoris formed by pairs of electrons with opposite momenta, a CDW
can be visualized as a condensate of bound pairs of electrons and holes whose momenta differ
by the magnitude of the wavevector of the CDW. Because of charge conservation, a Cooper
pair cannot become an electron—hole pair directly. The question that we want to answer in
the present work is the following. What is the mechanism of transmission of charge from the
superconductor to the CDW?

We have chosen Nb as the superconducting electrode and NbSe; as the CDW electrode.
This latter material exhibits two CDW phase transitions at 7p; = 144 K and Tp, = 59 K. The
unit cell of NbSes in the a*—c plane is made up of three types of chain. Band calculations [11]
for NbSe; demonstrates that the upper transition below Tp; is attributable to a nearly perfect
nesting and associated with a first pair of chains. It was conjectured that the lower CDW
below Tp, occurs on the second and third pairs of chains. But normal carriers still exist at
low temperature in small pockets as a result of the lack of perfect nesting between portions
of the Fermi surface connected by the distortion wavevector, yielding the semi-metallic low-
temperature ground state of NbSes. The situation is rather unusual because of the very small
concentration of these normal carriers at low temperature, n = 1.1 X 10'8 ¢cm™3, and, at the
same time, their mobility achieves the value © = 3 x 10° cm? V!5~ [12, 13]. In this
specific case, is it possible to observe at temperature below the superconducting transition
temperature of Nb a similar picture to that encountered for usual N-S contacts, namely the
Andreev reflection [14]? The existence of such an effect would be an indication of a contact
with direct conductivity (without a tunnel barrier). Another reason for the choice of NbSe;
in the present work is the substantial reduction of the band bending effect near the N-CDW
boundary [15], because the screening by gapless electrons is very effective.

2. Experimental technique

The sizes of the NbSe; samples selected for the experiment were L, ~ 1-2 mm along the
b-axis, L, ~ 10-50 um along the c-axis and L, ~ 1 pum along the a*-axis. The very small
thickness of the NbSe; samples makes it practically impossible to form a point contact along
the chains with the use of a conventional metallic needle-type tip. Therefore, similarly to
the case for the contact geometry investigated in [8], as a tip we used a thin Nb strip with a
width of 200 p«m and a thickness of 5 um. The measurements of the -V characteristic and
its first derivative R; = dV /dI have been carried out with standard lock-in techniques for
temperatures between 3.6 and 30 K, with the sample in exchange gas. The potential probes
were attached at some distance from the point contact. Therefore a small part of the sample
(~100-300 pum) in addition to the point contact was included in the measurements, but its
contribution was usually 2-3 orders of magnitude smaller than that of the resistance of the
point contact and consequently was neglected. We have investigated nine samples and more
than 100 different contacts with contact resistances ranging from 10 up to 10° Q.

3. Experimental results and discussion

The -V characteristics obtained in our point-contact experiments exhibit a number of features
that are reproducible for different samples and for contacts with a wide range of resistances.
Because we are interested in studying the direct interaction between a superconductor and a
CDW, we only describe hereafter low-voltage singularities of magnitude comparable to the
superconducting energy gap. The behaviour of the contact at high voltages contains mainly
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Figure 1. The bias voltage dependence of the differential resistance R, (V') for superconducting
(Nb)-CDW (NbSe3) point contacts of different types measured at 7 = 3.6 K. Curves (a), (b)
are for the examples of junctions with insulating tunnel barriers on the S-CDW interface; curves
(c)—(e) are for the examples of point contacts with direct conductivity (without insulating barriers).

information about the normal-metal-CDW interaction, which is the subject of the work [16].
Examples of point-contact characteristics of different types measured at 3.6 K are shown
in figure 1. For all curves shown, the singularities at |V| ~ 1.5 mV corresponding to the
superconducting energy gap, Ay, of Nb, are clearly seen, but the shapes of the curves exhibit
significant differences. Curve (a) is for an example of a tunnel-type junction. Indeed, the large
maximum at V = 0is an indication of the usual mirror reflection of injected particles occurring
because of the strong barrier at the S-CDW boundary. For curve (b), the height of such a barrier
is less, with the result of a relative decrease of the amplitude of the zero-bias maximum. The
curves (c)—(e) are for examples of contact characteristics obtained with the lowest barrier. It
may be seen that such types have been observed in a very wide range of resistances from 10?
up to ~10° Q. In the present study, we are mainly interested in the investigation of contacts of
this type because it is claimed that they can be considered as contacts with direct conductivity
(without tunnel barriers). The exact determination of the quality of such a contacts needs
analysis of the point-contact characteristics below and above the superconducting transition
temperature. Typical spectra for one such contact with a zero-bias resistance R;(0) ~ 1 k2
are shown in figure 2 by a solid curve below, R;(V), and by a dotted curve above, Ryy(V),
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Figure 2. The differential resistance of one Nb—NbSes contact revealing the Andreev reflection
singularity: the solid curve at 7 = 3.6 K (R;(V)) and the dotted curve at 7 = 10.1 K (Ryn (V)
are for below and above the Nb superconducting transition temperature, 7. = 9.2 K.

the critical temperature, 7., of Nb. It is interesting to note that R,y (V') strongly decreases
with the voltage increase. Such behaviour may be connected with the excess resistance arising
from the reflection of normal quasi-particles injected from Nb at the Peierls energy gap barrier
of NbSe; [8]. At the same time, at low bias voltage and at temperature below 7, the I-V
spectra exhibit a double-minimum structure, characteristic of Andreev reflection at N-S point
contacts.

