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Charge-density-wave gaps of NbSemeasured by point-contact spectroscopy in different
crystallographic orientations
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We have measured the differential current-voltabé)(characteristics of normal-metéhu, Cu, In-NbSeg
direct point contactgwithout insulating barrigrformed along different crystallographic orientations. For all
investigated directions, at low temperature we clearly observed two charge-density-wave,gapslA ,, as
excess resistance singularities in thecurves. 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 N8t a possible strong anisotropy of the energy
gap inb-c plane.
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[. INTRODUCTION expected that along some directionskirspace the energy
gap is zero. The determination of these directions appears to
One of the most important physical parameter of quasibe of a great interest.
one-dimensional conductors with a charge-density-wave Values of energy gaps obtained from previous experi-
(CDW) ground statkis the energy gap opened in the single-ments vary significantly: App~23-37 meV and A,
particle excitation spectrum below the Peierls transition tem=50—100 me\2~® It should be noted that in Ref. 3 it was
peratureT,. Most of publications concerning energy-gap concluded that the real CDW density of states is composed
measurements in CDW'’s using tunneling spectroscopyf a distribution of gaps, possibly because of the strong an-
(which is the direct method of studying density of sta@®  isotropy. For all cases the observed 2kgT,~=8.2—14.4
related mainly to NbSg?~® The interest for this material is instead of 3.52 as expected from a mean-field BCS-type
defined by its special properties. Indeed, in most materialtheory. This discrepancy is usually attributed to inherent
with a CDW, the formation of the Peierls energy gap yields astrong fluctuations in quasi-one-dimensional syst&hsn-
complete destruction of the Fermi surface, resulting in eother explanation has been proposed by Huang and #aki.
semiconducting ground state at temperatures bechw1L Assuming that the electron spectrum in Np&etwo dimen-
However, NbSg exhibits a metallic behavior down to very sional, their calculation of density of states are in a good
low temperatures. This behavior has been understood by thegreement with the experimental results reported in Ref. 2.
existence of normal carriers in small pockets remaining beThe assumption about the two-dimensional character of the
low the two CDW phase transitions @f, =144 K andT,,  electronic spectrum in Nbgewas confirmed in Ref. 12,
=59 K (Refs. 7 and 8because of the lack of perfect nesting where the electrical transport along th& axis was investi-
between portions of the Fermi surface connected by thgated. From the results obtained, it was assumed that the
distortion-wave vector. The unit cell of Nb$an the a*-c CDW condensation is localized in thec plane in elemen-
plane is made up of three pairs of chains. Band calculationgary conducting layers spatially separated by atomically thin
of NbSey demonstrate that th€,;-CDW transition is attrib-  insulating layers. The CDW order parameter is modulated
utable to a nearly perfect nesting and is associated with a paitiong thea* axis, and the transport across the layers is de-
of chains. It was conjectured that the CDW with its onset atermined by the intrinsic interlayer tunneling. In the frame of
Tp2=59 K occurs on the second and third pair of chains, buthis model of NbSgstacked junctions the Peierls energy gap
with an imperfect nesting. AT<T,, two energy gaps, cor- is opened only irb-c plane. To prove this hypothesis energy-
responding to the first (;,) and the second (&,,) Peierls gap measurements in different directions need to be per-
transition are opened; but at the same time, normal-metdbrmed.
properties remain. These features allow the expectation of a The very small sizes in the transverse directions of NbSe
very interesting behavior of the density of states in NpSe single crystals make that high quality tunnel junctions are
In spite of a great attention to this material, the resultsvery difficult to be prepared. In most cases the planar CDW-
obtained up to now do not allow to make definite conclu-1-S (I-insulator, S-superconductoror CDW--N (N-normal
sions about the energy-gap behavior. Indeed, in most caseseta) junctions were investigated. Using a superconducting
the experiments were carried out onlyTat 4.2 K and only  counterelectrode gives the possibility to verify the quality of
in the direction along tha* axis, i.e., perpendicular to the the insulating barriers in observing the superconducting
chain directior° and thus there are no direct informations energy-gap singularityBut the surface quality of the CDW
about gap anisotropy. But, because of the nonperfect nestingaterial, which is more important, remains undefined. The
and the presence of normal carriers in NpSE may be indication of a nongood surface state may be derived by the
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fact that all obtained CDW gap structures are substantially Au (Cu, In)
broadened when compared with those from the BCS predic-
tion. This brief analysis shows that the determination of the Au NbSe3

energy gaps in NbSeremains largely unsolved, that has
been the motivation of this present work.

