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Abstract
The temperature dependence of the resistivity and magnetoresistance (MR) of
quasi-one-dimensional NbSe3 was studied. The sharp increase of the positive
MR in the lower charge-density wave (CDW) phase is consistent with previous
reports, and the violation of Kohler’s rule is obvious. We found that the MR data
can be fitted very well with a modified two-band model, and the temperature
dependence of the resulting parameters was discussed. The MR, the effect of
magnetic field on the CDW gap, and the thermoelectric power of NbSe3 can be
coherently understood within this model.

1. Introduction

Quasi-one-dimensional conductors exhibit a variety of phases ranging from charge-density
waves (CDW) and spin-density waves (SDW) to a metallic state to superconductivity in the
low-temperature ground state. NbSe3 is unique among CDW materials in that its ground
state remains metallic or ‘semimetallic’ even after it has experienced two CDW transitions at
T1 = 145 K and T2 = 59 K [1, 2]. It was estimated [2, 3] from the resistivity that only 20% of
the Fermi surface (FS) is destroyed by the formation of the CDW gap at the upper transition
(T1 = 145 K) and about 60% of the remaining FS at the lower transition. Moreover, a very
large magnetoresistance (MR) �ρ/ρ was reported in the temperature range 10 K < T < 50 K
when a magnetic field was applied perpendicular to the high-conductivity axis (b-axis) [3–5].

Up to now, the nature of the large MR in NbSe3 has remained ambiguous. In order to
explain the large MR, a theory in which the CDW gap can be enhanced by a magnetic field
was developed by Balseiro and Falicov (BF) [6]. Parilla et al obtained evidence of magnetic-
field-induced enhanced gaps by measuring the variations of the narrow-band noise (NBN)
frequency [3] and ac conductivity [7] with the applied magnetic field. They observed a 30%
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increase in CDW carrier density at 30 K under a field of 7.5 T. However, Tritt et al [8] presented
negative results; they found that even at H = 10 T the increase in the number of CDW carriers
was less than 5% and showed that the results in [3] were in error, as a two-probe technique
was used and H affected the contact resistance. Recently Tian et al [9] invoked a modified
two-band model to explain the large MR observed in the purple bronzes AMo6O17 (A = Na,
K, and Tl) which are quasi-two-dimensional CDW materials. They found that a small decrease
in number of the major carriers induced by the enhancement of CDW gap could account for
the large MR.

In this paper, we reported the measurement of the MR in the lower CDW phase of NbSe3

for H ‖ c. The violation of Kohler’s rule [10] is obvious and the data can be fitted very well
with the modified two-band model.

2. Experimental details

The NbSe3 crystals were prepared by a two-step vapour transport method [11]. The details
of the growth procedure were reported elsewhere [12]. Typical crystal dimensions were
5 mm × 10 µm × 1 µm, estimated from scanning electronic microscopy (SEM) photographs.

The resistivity of NbSe3 was measured by a standard four-probe method. The MR
measurement was performed on a Quantum Design PPMS-9 system with the magnetic field
parallel to the c-axis. Electric contacts were made by attaching 38 µm gold wires to the sample
using silver paint and the contact resistances were estimated as less than 1 �. The excitation
current applied to the sample was carefully chosen such that the resulting voltages did not
exceed the threshold voltage of CDW sliding.

3. Results and discussion

Figure 1 shows the temperature dependence of the resistivity of the NbSe3 sample from room
temperature down to 5 K. The inset of figure 1 shows the ρ(H, T ) curves at H (‖c) = 0, 2, 5 T
for temperatures ranging from 60 to 10 K. We can see clearly that there are two sharp increases
of the resistivity at T1 = 57 K and T2 = 144 K, corresponding to the two CDW transitions.
The room temperature resistivity ρ(300 K) is 2.18 µ� m and the residual resistivity ratio,
RRR = ρ(300 K)/ρ(5 K), is about 223, which are in agreement with other reports on high-
quality pure NbSe3 crystals [1–5]. The large positive magnetoresistance appears as soon as
the temperature drops below T2 and the position of the maximum of ρ(T ) is shifted from
T ∼ 40 to 30 K by a magnetic field of 5 T. T2 is independent of the magnetic field within our
experimental error of ±0.2 K.

