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Tunneling spectroscopy of NbSgin a high magnetic field
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We have measured the differential current-voltage characteristics of normal-metal-@NiEse point con-
tacts (without an insulating barrigrformed along theb axis under applied magnetic field with different
orientations. AfT=4.2 K two charge-density-wau€DW) gaps,A; andA,,, 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; Mgkt 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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NbSe is known as a typical quasi-one-dimensional con-slope of the CDW current versus NBN frequency. However,
ductor, exhibiting two incommensurate charge-density-wavéhis result was not been confirmed in wotk¥' in which a
(CDW) transitions afl ;=145 K andT,,=59 K12|n con- Similar experiment in NbSewas performed with the help of
trast to most CDW materials, for which the Peierls transition2 four-probe method faf up to 9.6 T. It was found that such
completely destroys the Fermi surface, resulting in a semi@ magnetic field induces a change of less than 5-6% in the
conducting ground state, NbSexhibits metallic or semime- Cbhw carrier concentration. But according to Ref. 12, the
tallic behavior up to very low temperatures. Such a behaviofPncentration of noncondensed electrons aell below T,

8 ~m—3 whi ;
occurs because normal carriers in small pockets remain, dyg 10°® cm™* while the concentration of the CDW electrons

1.3 ; : ;
to imperfect nesting. Indeed, large Shubnikov—de Haas ods 107" cm®. A 30% increase in the CDW carrier concen-

cillations resulting from electron and hole pockets have beeff A0 means that theo corlcsentre}t|on of noncondensed carr-
3-5 ers is more than 8 10°° cm™ 2. This value is more than two
observed at temperatures well beldyy.

s . _orders-of-magnitude larger than the real concentration of
The magn_et|c-f|eld 'dependen.ce of the CDW Properties, ; condensed carriers. Therefore the result obtained in Ref.
has been of interest since the discovery of very large madg sgemg ynrealistic. On the other hand, the accuracy of 10
netoresistance in Nbgéelow T, with the magnetic field,

X _ ' achieved in Refs. 10 and 11 corresponds to concentration of
H, (more than 20 Tapplied perpendicular to the conducting orger 13° cm2, which is larger than the concentration of

chains” It was also found that the large magnetoresistance ifoncondensed carriers, too, and, therefore, is not sufficient
very anisotropic with respect to the direction l8f suggest-  for reaching a definite conclusion about the existence or the
ing that the orbital response of electrons to the magnetic fieldpsence of condensation of pocket electrons in the CDW
plays an important role. It was assumed that this effect is no§ground state induced Hy. Hall-effect measurements at high
caused by a direct interaction Bfwith the CDW but by the  magnetic fields cannot give direct information regarding nor-
magnetic-field dependence on either the number or the manal carrier concentration, because of quantum oscillating be-
bility of noncondensed normal carriers. havior of the Hall voltageequivalent to the Shubnikov—de
Balseiro and Falicol® proposed a theory describing the Haas oscillations of the resistivity The x-ray-scattering
effect of a magnetic field on the electronic structure of verymeasurements of a possible magnetic-field-induced shift of
anisotropic systems with a CDW. It was shown that in ma-the nesting wave vector in NbgegRef. 13 show that
terials where there is lack of perfect nesting (Np®ejust  Aq,/q,<2.5X 10 3. But again, the accuracy achieved is not
one), a high magnetic field applied along certain directionssufficient to draw definite conclusions about the existence or
destroys electron and hole pockets and induces gaps in thike absence of condensation of pocket electrons in the CDW.
spectrum at the Fermi level, decreasing the density of states Direct measurements of the energy gap and DOS in the
(DOY) and thus, transforming a semimetallic behavior into apresence of a magnetic field, for example, using tunneling
semiconducting one. spectroscopy would be a way to clarify the physical picture.
Many experiments were performed in transverse magnetith most known works with the aim of investigating the DOS
field to investigate whether the CDW energy gap of NbiSe  behavior in NbSgby means of tunneling spectroscopy, pla-
increased and the DOS of pocket carriers is decreased by tlmar CDW-insulator-superconductor or CDW-insulator-
magnetic field. In Ref. 9 two-probe resistance and narrownormal-metal junctions were uséti: But, the uncertainty
band-noise(NBN) measurements in NbSdéor H up to 75  of the quality of the insulating barrier does not allow to
kG were reported. It was concluded that a 30% increase inbtain reproducible tunneling spectra with a clear energy-gap
the CDW carriers took place: this was obtained from thestructure. In our previous work we reported experimental
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results of the point-contact spectroscopy of the energy gap in RO T
NbSe in different crystallographic orientatiot$.The tun-
neling spectra obtained show a perfect energy-gap structure 100+
with good reproducibility. In the present paper we report
point-contact measurements of the energy gaps in NbSe
magnetic fields up to 8.5 T dt=4.2 K.

