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Charge-density-wave gaps of NbSe3 measured by point-contact spectroscopy in different
crystallographic orientations

A. A. Sinchenko
Moscow State Engineering-Physics Institute, 115409 Moscow, Russia

P. Monceau
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~Received 27 September 2002; published 19 March 2003!

We have measured the differential current-voltage (IV) characteristics of normal-metal~Au, Cu, In!-NbSe3
direct point contacts~without insulating barrier! formed along different crystallographic orientations. For all
investigated directions, at low temperature we clearly observed two charge-density-wave gapsDp1 andDp2 as
excess resistance singularities in theIV curves. The excess resistance is attributed to the reflection of injected
carriers from the normal metal on the Peierls energy gap barriers. The analysis of these results demonstrates the
two-dimensional character of the electronic spectrum in NbSe3 with a possible strong anisotropy of the energy
gap inb-c plane.
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I. INTRODUCTION

One of the most important physical parameter of qua
one-dimensional conductors with a charge-density-w
~CDW! ground state1 is the energy gap opened in the sing
particle excitation spectrum below the Peierls transition te
peratureTp . Most of publications concerning energy-ga
measurements in CDW’s using tunneling spectrosc
~which is the direct method of studying density of states! are
related mainly to NbSe3.2–6 The interest for this material is
defined by its special properties. Indeed, in most mater
with a CDW, the formation of the Peierls energy gap yield
complete destruction of the Fermi surface, resulting in
semiconducting ground state at temperatures belowTp .1

However, NbSe3 exhibits a metallic behavior down to ver
low temperatures. This behavior has been understood by
existence of normal carriers in small pockets remaining
low the two CDW phase transitions atTp15144 K andTp2

559 K ~Refs. 7 and 8! because of the lack of perfect nestin
between portions of the Fermi surface connected by
distortion-wave vector. The unit cell of NbSe3 in the a* -c
plane is made up of three pairs of chains. Band calculatio9

of NbSe3 demonstrate that theTp1-CDW transition is attrib-
utable to a nearly perfect nesting and is associated with a
of chains. It was conjectured that the CDW with its onse
Tp2559 K occurs on the second and third pair of chains,
with an imperfect nesting. AtT,Tp2 two energy gaps, cor
responding to the first (2Dp1) and the second (2Dp2) Peierls
transition are opened; but at the same time, normal-m
properties remain. These features allow the expectation
very interesting behavior of the density of states in NbSe3.

In spite of a great attention to this material, the resu
obtained up to now do not allow to make definite conc
sions about the energy-gap behavior. Indeed, in most c
the experiments were carried out only atT54.2 K and only
in the direction along thea* axis, i.e., perpendicular to th
chain direction,2–5 and thus there are no direct informatio
about gap anisotropy. But, because of the nonperfect nes
and the presence of normal carriers in NbSe3, it may be
0163-1829/2003/67~12!/125117~6!/$20.00 67 1251
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expected that along some directions ink space the energy
gap is zero. The determination of these directions appea
be of a great interest.

Values of energy gaps obtained from previous expe
ments vary significantly: Dp2'23–37 meV and Dp1

'50–100 meV.3–6 It should be noted that in Ref. 3 it wa
concluded that the real CDW density of states is compo
of a distribution of gaps, possibly because of the strong
isotropy. For all cases the observed 2Dp /kBTp.8.2214.4
instead of 3.52 as expected from a mean-field BCS-t
theory. This discrepancy is usually attributed to inhere
strong fluctuations in quasi-one-dimensional systems.10 An-
other explanation has been proposed by Huang and Ma11

Assuming that the electron spectrum in NbSe3 is two dimen-
sional, their calculation of density of states are in a go
agreement with the experimental results reported in Ref
The assumption about the two-dimensional character of
electronic spectrum in NbSe3 was confirmed in Ref. 12
where the electrical transport along thea* axis was investi-
gated. From the results obtained, it was assumed that
CDW condensation is localized in theb-c plane in elemen-
tary conducting layers spatially separated by atomically t
insulating layers. The CDW order parameter is modula
along thea* axis, and the transport across the layers is
termined by the intrinsic interlayer tunneling. In the frame
this model of NbSe3 stacked junctions the Peierls energy g
is opened only inb-c plane. To prove this hypothesis energ
gap measurements in different directions need to be
formed.

