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Tunneling spectroscopy of NbSe3 in a high magnetic field
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We have measured the differential current-voltage characteristics of normal-metal–NbSe3 direct point con-
tacts ~without an insulating barrier! formed along theb axis under applied magnetic field with different
orientations. AtT54.2 K two charge-density-wave~CDW! gaps,Dp1 andDp2, corresponding, respectively, to
the high- and low-temperature CDW’s were observed simultaneously as singularities of the excess resistance,
which is attributed to the reflection injected from normal-metal carriers on the Peierls energy-gap barriers. The
applied magnetic field up to 8.5 T does not lead to a change in the density of states and the Peierls energy gaps,
suggesting that the large magnetoresistance observed in NbSe3 might not result from the change in the CDW
order parameter with magnetic field, but rather from the increasing scattering of carriers which are not con-
denced to CDW.
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NbSe3 is known as a typical quasi-one-dimensional co
ductor, exhibiting two incommensurate charge-density-w
~CDW! transitions atTp15145 K andTp2559 K.1,2 In con-
trast to most CDW materials, for which the Peierls transit
completely destroys the Fermi surface, resulting in a se
conducting ground state, NbSe3 exhibits metallic or semime
tallic behavior up to very low temperatures. Such a behav
occurs because normal carriers in small pockets remain,
to imperfect nesting. Indeed, large Shubnikov–de Haas
cillations resulting from electron and hole pockets have b
observed at temperatures well belowTp2.3–5

The magnetic-field dependence of the CDW proper
has been of interest since the discovery of very large m
netoresistance in NbSe3 below Tp2 with the magnetic field,
H, ~more than 20 T! applied perpendicular to the conductin
chains.6 It was also found that the large magnetoresistanc
very anisotropic with respect to the direction ofH, suggest-
ing that the orbital response of electrons to the magnetic fi
plays an important role. It was assumed that this effect is
caused by a direct interaction ofH with the CDW but by the
magnetic-field dependence on either the number or the
bility of noncondensed normal carriers.

Balseiro and Falicov7,8 proposed a theory describing th
effect of a magnetic field on the electronic structure of ve
anisotropic systems with a CDW. It was shown that in m
terials where there is lack of perfect nesting (NbSe3 is just
one!, a high magnetic field applied along certain directio
destroys electron and hole pockets and induces gaps in
spectrum at the Fermi level, decreasing the density of st
~DOS! and thus, transforming a semimetallic behavior into
semiconducting one.

Many experiments were performed in transverse magn
field to investigate whether the CDW energy gap of NbSe3 is
increased and the DOS of pocket carriers is decreased b
magnetic field. In Ref. 9 two-probe resistance and narro
band-noise~NBN! measurements in NbSe3 for H up to 75
kG were reported. It was concluded that a 30% increas
the CDW carriers took place: this was obtained from
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slope of the CDW current versus NBN frequency. Howev
this result was not been confirmed in works10,11 in which a
similar experiment in NbSe3 was performed with the help o
a four-probe method forH up to 9.6 T. It was found that suc
a magnetic field induces a change of less than 5–6% in
CDW carrier concentration. But according to Ref. 12, t
concentration of noncondensed electrons atT well belowTp2
is 1018 cm23 while the concentration of the CDW electron
is 1021 cm23. A 30% increase in the CDW carrier conce
tration means that the concentration of noncondensed c
ers is more than 331020 cm23. This value is more than two
orders-of-magnitude larger than the real concentration
noncondensed carriers. Therefore the result obtained in
9 seems unrealistic. On the other hand, the accuracy of 122

achieved in Refs. 10 and 11 corresponds to concentratio
order 1019 cm23, which is larger than the concentration o
noncondensed carriers, too, and, therefore, is not suffic
for reaching a definite conclusion about the existence or
absence of condensation of pocket electrons in the C
ground state induced byH. Hall-effect measurements at hig
magnetic fields cannot give direct information regarding n
mal carrier concentration, because of quantum oscillating
havior of the Hall voltage~equivalent to the Shubnikov–d
Haas oscillations of the resistivity!.5 The x-ray-scattering
measurements of a possible magnetic-field-induced shif
the nesting wave vector in NbSe3 ~Ref. 13! show that
Dqb /qb,2.531023. But again, the accuracy achieved is n
sufficient to draw definite conclusions about the existence
the absence of condensation of pocket electrons in the C