The Andreev reflection can be visualized as a given electron having an energy E < Ag,
under the influence of the pairing potential step at the N—S boundary (proximity effect), joininga
second electron, leaving ahole in N with the resulting pair propagation in S. Because most CDW
materials have a semiconducting ground state, a CDW-S contact should be considered as a
semiconductor—superconductor contact and Andreev reflection, as the effect of transformation
of a superconducting current to a one-particle current, is possible only in the case where one-
particle states with E < A are permitted in the CDW. But for NbSes, Ap > A [16-18], and
the observation of Andreev reflection from condensed to CDW carriers will only be possible
in the case of the suppression of the Peierls energy gap, which is unlikely. Therefore, we can
conclude that the observed Andreev reflection may be attributed to the gapless electrons of
NbSes only, while, as was mentioned above, the concentration of such carriers is very low.

We will analyse the spectra obtained using the formulation of Blonder, Tinkham and
Klapwijk [19, 20]. This theory describes the crossover from a metallic to a tunnel junction
behaviour. The point contact is modelled as a delta function barrier potential and a step
function pair potential separating the metal and the superconductor with an energy gap A;.
The height of the barrier is proportional to a dimensionless parameter Z = [Z(Z) +(1=r)%/4r)'/?
where Z characterizes the normal reflection due to the oxide layer or surface irregularities
and r is the ratio of the Fermi velocity for each material of the point contact. For Nb we
took vy = 1.3 x 10% cm s™! and for NbSe; we took v = 3 x 107 cm s~ [2]. Therefore
r ~ 4.4 and a pure direct contact (Zy = 0) will be characterized by the minimum value of Z,
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Figure 3. The normalized dependence of the differential resistance Ry, (V) = Rg(V)/Ran(V)
for the Nb-NbSe3 contact (from figure 2). R;z(V): Nb superconducting, 7 = 3.6 K; Ryn (V):
Nb normal, 7 = 10.1 K. The dashed curve is the Blonder, Tinkham, Klapwijk [19] fit to the
experimental dynamical resistance with fit parameters A; = 1.5 meV and Z = 0.83. The inset
shows the difference § Ry, (V) between Ry, (V) and the BTK curve.

Zmin = 0.8. Thus, if the I-V curves of the point contacts that we measured can be described
by the BTK theory with parameter Z ~ Z,,;,, we will be able to investigate the possible direct
interaction between a superconducting Cooper pair condensate and a CDW condensate. The
voltage dependence of the normalized differential resistance Ry, (V) = Ry(V)/Ran(V) for
the contact shown in figure 2 is shown in figure 3. The dashed curve is the theoretical curve
obtained using the BTK model with fit parameters A; = 1.5 meV and Z = 0.83. The good
agreement between the experimental curve and the BTK fitat V < A;/e is an indication that
this contact has a very low barrier which can be attributed to the non-ideal N-CDW boundary;
it may be considered as a contact with a direct conductivity.

At |V| > Ay/e, as seen from figure 3, the experimental spectrum deviates from the
theoretical BTK fit. This may be seen more clearly from the inset in figure 3 which shows the
difference § Ry, (V) between the experimentally observed normalized differential resistance
and the theoretical curve. The experimental value of the differential point-contact resistance
begins higher than the theoretical one and shows a broad maximum in this range of voltages.
We assume that the observed deviation from the BTK theory is related to the suppression of the
superconductivity of Nb near the contact when the energy of the injected carriers exceeds the
superconducting energy gap. Indeed, the Andreev reflection at the usual N-S interface yields
an excess current /,, through the boundary for bias voltages far above the superconducting
energy gap, because there is a small, but finite, probability of Andreev reflectionat V > Aj/e.
It was shown in [19] that this excess current I,, ~ Ag/e is independent of the bias voltage
and the differential resistance of the contact in this voltage range is equal to R;y. If the
energy gap decreases or if the superconductivity is suppressed, the excess current is reduced
and the resulting shift in the direct /-V characteristics appears as a maximum of the R;(V)
dependence. Such a resistance maximum connected to the transition of the superconducting
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electrode at the interface into the normal state at finite bias was observed in the usual N-S
configuration [21, 22]. However, in contrast to our results, the resistance peaks were sharper
and appeared only at |V| > A;/e. In our case, this resistance maximum appears just when
the energy of the injected particles exceeds the superconducting energy gap, which may be an
indication of a superconducting—normal-metal transition at the surface of the Nb electrode.