The very small sizes in the transverse directions of NbS3
single crystals make that high quality tunnel junctions a
very difficult to be prepared. In most cases the planar CD
I-S (I -insulator,S-superconductor! or CDW-I -N (N-normal
metal! junctions were investigated. Using a superconduct
counterelectrode gives the possibility to verify the quality
the insulating barriers in observing the superconduct
energy-gap singularity.5 But the surface quality of the CDW
material, which is more important, remains undefined. T
indication of a nongood surface state may be derived by
©2003 The American Physical Society17-1
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fact that all obtained CDW gap structures are substanti
broadened when compared with those from the BCS pre
tion. This brief analysis shows that the determination of
energy gaps in NbSe3 remains largely unsolved, that ha
been the motivation of this present work.

We have used an original method of energy-gap spect
copy, based on the investigation ofIV characteristics of
direct-type junctions~without any insulating layer!. This
technique has been already used in Ref. 6 for the determ
tion of the energy gap in NbSe3 single crystals, but in the
temperature range 77–300 K only. The method is based
reflection of injected carriers from the normal metal on b
riers associated with the Peierls energy gap in direct norm
metal-CDW contacts~N-CDW! when their energy is les
than Dp , as it was shown theoretically13,14 and
experimentally.15,16 In Ref. 13 the mechanism of transform
tion of injected carriers into the CDW condensate was p
posed. It was shown that the electron-hole pairs moving fr
theN-CDW interface carry away twice the momentum of
electron incident normal to the interface. In Ref. 14 it w
concluded that the result of injection of carriers from t
normal metal is mainly a mirror reflection. But for both cas
the result of interaction between injected particles and
CDW is a reflection the manifestation of which is the appe
ance of an excess resistance at theN-CDW interface forV
<Dp /e, thus giving the possibility to directly determine th
energy gap from theN-CDW point-contact characteristics.

The injection of carriers through Sharvin-type poi
contacts17 takes place in all directions. But, as it was show
in Ref. 18, these point contacts are directional with respec
the electric-field configuration, and, in the isotropic case,
main contribution to the point-contact resistance comes fr
injection along the point-contact orientation. So, measu
ments of characteristics of point contacts in different orie
tations give some information about the anisotropic prop
ties of the density of states. Hereafter, we report deta
energy-gap measurements in NbSe3 alonga* -, b-, andc-axis
directions in the temperature range 2.5–65 K.

II. EXPERIMENTAL TECHNIQUE

The NbSe3 samples selected for experiments had a s
along b axis Lb'3 –4 mm, alongc axis Lc approx. 10–50
mm and alonga* - axis La'1 mm. The temperatures of th
upper Peierls transitionTp15144 K and the lower oneTp2
559 K were determined from the temperature depende
of the resistance.

The very small thickness of the NbSe3 samples makes
practically impossible the formation of a point contact alo
b-axis andc-axis direction using the conventional metall
needle-type tip. Therefore, as a tip, we used a thin gold s
of 50 mm width, and thickness of 4mm. Fora* -axis direc-
tion, we used electrochemically etched thin metal~Au, Cu,
In! wires as a counterelectrode. The tip diameter was
than 1mm. The appropriate contact geometry is shown
Fig. 1.

The electrical contact of the sample with the normal-me
counterelectrode was formed at low temperature with the
of a mechanical motion transfer system of a great precis
12511
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The measurements of theIV characteristics and its first de
rivative Rd5dV/dI, were carried out with the standar
modulation technique.

Reliable energy-gap spectroscopy by means of point c
tacts is possible if the mean free pathl of conduction elec-
trons is larger than the size of the contact~ballistic regime!.
In this case, electrons cross the contact ballistically, gain
the whole energyeV, and can loose this energy in collision
with excitations. The resistance in the ballistic regime
given by the well-known Sharvin formula:17

Rcon5
r l

d2
, ~1!

wherer is the resistivity andd is the contact diameter. Th
point contacts we investigated had resistances at zero
between 20 and 1000V. Taking r51025 Vcm and l
51024 cm ~Ref. 19!, we estimate the diameter of point con
tact with the lowest resistance to bed&1025 cm, that is less
than the mean free path. Therefore, we never have a situa
with l ,d, when a contact is in the thermal regime.