Direct measurements of the energy gap and DOS in
presence of a magnetic field, for example, using tunne
spectroscopy would be a way to clarify the physical pictu
In most known works with the aim of investigating the DO
behavior in NbSe3 by means of tunneling spectroscopy, pl
nar CDW-insulator-superconductor or CDW-insulato
normal-metal junctions were used.14–16 But, the uncertainty
of the quality of the insulating barrier does not allow
obtain reproducible tunneling spectra with a clear energy-
structure. In our previous work we reported experimen
©2003 The American Physical Society03-1
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results of the point-contact spectroscopy of the energy ga
NbSe3 in different crystallographic orientations.17 The tun-
neling spectra obtained show a perfect energy-gap struc
with good reproducibility. In the present paper we rep
point-contact measurements of the energy gaps in NbSe3 in
magnetic fields up to 8.5 T atT54.2 K.

The experimental method we used is based on reflec
injected from normal-metal carriers on the barrier associa
with the Peierls energy gap in direct contacts formed
tween normal metals and the CDW. It was show
experimentally18–20 and theoretically21,22 that at the normal-
metal~N!-CDW boundary, the injected carriers from norm
metals are reflected due to the Peierls energy-gap ba
when their energy is less thanDp . The result of such an
interaction of injected particles with a CDW is the appe
ance of an excess resistance at the N-CDW interf
at V<Dp /e, which provides the possibility to determin
the energy gap directly from the N-CDW point-conta
characteristics.

For our investigations, we chose the contact direct
along theb axis ~chain direction! because this direction i
perpendicular to the Fermi surface. Another reason
choosing such a direction is the very large conductivity
isotropy of NbSe3. In fact, according to Ref. 23, the condu
tivity anisotropy along theb and a* axes issb /sa* .103

2104, and that along theb and c axes issb /sc.10 ~see
Ref. 12!. Therefore, the contacts oriented along theb axis
should be the most directional. At the same time, for
contacts oriented along thea* axis, which are more easily
prepared, the electric-field distribution near the point cont
is strongly modified because of this very large anisotropy

The NbSe3 samples used in the present experiment h
sizes along theb axis of Lb'324 mm, along thec axis
Lc'10420 mm, and along thea* axis La'1 mm. Only
single crystals with native-grown boundaries perpendicu
to theb axis were selected.

To form a point contact the tip we used was a thin go
strip with a width of 50mm and a thickness of 4mm. The
electrical contact of the sample with the normal-metal co
terelectrode was formed atT54.2 K with the use of a pre-
cision mechanical motion transfer system. The meas
ments of theIV characteristics and their first derivativeRd
5dV/dI have been carried out with the standard modulat
technique. The point-contactIV characteristics were mea
sured with three orientations of the magnetic field: paralle
the b, c, anda* axes.

The IV characteristics for all the investigating contacts
zero magnetic field show the clear energy-gap structure
illustrated by the lower curves shown in Figs. 1–3. At hi
voltages (V.100 mV) the increment ofRd is proportional
to the square of the bias voltage, typical for Joule heating
metal-metal contacts~dotted lines in Fig. 1!. This fact dem-
onstrates that investigated contacts are of a direct type~with-
out an insulating barrier!. At uVu,100 mV the curves exhibi
two steps in the differential resistance, associated with
excess resistance arising from the reflection of injected q
siparticles from the normal metal on the Peierls energy-
barrier. The first step of the excess resistance correspon
to the carrier reflection on the first Peierls gap,Dp1, appears
23310
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at V570280 mV. The second step is connected with t
reflection of injected carriers on the second Peierls gap,Dp2,
at V527232 mV. It can be seen from the figures thatRd
decreases rapidly as voltage increases from zero. Su
shape of the excess resistance maximum is attributed to
two-dimensional character of the electronic spectrum,17,24,25

and is in qualitative agreement with Huang and Mak
calculations26 of the density of states in NbSe3.

The results of the application of the magnetic field alo
different crystallographic orientations are shown in the up
curves in Figs. 1–3 for the same contacts. It is seen that

FIG. 1. Differential resistanceRd(V)5dV/dI for a point contact
Au-NbSe3 oriented along theb axis andH parallel to thec axis. The
lower curve:H50; the upper curve:H58.5 T. The voltages cor-
responding to the energy-gap positions are indicated by arrows.
dotted line is the normal-state background curve. The differen
resistance scale corresponds to the lower curve; the upper cur
offset for clarity.