The experimental method we used is based on reflection
injected from normal-metal carriers on the barrier associated
with the Peierls energy gap in direct contacts formed be-
tween normal metals and the CDW. It was shown
experimentally®~?°and theoreticall§*?? that at the normal-
metal (N)-CDW boundary, the injected carriers from normal .
metals are reflected due to the Peierls energy-gap barrier e
when their energy is less thak,. The result of such an L. . T
interaction of injected particles with a CDW is the appear-
ance of an excess resistance at the N-CDW interface V (mV)
at V<A,/e, which provides the possibility to determine
the energy gap direct|y from the N-CDW point-contact FIG. 1. Differential resistancRy(V)=dV/dI for a point contact
characteristics. Au-NbSe oriented along thé axis andH parallel to thec axis. The

For our investigations, we chose the contact directiorfower curve:H=0; the upper curveti=8.5 T. The voltages cor-
along theb axis (chain direction because this direction is résponding to the energy-gap positions are indicated by arrows. The
perpendicular to the Fermi surface. Another reason fopot_ted line is the normal-state background curve. The dlfferentlal_
choosing such a direction is the very large conductivity an_re5|stance scgle corresponds to the lower curve; the upper curve is
isotropy of NbSe. In fact, according to Ref. 23, the conduc- ©ffset for clarity.
tivity anisotropy along theo and a* axes iso, /o4 =10°
—10%, and that along thé and ¢ axes iso,/0.=10 (see at V=70—80 mV. The second step is connected with the
Ref. 12. Therefore, the contacts oriented along thexis  reflection of injected carriers on the second Peierls gap,
should be the most directional. At the same time, for theat V=27—32 mV. It can be seen from the figures th&y
contacts oriented along the* axis, which are more easily decreases rapidly as voltage increases from zero. Such a
prepared, the electric-field distribution near the point contacshape of the excess resistance maximum is attributed to the
is strongly modified because of this very large anisotropy. two-dimensional character of the electronic specttdit;?®

The NbSg samples used in the present experiment hadnd is in qualitative agreement with Huang and Maki's
sizes along thé axis of L,~3—4 mm, along thec axis calculationé® of the density of states in Nbge
L.~10+20 um, and along thea* axis L,~1 um. Only The results of the application of the magnetic field along
single crystals with native-grown boundaries perpendiculadifferent crystallographic orientations are shown in the upper
to theb axis were selected. curves in Figs. 1-3 for the same contacts. It is seen that for

To form a point contact the tip we used was a thin gold
strip with a width of 50um and a thickness of 4m. The 700 . . . ; ;
electrical contact of the sample with the normal-metal coun-
terelectrode was formed at=4.2 K with the use of a pre-
cision mechanical motion transfer system. The measure-
ments of thelV characteristics and their first derivativ
=dV/dl have been carried out with the standard modulation 500
technique. The point-contadV characteristics were mea-
sured with three orientations of the magnetic field: parallel to
theb, ¢, anda* axes.

The IV characteristics for all the investigating contacts in
zero magnetic field show the clear energy-gap structure, as 300
illustrated by the lower curves shown in Figs. 1-3. At high
voltages {¥>100 mV) the increment oRy is proportional
to the square of the bias voltage, typical for Joule heating of M e 30 o 30 10 Is0
metal-metal contact&otted lines in Fig. L This fact dem-
onstrates that investigated contacts are of a direct (yib- Vv (mV)
out an insulating barrigrAt |V|<100 mV the curves exhibit £ 2. Ry(V) for a point contact Au-NbSeoriented along the
two steps in the differential resistance, associated with thg axis andH parallel to thea* axis. The lower curveH=0; the
excess resistance arising from the reflection of injected quaspper curveH=8.5 T. The voltages corresponding to the energy-
siparticles from the normal metal on the Peierls energy-gagap positions are indicated by arrows. The dotted line is the normal-
barrier. The first step of the excess resistance correspondirgate background curve. The differential resistance scale corre-
to the carrier reflection on the first Peierls gap,, appears sponds to the lower curve; the upper curve is offset for clarity.
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' ' ' ' ' Only two parameters of pocket carriers may be affected
by the magnetic field, namely, the number of noncondensed
normal carriers and their mobility. In the ballistic regime the
differential resistance of point contacts at zero bias is given
by the well-known Sharvin formufa