The expected nonlinearities inIV curves generally may
have three causes:~i! energy-gaps singularities;~ii ! the pos-
sible local CDW deformation~sliding! in the contact region
because of a large electric field; and~iii ! the Joule heating.
The last may be easily determined from the shape ofIV
curves at high voltages. The deformation of the CDW pla
an important role for materials with a semiconducti
ground state. For these materials the electric field in the
cinity of a N-CDW point contact penetrates into the CDW o
a macroscopic length, leading to a band bending effect o
large amplitude. The consequence of it is a significant n
symmetry of theIV curves of theN-CDW point contacts.20

But, in the case of NbSe3, the screening by the remainin
normal carriers is effective. So, we can expect that this ef
will be negligible in our experiments.

III. EXPERIMENTAL RESULTS

Examples of the most typical differentialIV characteris-
tics for point-contacts oriented alonga* , b, andc axis atT
&4.2 K are shown in Fig. 2. It may be seen that, for
curves, the increment ofRd at high voltages (V.100 mV) is
proportional to the square of the bias voltage, that is typi

FIG. 1. The scheme of the experimental set up.
7-2
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for Joule heating of a metal-metal contact~dotted lines in
Fig. 2!. It is quite different from tunnel-typeIV curves for
which the increment of resistancedRd(V);1/V2 ~Ref. 21!.
This fact demonstrates, indeed, that these investigated
tacts are of a direct type~without insulating barrier!.

For all curves shown, atuVu,100 mV, the differential
resistance increases in two steps, to its maximum wheV
50. We associate these two step maxima with the exc
resistance arisen from the reflection of injected quasiparti
on the Peierls energy-gap barriers. The first step in the ex
resistance, corresponding to the carrier reflection on the
Peierls gapDp1 takes place atuV1u'75–80 mV forb, 85–95
mV for c, and 65–80 mV fora* -axis oriented contacts. Th
second step is connected with the second Peierls gapDp2 and
occurs atuV2u'28–34 mV forb- and c-axis oriented con-
tacts, and 24–30 mV fora* -axis oriented contacts. Indee
the measured magnitudes ofeV1 and eV2 corresponding to
these singularities are in agreement with the value of the
and the second energy gap of NbSe3 determined earlier.3–6 It
can be seen from Fig. 2 that the shape of the excess r
tance maximum is nearly the same for contacts orien
alongb anda* axis. The resistance starts to increase wh
the voltage is decreased belowV5Dp1 /e and has a tendenc
of saturation at low voltages. The same picture is observe
V,Dp2 /e. A qualitatively different picture is observed fo
c-axis oriented contacts.Rd starts practically linearly to in-
crease with decreasing voltage fromV.Dp1 /e and, of vari-
ance with the other investigated directions, there are no
dency of saturation at low voltages. A linear increase ofRd
with another slope, without tendency of saturation, is a
observed in the voltage range fromV'Dp2 /e down to V
50.

To make clear the effect of carrier reflection on t

FIG. 2. Typical dependencies of the differential resistan
Rd(V) for contacts oriented alongb-, a* -, and c-axis directions
measured atT,4.2 K. The voltages corresponding to the energ
gap positions are indicated by arrows. The dotted line is the norm
state background curve.
12511
n-

ss
s
ss
st

st

is-
d
n

at

n-

o

energy-gap barriers, we have normalized theRd(V) curves to
the normal-state background curves~shown as dotted lines in
Fig. 2!. The result of this procedure for a contact orient
alonga* axis atT53.8 K is shown in Fig. 3~solid line!. The
relative amplitude of the excess resistance at zero
Rd(0)/RdN(0), whereRdN is the background resistance,
3.5–9.5 fora* - andb-axis, and 1.4–2.7 forc-axis oriented
contacts.

The temperature evolution of the normalizedRd(V) de-
pendence is shown in Fig. 4 for one of thea* -axis contact. It
can be seen that, when the temperature is increased, the
plitude of the second step in the excess resistance decre
and its voltage position goes monotonically to zero; this s
vanishes completely atT559 K, corresponding to the sec
ond Peierls transition temperature. At the same time the v

e

-
l-

FIG. 3. Normalized differential resistanceRd(V)/RdN(V) mea-
sured atT53.8 K for a contact Au-NbSe3 oriented alonga* axis.
The dotted line is the theoretical fit withDp1565.0 mV andDp2

524.5 mV.