On the basis of the increase of the resistivity at CDW transitions, Ong’s group [2] and
Parilla et al [3] made a simple estimate of the ratio (α) of destroyed FS to total FS, and
proposed a model to use for calculating the density of condensed electrons nCDW. Ong and
Monceau [2] reported α1 for the first CDW transition to be about 0.2, which means about 20%
of the FS is destroyed by the CDW transition. And α2 for the second phase transition is about
0.62, which means another 62% of the area of the rest of the FS is destroyed after the second
transition. Without an applied magnetic field, the calculated values of α1 and α2 for our NbSe3

sample are 0.22 and 0.63 respectively, which are close to Ong and Monceau’s results. If we
assume that the large MR is caused by the conversion of normal carriers to CDW carriers
induced by the magnetic field, which was proposed by BF [6], a 5 T magnetic field (along the
c-axis) increases α2(H ) from 0.63 to 0.78, i.e., causes a 25% increase in number of the CDW
carriers, which is quite comparable to the 30% increase under a field of 7.5 T reported by
Parilla et al [3]. However, this estimate of α2(H ) is based on the assumption that the applied
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Figure 1. The temperature dependence of the resistivity of NbSe3 for temperatures ranging from
300 to 5 K without an applied magnetic field. Inset: resistivity versus temperature for magnetic
fields of 2 and 5 T for 10 K < T < 60 K. The two arrows indicate the positions of the two CDW
transitions.

magnetic field mainly causes the reduction in the area of the remaining FS by enhancing the
CDW gap. According to the NBN measurement reported by Tritt et al [8], the increase of
nCDW is less than 5% under a magnetic field of 10 T, inconsistent with above assumption.

It is well known that the semiclassical transport theory predicts Kohler’s rule to hold if
there is a single type of charge carrier and the scattering time is isotropic on the FS [10].
Kohler’s rule is given by

�ρ(H, T )

ρ(0, T )
= F(ωcτ ) = f

(
H

ρ(0, T )

)
. (1)

Here ωc is the cyclotron frequency, τ the scattering time, ρ(0, T ) the zero-field resistivity,
and �ρ(H, T ) ≡ ρ(H, T ) − ρ(0, T ). The corresponding plots are known as Kohler’s plots.
Figure 2 (lower panel) shows the Kohler’s plot of the MR for 10 K � T � 60 K. The upper
panel shows the semilogarithmic plot of �ρ(H, T )/ρ(0, T ) versus T . �ρ(H )/ρ at 10 K is as
large as 440% when H = 5 T. From figure 2, we can conclude that Kohler’s rule is obviously
violated in this temperature range (the curves for 2 and 5 T cannot be scaled to a universal
curve). It has also been pointed out in [5] that the large MR is not associated with ordinary
MR, i.e., Kohler’s rule is not satisfied. Such a violation of Kohler’s rule should be a rational
consequence if there are two types of charge carrier and their ratio is affected by the magnetic
field.

Stimulated by the reports of the unusual temperature dependence and sign change of the
thermopower S in the lower CDW phase of NbSe3 [13–15], we invoked a modified two-band
model to fit the MR data. It has been reported that the MR of the quasi-two-dimensional purple
bronzes AMo6O17 (A = Na, K, and Tl) can be fitted well with this model [9]. Assuming that the
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Figure 2. The lower panel shows the Kohler’s plot of the MR for 10 K < T < 60 K. The upper
panel shows the semilogarithmic plot of �ρ(H, T )/�(0, T ) versus T .

two types of carrier have the same relaxation time and mass in the two-band galvanomagnetic
effect model of Noto and Tsuzuku [16], the MR can be expressed as [9]

�ρ

ρ
= 4(β − γ H )µ̄2 H 2

(1 + β − γ H )2 + (1 − β + γ H )2µ̄2 H 2
. (2)

Here β is the ratio of two types of carrier at H = 0. n2/n1 = β − γ H , where γ is a constant
representing the effect of magnetic field on the ratio of carrier concentrations. n1 and n2 are
the concentrations of the two types of carrier. µ̄ is the mobility for both types of carrier (we
have assumed that the mobilities of the two carrier types are the same). It should also be
noted that the parameter β is symmetrical for interchange of n1 and n2. Figure 3 shows the
field dependence of the MR at T = 20, 40, and 60 K and the curves for the best fit with
equation (2). The solid squares represent the experimental data and the solid lines are the
fitting curves. The MR data for different temperatures can all be fitted with equation (2) very
well, and the resulting parameters β, γ , and µ̄, determined from the best fit, are listed in table 1.