700 |-

600 -

a s00f
s,
2 o Ry(0) = - M
© T ON(0) 20 (s d?
300
whereN(0) is the density of states on the Fermi level ahd
200 0 o . m P is the contact diameter. Evidentigy(0) depends only on the
density of states and is independent of the relaxation time.
V (mV) Let us show that our point contacts satisfy the ballistic re-

gime: the point-contact diametdris less then the mean free

FIG. 3. Ry4(V) for a point contact Au-NbSeoriented along the  pathl. Using data for the mobility of the pocket electrons at
b axis andH parallel to theb axis. The lower curveH=0; the  |ow temperatureu=3%10° cn?/V's (Ref. 28, for ve=1.4
upper curveH=38.5 T. The voltages corresponding to the energy- « 1’ cm/s(Ref. 29 and form* =0.24m, (Ref. 3, we esti-
gap positions are indicated by arrows. The dottt_’:\d line is the normalmate| ~6X 104 cm. This is larger than the maximum pos-
state background curve. The differential r_eS|stance scale_ COIMesinle size of the contact in the geometry we used. So, we can
sponds to the lower curve; the upper curve is offset for clarity. conclude that the investigated point contacts are always in

the ballistic regime. In NbSg in the Peierls state, there are

all investigated contacts there no detectable effect of th@o carriers on the Fermi level except those of pocket elec-
magnetic field up tdH=8.5 T whatever the orientatiod.  trons. So, in this cas&J(0) describes the density of states of
Indeed, the amplitude of the excess resistance at zero bias ascondensed carriers to CDW carriers only. So, if the
well as the position of the Peierls energy-gap singularitieBalseiro-Falicov model is valid, the evolution of the differ-
remain unchanged. The effect of application of the magnetiential point-contact resistance in magnetic field should be the
field is observed only foH oriented along the axis with the ~ same as the magnetoresistance in transport measurements. In
appearance of an asymmetry of thé curve (Fig. 1); the  our experiments the magnetoresistance of the point contacts
asymmetry results from the Hall electric field, which is larg-is absent, while in the transport measurements it achieves
est for this direction oH. Indeed, the Hall electric field is 400% in transverse magnetic field bf=7 T at T~4.2 K
directed in this case along tle& axis for which the sample (Ref. 3. Taking into account the noise level of our point-
size is smallest. This electric field is transverse to the contaatontact spectra at zero bias §%), we carestimate that the
orientation. So, it modifies the point-contact electric field andchanging in the density of states of uncondensed to CDW
leads to a change in the effective point-contact diameterarriers atH=28.5 T (if this effect indeed exisjsis no more
which depends on the electric-field distribution near thethan 5<10' cm™ 3, that is, more than an order-of-magnitude

point contact. less than what must follow from the Balseiro-Falicov model
According to Ref. 8, when perfect nesting is no longerand the experimental results of Ref. 3.
present, the CDW induces a direct gap of value, 2t the In summary, we have shown that an applied transverse

Fermi level, but the spectrum now has a smaller indirect gapnagnetic field does not significantly affect the density of
of 2A,. Depending on the degree of the “lack of nesting,” states of noncondensed normal carriers and the CDW energy
the system in the presence of a CDW may be a semicondugaps in NbSg of low temperatures. So, the anomalously
tor (A4#0) or a semimetal 4,=0). The modél predicts large magnetoresistance observed in this quasi-one-
that when a high magnetic field is applied, the semimetaldimensional conductor below the second Peierls transition
semiconductor transition occurs in NSt means that the temperature most probably is the result of the increase of
magnetic field induces a gap which increases rapidly to itscattering induced by the magnetic field.

maximum valueAg=A,. In this case, the appearance of a The authors are thankful to C.A. Balseiro, L.N. Bulaevski,
new energy-gap singularity in the point-contact spectraand Yu.l. Latyshev for helpful discussions of the experimen-
should be observed in the magnetic field. But we do notal results. The work has been supported by Russian State
observe this effect in our experiments nor any change in théund for Basic ResearctGrant Nos. 01-02-16321 and 02-
position of the CDW energy-gap singularities when a mag-02-17263, INTAS (Grant No. 01-047% and research pro-
netic field is applied. gram 19 between CRTBT-CNRS and RAS.
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