FIG. 4. Rd /RdN(V) curves for a contact In-NbSe3 oriented
alonga* -axis direction atT54.2, 29.5, 48.2, 50.5, 52.6, 54.6, 58.
and 60.4 K. The resistance scale corresponds to the curve at 60
the other curves are offset for clarity.
7-3
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age position and the amplitude of the first step in the exc
resistance remains practically unchanged in this tempera
range ~in accordance with the BSC-theory prediction!. In-
deed, according to this model, the first Peierls gap is pra
cally independent of temperature in this temperature ran
The same behavior is observed forb-axis contacts. But, be
cause of the lack of stability of contacts in this direction, w
did not succeed in obtaining the temperature evolution
Rd(V) curves in the full temperature range for the sa
point contact.

The temperature evolution of the normalizedRd(V) de-
pendence for ac-axis oriented contact is shown in Fig. 5.
contrast to thea* - andb-axis oriented contacts, the secon
step in the excess resistance is smeared out with the tem
ture increasing and the voltage position of this resista
maximum becomes undeterminable. The voltage position
the first step remains unchanged, but the amplitude of
resistance maximum significantly decreases when the t
perature is increased.

Figure 6 shows the normalized temperature depende
of the second Peierls energy gap for several different c
tacts oriented alongb- anda* -axis directions, determined a
the voltage at whichRd(V) is minimum~shown by arrows in
Fig. 2!. It can be seen, that the experimental results are
good agreement with the temperature dependence of the
ergy gap following the BCS theory, indicated in the figure
a dotted line.

IV. DISCUSSION

Let us first analyze the shape of point-contact spectra
tained forb- anda* -axis oriented contacts. As it was me

FIG. 5. Rd /RdN(V) curves for a contact Au-NbSe3 oriented
along c-axis direction atT53.5, 19.8, 44.0, 50.1, 52.7, 56.1, an
59.5 K. The resistance scale corresponds to the curve at 59.5 K
other curves are offset for clarity.
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tioned above, the shape of point-contacts spectra along t
directions is qualitatively the same. It can be seen from F
3 that, for such directions, the result of the interaction
injected quasiparticles from the normal metal with t
Peierls energy-gap appears in theIV curves as an exces
resistance atueVu,D. That is quite different from the
tunnel-type junction where the energy gap singularity a
pears as a sharp minimum atueVu5D, demonstrating the
features of the BCS tunnel density of states which diverge
6D. The behavior we observed in our experiments is in
qualitative agreement with models predicting the reflect
of normal carriers from the energy-gap barrier at the norm
metal-CDW interface.13,14

For all investigated contacts, we observed simultaneou
the energy-gap singularities corresponding to the low- a
high-temperature CDW of NbSe3. It is the indication that the
first and the second Peierls transitions take place on diffe
types of chains. Therefore, we can model our contact as
CDW’s connected in parallel and a normal metal correspo
ing to uncondensed carriers. Then the total current thro
the contact,I t , is the sum of three currents

I t5I p11I p21I n , ~2!

whereI p1 , I p2 are the currents flowing through the parts
the contact including the first and the second CDW, andI n is
the current of the remaining normal carriers~not normal ex-
citations of the CDW’s!. We assume thatI n(V) follows the
Ohmic law and that theI p(V) dependencies may be calcu
lated as

the

FIG. 6. The temperature dependence of the low-tempera
CDW energy gap in NbSe3 obtained for different contacts oriente
alonga* axis. The different symbols correspond to different po
contacts. The dashed curve corresponds to the BCS theory.
7-4
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I p~V!5N~0!evFAE
2`

`

@ f 0~E2eV!2 f 0~E!#D~E!dE, ~3!

wheref 0(E) is the electron distribution function,N(0) is the
density of states at the Fermi level«F , A is the effective
cross-section area corresponding to transport through
given CDW andD(E) is the transmission coefficient, whic
depends on the corresponding CDW energy gap. The pa
eter A is proportional to the relative number of chains of
given type included in the contact. This parameter de
mines the relation between the amplitudes of the first and
second excess resistance maxima which are different for
ferent point contacts.

Modeling the energy gap as a potential step with a he
equal to Dp , we can consider our point-contact as
quantum-mechanical task about the scattering of a par
on such a type barrier. The transmission coefficient obtai
from the solution of the Schro¨dinger equation isD(E)50 at
E<Dp and

D~E!5
4AE~E2Dp!

~AE1AE2Dp!2
, for E.Dp . ~4!

We do not consider in this simple model the influence
a possible nonideality of theN-CDW boundary. As a first
approximation, we have also assumed that the normal-s
differential conductivity for all types of chains is the sam
and thedIn /dV is energy independent. In this case, only t
parametersA andDp are variable. Following this model, th
curve shown in Fig. 3 by a dotted line is obtained withDp1
565.0 meV andDp2524.5 meV. It can be seen from th
figure that a discrepancy with the theory is observed for b
energy gaps. For example, the experiment shows that
conductivity of contacts starts to increase from very lo
voltages, even at very low temperatures.