FIG. 2. Rd(V) for a point contact Au-NbSe3 oriented along the
b axis andH parallel to thea* axis. The lower curve:H50; the
upper curve:H58.5 T. The voltages corresponding to the energ
gap positions are indicated by arrows. The dotted line is the norm
state background curve. The differential resistance scale co
sponds to the lower curve; the upper curve is offset for clarity.
3-2
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all investigated contacts there no detectable effect of
magnetic field up toH58.5 T whatever the orientationH.
Indeed, the amplitude of the excess resistance at zero bi
well as the position of the Peierls energy-gap singulari
remain unchanged. The effect of application of the magn
field is observed only forH oriented along thec axis with the
appearance of an asymmetry of theIV curve ~Fig. 1!; the
asymmetry results from the Hall electric field, which is lar
est for this direction ofH. Indeed, the Hall electric field is
directed in this case along thea* axis for which the sample
size is smallest. This electric field is transverse to the con
orientation. So, it modifies the point-contact electric field a
leads to a change in the effective point-contact diame
which depends on the electric-field distribution near
point contact.

According to Ref. 8, when perfect nesting is no long
present, the CDW induces a direct gap of value 2Dp at the
Fermi level, but the spectrum now has a smaller indirect
of 2Dg . Depending on the degree of the ‘‘lack of nesting
the system in the presence of a CDW may be a semicon
tor (DgÞ0) or a semimetal (Dg50). The model8 predicts
that when a high magnetic field is applied, the semime
semiconductor transition occurs in NbSe3. It means that the
magnetic field induces a gap which increases rapidly to
maximum valueDg5Dp . In this case, the appearance of
new energy-gap singularity in the point-contact spec
should be observed in the magnetic field. But we do
observe this effect in our experiments nor any change in
position of the CDW energy-gap singularities when a m
netic field is applied.

FIG. 3. Rd(V) for a point contact Au-NbSe3 oriented along the
b axis andH parallel to theb axis. The lower curve:H50; the
upper curve:H58.5 T. The voltages corresponding to the energ
gap positions are indicated by arrows. The dotted line is the norm
state background curve. The differential resistance scale co
sponds to the lower curve; the upper curve is offset for clarity.
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Only two parameters of pocket carriers may be affec
by the magnetic field, namely, the number of nonconden
normal carriers and their mobility. In the ballistic regime th
differential resistance of point contacts at zero bias is giv
by the well-known Sharvin formula27

Rd~0!5
1

2N~0!e2vF~p/4!d2
, ~1!

whereN(0) is the density of states on the Fermi level andd
is the contact diameter. Evidently,Rd(0) depends only on the
density of states and is independent of the relaxation ti
Let us show that our point contacts satisfy the ballistic
gime: the point-contact diameterd is less then the mean fre
path l. Using data for the mobility of the pocket electrons
low temperaturem533105 cm2/V s ~Ref. 28!, for vF51.4
3107 cm/s~Ref. 29! and form* 50.24me ~Ref. 3!, we esti-
matel'631024 cm. This is larger than the maximum po
sible size of the contact in the geometry we used. So, we
conclude that the investigated point contacts are alway
the ballistic regime. In NbSe3, in the Peierls state, there ar
no carriers on the Fermi level except those of pocket e
trons. So, in this case,N(0) describes the density of states
uncondensed carriers to CDW carriers only. So, if t
Balseiro-Falicov model is valid, the evolution of the diffe
ential point-contact resistance in magnetic field should be
same as the magnetoresistance in transport measuremen
our experiments the magnetoresistance of the point cont
is absent, while in the transport measurements it achie
400% in transverse magnetic field ofH57 T at T;4.2 K
~Ref. 3!. Taking into account the noise level of our poin
contact spectra at zero bias (;5%), we canestimate that the
changing in the density of states of uncondensed to CD
carriers atH58.5 T ~if this effect indeed exists! is no more
than 531016 cm23, that is, more than an order-of-magnitud
less than what must follow from the Balseiro-Falicov mod
and the experimental results of Ref. 3.

In summary, we have shown that an applied transve
magnetic field does not significantly affect the density
states of noncondensed normal carriers and the CDW en
gaps in NbSe3 of low temperatures. So, the anomalous
large magnetoresistance observed in this quasi-o
dimensional conductor below the second Peierls transi
temperature most probably is the result of the increase
scattering induced by the magnetic field.

The authors are thankful to C.A. Balseiro, L.N. Bulaevs
and Yu.I. Latyshev for helpful discussions of the experime
tal results. The work has been supported by Russian S
Fund for Basic Research~Grant Nos. 01-02-16321 and 02
02-17263!, INTAS ~Grant No. 01-0474!, and research pro
gram 19 between CRTBT-CNRS and RAS.
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