We have used an original method of energy-gap spectros- \
copy, based on the investigation ©¥ characteristics of
direct-type junctions(without any insulating layer This a* '
technique has been already used in Ref. 6 for the determina- Au
tion of the energy gap in Nbgesingle crystals, but in the b

temperature range 77—300 K only. The method is based on
reflection of injected carriers from the normal metal on bar-
riers associated with the Peierls energy gap in direct normal-
metal-CDW contact§N-CDW) when their energy is less FIG. 1. The scheme of the experimental set up.
than A,, as it was shown theoreticalfy’* and
experimentally>®In Ref. 13 the mechanism of transforma- The measurements of th¥ characteristics and its first de-
tion of injected carriers into the CDW condensate was protivative Ry=dV/dl, were carried out with the standard
posed. It was shown that the electron-hole pairs moving fronmodulation technique.
the N-CDW interface carry away twice the momentum of an  Reliable energy-gap spectroscopy by means of point con-
electron incident normal to the interface. In Ref. 14 it wastacts is possible if the mean free patbf conduction elec-
concluded that the result of injection of carriers from thetrons is larger than the size of the contéuallistic regime.
normal metal is mainly a mirror reflection. But for both casesin this case, electrons cross the contact ballistically, gaining
the result of interaction between injected particles and thehe whole energeV, and can loose this energy in collisions
CDW is a reflection the manifestation of which is the appearwith excitations. The resistance in the ballistic regime is
ance of an excess resistance at (R€DW interface forV  given by the well-known Sharvin formuld:
<A, /e, thus giving the possibility to directly determine the
energy gap from th&l-CDW point-contact characteristics. pl

The injection of carriers through Sharvin-type point Reon="5
contact$’ takes place in all directions. But, as it was shown d

in Ref. 18, these point contacts are directional with respect tqyhere is the resistivity andl is the contact diameter. The

the electric-field configuration, and, in the isotropic case, thegint contacts we investigated had resistances at zero bias
main contribution to the point-contact resistance comes fronpetween 20 and 100Q. Taking p=10"° Qcm and |

injection along the point-contact orientation. So, measure=10-4 c¢m (Ref. 19, we estimate the diameter of point con-
ments of characteristics of point contacts in different orien+4ct with the lowest resistance to Hes10°5 cm, that is less

tations give some information about the anisotropic properihan the mean free path. Therefore, we never have a situation
ties of the density of states. Hereafter, we report detailedith | <d, when a contact is in the thermal regime.

c

@

energy-gap measurements in Ng&onga* -, b-, andc-axis The expected nonlinearities iV curves generally may
directions in the temperature range 2.5-65 K. have three causefi) energy-gaps singularitiegi) the pos-
sible local CDW deformatioitsliding) in the contact region

Il. EXPERIMENTAL TECHNIQUE because of a large electric field; afid) the Joule heating.

The last may be easily determined from the shapd\of
The NbSg samples selected for experiments had a sizeurves at high voltages. The deformation of the CDW plays
alongb axis L,~3-4 mm, alongc axis L. approx. 10-50 an important role for materials with a semiconducting
um and alonga* - axisL,~1 um. The temperatures of the ground state. For these materials the electric field in the vi-
upper Peierls transitiofi ,; =144 K and the lower ond,,  cinity of aN-CDW point contact penetrates into the CDW on
=59 K were determined from the temperature dependence macroscopic length, leading to a band bending effect of a
of the resistance. large amplitude. The consequence of it is a significant non-
The very small thickness of the NbjSeamples makes symmetry of thelV curves of theN-CDW point contactg®
practically impossible the formation of a point contact alongBut, in the case of NbSe the screening by the remaining
b-axis andc-axis direction using the conventional metallic normal carriers is effective. So, we can expect that this effect
needle-type tip. Therefore, as a tip, we used a thin gold strigvill be negligible in our experiments.
of 50 um width, and thickness of 4m. Fora*-axis direc-
tion, we used electrochemically etched thin me#al, Cu,
In) wires as a counterelectrode. The tip diameter was less
than 1 um. The appropriate contact geometry is shown in Examples of the most typical differenti8¥/ characteris-
Fig. 1. tics for point-contacts oriented aloraf, b, andc axis atT
The electrical contact of the sample with the normal-metatk=4.2 K are shown in Fig. 2. It may be seen that, for all
counterelectrode was formed at low temperature with the useurves, the increment &, at high voltages\{>100 mV) is
of a mechanical motion transfer system of a great precisiomroportional to the square of the bias voltage, that is typical