The observed shapes of excess resistance maxima ar
qualitative agreement with the Huang and Ma
calculations11 of the density of states in NbSe3 assuming a
two-dimensional electronic spectrum. The same conclus
about the two-dimensional character of the electron spect
in NbSe3 was made in Ref. 12. In this case, the energy ga
absent in the direction transverse tob-c plane. But, in the
present work, we have clearly observed energy-gap sin
larities in point-contacts spectra alonga* -axis direction.
This disagreement can be eliminated if we take into acco
the large conductivity anisotropy of NbSe3. According to
Ref. 22, at low temperatures, the conduction ratiosb /sa*
;104. Therefore, the electric-field distribution is strong
modified in the contact region with respect to the isotro
case. For contacts oriented alonga* axis, because of the
very large anisotropy, the preferable direction for the car
injection is alongb axis. It is the explanation why the ob
tained spectra for contacts oriented alongb anda* are quali-
tatively the same. Actually, it follows from our experimen
that the contacts alonga* axis, in fact, probe the density o
states alongb-axis direction. Therefore, we can conclude th
12511
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the results obtained do not contradict the assumption ab
the two-dimensional character of the electronic spectrum
NbSe3.

Let us consider now the energy-gap behavior inb-c
plane. From the comparison of theIV curves of point con-
tacts oriented alongb andc axis we can note three feature
First, as it was mentioned above, the shape of excess r
tance maxima forc-axis contacts differ qualitatively from
those alongb-axis direction. Second, the temperature evo
tion of Rd(V) characteristics ofc-axis contacts is also differ
ent froma* - andb-axis oriented contacts~see Figs. 4 and 5!.
Third, the mean value of the relative amplitude of exce
resistance maximum forc-axis oriented contacts is more tha
three times less than forb-axis direction. At the same time
the conductivity ratiosb /sc.10 ~Ref. 19! is not very large
and the direction alongc axis remains as the preferable in
jection direction.

The nature of such a behavior is unclear, but one poss
explanation may be obtained with the assumption thatDp is
strongly anisotropic inb-c plane, and the energy gap is clos
to zero near thec-axis direction. Indeed, the observed exce
resistance forc-axis direction should depend, in this case,
contributions from carrier injection along directions whic
are different fromc-axis direction. IfDp increases for direc-
tions away fromc-axis direction, then we will observe
smeared maximum of the excess resistance, the shap
which depend on the angle energy-gap distribution. In t
case, the amplitude of excess resistance maxima forc-axis
oriented contacts should be less than for the other directi
This is that we really observed in our experiment. In t
frame of this assumption, it becomes possible to also exp
the temperature dependence of the amplitude of the first
cess resistance maximum. As stipulated above, the main
tribution to the point-contact differential resistance com
from the injection in directions which are close toc axis,
corresponding to small energy-gap values. With tempera
increasing the magnitudes of these small gaps become c
parable with temperature, and the carriers can then sta
penetrate into the CDW. The another reason for the assu
tion about a zero energy gap along some direction in theb-c
plane may be the existence of noncondensed to CDW nor
carriers. In this case the node direction corresponds to
direction of the normal carrier pockets. But for proving th
hypothesis about a zero energy gap in the vicinity ofc direc-
tion, further experiments need to be done; for example, lo
temperature angle resolution photoemission spectroscop
NbSe3 single crystals is desirable.

V. CONCLUSION

In conclusion, we have investigated point-contact char
teristics of a normal metal~Au, Cu, In! with a quasi-one-
dimensional CDW conductor with, NbSe3, in the tempera-
ture range from 2.5 K up to 65.0 K for differen
crystallographic orientations. It was shown that, for conta
without insulating barrier, the direct energy-gap spectrosc
7-5
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is possible. The specific feature of the differentialIV char-
acteristics of such type of contacts is an excess resist
corresponding to the reflection of injected carriers from
normal metal on the first and the second Peierls energy g
of NbSe3. The obtained temperature dependence of the
ond Peierls energy gap follows well the BCS theory. T
results obtained point out to the two-dimensional chara
of the electronic spectrum of NbSe3 with a strong energy-gap
anisotropy inb-c plane.
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