As the temperature decreases from 60 K, the parameter β drops fast, γ changes
nonmonotonically, and µ̄ increases (as listed in table 1). We should point out that the resulting
parameters are reasonable and meaningful. The sharp drop of the ratio β = n2

n1
|H=0 = n2(0)

n1(0)

with temperature after the second CDW transition at T2 is consistent with the studies of the
thermopower in NbSe3 [13–15] and band-structure calculations [17]. According to band-
structure calculations [17], the normal-state FS consists of several open sheets (corrugated
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Figure 3. Magnetoresistance �ρ/ρ versus H at T = 20, 40, and 60 K. The solid squares represent
the experimental data and the solid lines are the curves for the best fit with equation (2).

Table 1. Fitting parameters estimated from the modified two-band model for NeSe3 at T = 20,
40, and 60 K.

Temperature (K) β = n1(0)/n2(0) γ µ̄ (m2 V−1 s−1)

20 3.27 0.135 0.522
40 29.46 1.12 0.160
60 100.36 0.080 0.077

planes) and an inner multiply connected surface. Each corrugated surface is, generally
speaking, associated with one chain and one band. The thermopower S becomes a large
negative value after the first CDW transition at T1 = 145 K, which implies that the electrons
become the majority carriers. That is, the formation of the first CDW gap removes most
parts of the hole-like sheets and leaves some electron pockets on the FS. In the lower CDW
phase, the absolute value of S decreases and finally becomes positive at about 10 K, which
was explained as reflecting another CDW gap developing to destroy the electronic pockets on
the FS and the concentration of electrons dropping. In this scenario, there are two types of
charge carrier and their concentrations are comparable when T > T1. When T2 < T < T1,
the majority charge carriers are electrons due to the formation of a CDW gap, and the ratio β

increases (n2 represents the concentration of electrons in this case) and may go to a maximum
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at a temperature just above T2. The value of β is about 100 at T = 60 K from our study, which
means the concentration of electrons is 100 times larger than that of holes. When T < T2, the
concentration of electron-like carriers drops due to the destruction of the electron pockets on
the FS by the formation of the second CDW gap,and holes finally become the dominant carriers
at T ∼ 10 K. Therefore the ratio β should drop fast in the lower CDW phase. We estimated
β to be 29.46 and 3.27 at T = 40 and 20 K respectively, quite consistent with the above
analysis. The increase of the average mobility µ̄ with decreasing temperature, which means
the increase of the scattering time or electron mean free path, can be well understood within
semiclassical transport theory. As regards the constant γ , its nonmonotonic variation with
temperature suggests that the effect of the magnetic field is very subtle. To obtain equation (2),
it has been assumed that the magnetic field preferentially affects one type of carrier. A small
change in the ratio of two types of carrier caused by the magnetic field can account well for
the large MR, and thus it is not necessary to assume a large increase of nCDW with applied
magnetic field. Accordingly it can be understood why the increase of nCDW measured by NBN
is much less than that estimated from the magnetotransport measurement. The increase of
nCDW estimated from MR data has been exaggerated in the previous reports [3–5].

In conclusion, the large MR in the lower CDW phase of NbSe3 was studied in the
framework of a modified two-band model and the temperature dependence of the resulting
parameters was qualitatively consistent with the results of thermopower studies [13–15] and
band-structure calculations [17]. Our results suggest that the observed large MR can be
explained well by the effect of magnetic field on the subtle compensation of two types of
charge carrier without assuming an enormous increase in the concentration of condensed CDW
electrons. The mechanism for the MR relating to the magnetic-field-induced enhancement of
the CDW gap survives, but the effect on the normal carriers is smaller than that expected from
the BF theory.
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