I1l. EXPERIMENTAL RESULTS

125117-2



CHARGE-DENSITY-WAVE GAPS OF NbSeMEASURED. . . PHYSICAL REVIEW B67, 125117 (2003

80 T | T T T T
b-axis (T=3.5 K)

40
=
=
A 400 o
o 200
100
| | | | | | | | |
100 -50 0 50 100
50 V (mV)

FIG. 3. Normalized differential resistané®(V)/Ryn(V) mea-
sured afT=3.8 K for a contact Au-NbSgoriented along* axis.
The dotted line is the theoretical fit with,;=65.0 mV andA,

FIG. 2. Typical dependencies of the differential resistance:24'5 mv.

Ry(V) for contacts oriented along-, a*-, and c-axis directions

measured aT<4.2 K. The voltages corresponding to the energy-€nergy-gap barriers, we have normalizedRyéV) curves to

gap positions are indicated by arrows. The dotted line is the normalthe normal-state background curssown as dotted lines in
state background curve. Fig. 2. The result of this procedure for a contact oriented
alonga* axis atT=3.8 K is shown in Fig. solid line). The
relative amplitude of the excess resistance at zero bias
R4(0)/Ryn(0), whereRyy is the background resistance, is
3.5-9.5 fora* - andb-axis, and 1.4-2.7 foc-axis oriented
gontacts.

The temperature evolution of the normalizBg(V) de-
pendence is shown in Fig. 4 for one of tak-axis contact. It
resistance increases in two steps, to its maximum wi¥en can be seen that, when the_ temperature is ir_lcreased, the am-

' é%htude of the second step in the excess resistance decreases

=0. We associate these two step maxima with the exce nd its voltage position goes monotonically to zero; this ste
resistance arisen from the reflection of injected quasiparticle% : gep 9 Y ' P
gnlshes completely ai=59 K, corresponding to the sec-

on the Peierls energy-gap barriers. The first step in the exced i - :
resistance, corresponding to the carrier reflection on the firscfnd Peierls transition temperature. At the same time the volt-

Peierls gap\ ,; takes place gtV;|~75-80 mV forb, 85-95
mV for ¢, and 65—80 mV fol* -axis oriented contacts. The

second step is connected with the second Peierl\gaand 6.0 = N
occurs at|V,|~28-34 mV forb- and c-axis oriented con- - 1
tacts, and 24—-30 mV foa* -axis oriented contacts. Indeed, 50 —
the measured magnitudes ®f; andeV, corresponding to L 4
these singularities are in agreement with the value of the first

and the second energy gap of NgSletermined earliet® It 0 N
can be seen from Fig. 2 that the shape of the excess resis- i T
tance maximum is nearly the same for contacts oriented 30~ ‘/J\‘A ]

for Joule heating of a metal-metal contddptted lines in
Fig. 2). It is quite different from tunnel-typé&V curves for
which the increment of resistan@R4(V)~ 1NV? (Ref. 21).
This fact demonstrates, indeed, that these investigated co
tacts are of a direct typ@vithout insulating barrier

For all curves shown, aftv|<100 mV, the differential

Ry/Ryn

alongb anda* axis. The resistance starts to increase when L

the voltage is decreased beldiw= A, /e and has a tendency 20 _
of saturation at low voltages. The same picture is observed at
V<Ap,/e. A qualitatively different picture is observed for i A i
c-axis oriented contact®y starts practically linearly to in-
crease with decreasing voltage fraf=A,, /e and, of vari- 100 : p” 0 o 00
ance with the other investigated directions, there are no ten- | |
_ : ) V (mV)

dency of saturation at low voltages. A linear increasdrgf
with another slope, without tendency of saturation, is also |G, 4. Ry/Ry\(V) curves for a contact In-NbSeoriented
observed in the voltage range frow=A,/e down toV  alonga*-axis direction aff =4.2, 29.5, 48.2, 50.5, 52.6, 54.6, 58.3,
=0. and 60.4 K. The resistance scale corresponds to the curve at 60.4 K,