The suppression of the superconductivity of Nb at |V| > Aj/e can be qualitatively
explained by considering two effects. The first one is the quasi-particle injection of gapless
electrons of NbSes in the superconducting Nb at |V| > A;/e. However, this effect cannot
be significant because of the very small concentration of normal carriers in NbSes; [12]. The
second one is the result of the interaction of quasi-particle excitations of Nb with a CDW at
energies less than the Peierls energy gap. According to [16-18] for low-temperature CDW in
NbSes, Ap/e ~ 30 mV, which is larger than the voltage range investigated in our case. As was
shown in [7-10], for energies less than A p, quasi-particles hitting chains with a CDW distortion
are reflected due the Peierls energy gap barrier. The combination of the two processes, quasi-
particle injection across the superconducting energy gap and reflection of carriers at the Peierls
energy gap, yields non-equilibrium effects: increase in the quasi-particle concentration and
a corresponding decrease in the superconducting energy gap (the superconductivity is fully
suppressed at some critical concentration of quasi-particles) in a region at the surface of the
Nb electrode, the depth of which is equal to the length of diffusion of the quasi-particles into
the superconductor.

Thus, we see the following picture of conversion of the superconducting current to the
CDW current on the Nb-NbSe; boundary. If the voltage drop on the contact V' < Ag/e, the
current conversion proceeds by means of Andreev reflection of gapless electrons of NbSes.
AtV > A /e, because of non-equilibrium effects, the superconductivity near the S—-CDW
interface is suppressed and the current conversion is the same as in the case of the N-CDW
boundary. This phenomenon may be considered as some kind of dynamic proximity effect.

4. Conclusions

In conclusion, we have investigated /—V characteristics of Nb-NbSes point contacts formed
along conducting chains. Below the superconducting transition temperature of Nb, we clearly
observed Andreev reflection from non-condensed to CDW carriers of NbSes;. When the energy
of the injected particles exceeded the superconducting energy gap, we observed some kind of
dynamic proximity effect with the superconductivity near the S—-CDW boundary suppressed
because of high quasiparticle injection and reflection of carriers at the Peierls energy gap
barrier. As a result, a normal-state buffer layer arises between S and CDW electrodes.

Acknowledgments

We are grateful to Yu I Latyshev for helpful discussions and H Berger and F Levy for providing
us with the NbSes samples. This work was supported by: the Russian State Fund for Basic
Research (grantNo 01-02-16321); INTAS (grant No 01-0474); the twinning programme No 19
between CRTBT-CNRS and RAS; and Russian Federal Programme ‘Integration’ (Project B-
0048).

References

[1] Griiner G 1994 Density Waves in Solids (Reading, MA: Addison-Wesley)
[2] Gor’kov L and Griiner G 1989 Charge Density Waves in Solids (Amsterdam: Elsevier)



Superconductor (Nb)—charge density wave (NbSesz) point-contact spectroscopy 4159

[3]
(4]
(51

[6]
(7]

(8]
[91
[10]
[11]

[12]
[13]
[14]
[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]

Brazovskii S and Monceau P (ed) 1999 Electronic Crystals *99; J. Physique 9 10

Gill J C 1993 Phys. Rev. Lett. 70 331

Requardt H, Nad F Ya, Monceau P, Currat R, Lorenzo J E, Brazovskii S, Kirova N, Griibel G and Vettier C 1998
Phys. Rev. Lett. 80 5631

Lemay S, de Lind van Wijngaarden M C, Adelman T L and Thorne R E 1998 Phys. Rev. B 57 12781

Sinchenko A A, Latyshev Yu I, Zybtsev S G and Gorlova I G 1998 Zh. Eksp. Teor. Fiz. 113 1830 (Engl. transl.
1998 JETP 86 1001)

Sinchenko A A, Latyshev Yu I, Zybtsev S G, Gorlova I G and Monceau P 1999 Phys. Rev. B 60 4624

Visscher M I and Bauer G E W 1996 Phys. Rev. B 54 2798

Rejaei B and Bauer G E W 1996 Phys. Rev. B 54 8487

Shima N and Kamimura H 1985 Theoretical Aspects of Band Structures and Electronic Properties of Quasi-
One-Dimensional Solids (Boston, MA: Reidel)

Ong N P and Brill J W 1978 Phys. Rev. B 18 5265

Ong N P 1978 Phys. Rev. B 18 5272

Andreev A F 1964 Zh. Eksp. Teor. Fiz. 46 1823 (Engl. transl. 1964 Sov. Phys.—JETP 19 1228)

Sinchenko A A, Latyshev Yu I, Zybtsev S G and Gorlova I G 1998 Pis. Zh. Eksp. Teor. Fiz. 67 146 (Engl. transl.
1998 JETP Lett. 67 164)

Sinchenko A A and Monceau P 2003 Phys. Rev. B 67 125117

Dai Z, Slough C G and Coleman R V 1991 Phys. Rev. Lett. 66 1318

Fournel A, Sorbier J P, Konczykovski M and Monceau P 1986 Phys. Rev. Lett. 57 2199

Blonder G E, Tinkham M and Klapwijk T M 1982 Phys. Rev. B 25 4515

Blonder G E and Tinkham M 1983 Phys. Rev. B 27 112

Westbrook P S and Javan A 1999 Phys. Rev. B 59 14606

Xiong Peng, Xiao Gang and Laibowitz R B 1993 Phys. Rev. Lett. 71 1907