To make clear the effect of carrier reflection on thethe other curves are offset for clarity.
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-100 -50 0 50 100 CDW energy gap in NbSeobtained for different contacts oriented
V (mV) alonga* axis. The different symbols correspond to different point

contacts. The dashed curve corresponds to the BCS theory.
FIG. 5. Ry/Ryn(V) curves for a contact Au-Nb§eoriented

along c-axis direction afT=3.5, 19.8, 44.0, 50.1, 52.7, 56.1, and

59.5 K. The resistance scale corresponds to the curve at 59.5 K, the .
other curves are offset for clarity. tioned above, the shape of point-contacts spectra along these

directions is qualitatively the same. It can be seen from Fig.

3 that, for such directions, the result of the interaction of
age position and the amplitude of the first step in the excesgjected quasiparticles from the normal metal with the
resistance remains practically unchanged in this temperatuejerls energy-gap appears in thé curves as an excess
range (in accordance with the BSC-theory predictiom-  resistance afeV|<A. That is quite different from the
deed, according to this model, the first Peierls gap is practiyynnel-type junction where the energy gap singularity ap-
cally independent of temperature in this temperature rang§years as a sharp minimum BEV|=A, demonstrating the

The same behavior is observed fwaxis contacts. But, be-  feayres of the BCS tunnel density of states which diverges at
cause of the lack of stability of contacts in this direction, we , \ 1o pehavior we observed in our experiments is in a

did not succeed in obtaining the temperature evolution of

R4(V) curves in the full temperature range for the Samequalitative agreement with models predicting the reflection

point contact of normal carriers from the energy-gap barrier at the normal-

_ ; 3,14
The temperature evolution of the normalizRg(V) de- melg?nlrcall:l)\i/r\l/vlggtairf:feéd contacts, we observed simultaneousl|
pendence for @&-axis oriented contact is shown in Fig. 5. In 9 ' y

contrast to thea* - and b-axis oriented contacts, the secondthe energy-gap singularities corresponding to the low- and

stepin e excessreistane < smeared outvih he tempe S eTIELLS COU o SeLE e koo Sete
ture increasing and the voltage position of this resistanc P

maximum becomes undeterminable. The voltage position o B%i,giggﬁg‘;éy;ﬁre;?;ﬁ’e:'vaenga;nrgfncigll %u;t;;):;?fésai%?
the first step remains unchanged, but the amplitude of thi P P

resistance maximum significantly decreases when the te t?]g 0 #tnc?Jnde;nstEd ca::erfs .th1r'hen trr]re :t)tal current through
perature is increased. € contacti,, Is the sum of three currents

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

It:|p1+|p2+|na (2)

p1: | p2 @re the currents flowing through the parts of
the contact including the first and the second CDW, gnid
the current of the remaining normal carri€¢r®t normal ex-
citations of the CDW’s We assume that,(V) follows the

Let us first analyze the shape of point-contact spectra ob®@hmic law and that thé (V) dependencies may be calcu-
tained forb- and a* -axis oriented contacts. As it was men- lated as

IV. DISCUSSION
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% the results obtained do not contradict the assumption about
'p(V):N(O)eUFAJ_x[fo(E_eV)_fo(E)]D(E)d E, (3  the two-dimensional character of the electronic spectrum in
NbSe.
wheref,(E) is the electron distribution functioN(0) is the Let us consider now the energy-gap behavior birc
density of states at the Fermi level, A is the effective plane. From the comparison of th¥ curves of point con-
cross-section area corresponding to transport through thtacts oriented alonfy andc axis we can note three features.
given CDW andD (E) is the transmission coefficient, which First, as it was mentioned above, the shape of excess resis-
depends on the corresponding CDW energy gap. The paraniance maxima forc-axis contacts differ qualitatively from
eter A is proportional to the relative number of chains of athose along-axis direction. Second, the temperature evolu-
given type included in the contact. This parameter detertion of Ry(V) characteristics o-axis contacts is also differ-

mines the relation between the amplitudes of the first and thent froma* - andb-axis oriented contac(see Figs. 4 and)5
second excess resistance maxima which are different for difrpird  the mean value of the relative amplitude of excess

ferent point contacts. _ , ~resistance maximum faraxis oriented contacts is more than
Modeling the energy gap as a potential step with a heighfi, ee times less than fdr-axis direction. At the same time

equalt 0 Ay, hwe_ cla{] ?(onzldetr ﬂ?ur p(:tmt_-cont?ct as t_althe conductivity ratioo,/o.=10 (Ref. 19 is not very large
quantum-mechanical task about the scattenng of a particie, y e girection along axis remains as the preferable in-
on such a type barrier. The transmission coefficient obtained. . o

Jection direction.

from the solution of the Schdinger equation i©(E) =0 at The nature of such a behavior is unclear, but one possible

< . . . .
E<Ap and explanation may be obtained with the assumption thats
strongly anisotropic if-c plane, and the energy gap is close
_— to zero near the-axis direction. Indeed, the observed excess
D(E) AVE(E—Ap) for E>A,. (4)  resistance foc-axis direction should depend, in this case, on

(\/E+ \/E—Ap)z’ contributions from carrier injection along directions which
are different fromc-axis direction. IfA,, increases for direc-
tions away fromc-axis direction, then we will observe a

We do not consider in this simple model the influence ofsmeared maximum of the excess resistance, the shape of
a possible nonideality of th&-CDW boundary. As a first which depend on the angle energy-gap distribution. In this
apprOXimation, we have also assumed that the normal'sta&se, the amp"tude of excess resistance maxima-fods
differential conductivity for all types of chains is the same griented contacts should be less than for the other directions.
and thedl,/dV is energy independent. In this case, only theTpjs js that we really observed in our experiment. In the
parameterd andA; are variable. Following this model, the frame of this assumption, it becomes possible to also explain
curve shown in Fig. 3 by a dotted line is obtained wiihy  the temperature dependence of the amplitude of the first ex-

:65-0 rr]neV 3”‘“;}22245 _T]E\r/l- ':1 can be sk;een fré):cn tge cess resistance maximum. As stipulated above, the main con-
igure that a discrepancy with the theory is observed for Oﬂfribution to the point-contact differential resistance comes

energy gaps. For example, the experiment shows that t om the injection in directions which are close toaxis,

conductivity of contacts starts to increase from very low : .
corresponding to small energy-gap values. With temperature
voltages, even at very low temperatures. increasing the magnitudes of these small gaps become com-
The observed shapes of excess resistance maxima are i 9 9 Al gap
parable with temperature, and the carriers can then start to

qualitative agreement with the Huang and Maki .
calculationd! of the density of states in NbS@ssuming a penetrate into the CDW. The another reason for the assump-

two-dimensional electronic spectrum. The same conclusiofOn bout & zero energy gap along some direction irbte
about the two-dimensional character of the electron spectrurﬁ'aﬁe may be .the existence of nor]conQensed to CDW normal
in NbSe was made in Ref. 12. In this case, the energy gap i§arrers. In this case the node direction corresponds to the
absent in the direction transverse liec plane. But, in the direction of the normal carrier pockets. But for proving this
present work, we have clearly observed energy-gap singulypothesis about a zero energy gap in the vicinitg dfrec-
larities in point-contacts spectra aloraf -axis direction. tion, further experiments need to be done; for example, low-
This disagreement can be eliminated if we take into accourfemperature angle resolution photoemission spectroscopy of
the large conductivity anisotropy of Nb$eAccording to  NbSe single crystals is desirable.

Ref. 22, at low temperatures, the conduction ratiQ o »

~10* Therefore, the electric-field distribution is strongly

modified in the contact region with respect to the isotropic V. CONCLUSION

case. For contacts oriented aloag§ axis, because of the

very large anisotropy, the preferable direction for the carrier In conclusion, we have investigated point-contact charac-
injection is alongb axis. It is the explanation why the ob- teristics of a normal metalAu, Cu, In with a guasi-one-
tained spectra for contacts oriented aldmgnda* are quali-  dimensional CDW conductor with, NbGein the tempera-
tatively the same. Actually, it follows from our experiments ture range from 2.5 K up to 65.0 K for different
that the contacts along™ axis, in fact, probe the density of crystallographic orientations. It was shown that, for contacts
states alondp-axis direction. Therefore, we can conclude thatwithout insulating barrier, the direct energy-gap spectroscopy
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