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Abstract
Magnetotransport properties of quasi-two-dimensional thallium purple bronze
were measured at different magnetic fields for H ‖ c. Huge positive magneto-
resistance below the Peierls transition TP and Shubnikov–de Haas oscillation in
the high-field range were found. In the charge-density-wave (CDW) state below
TP , nonlinearity of the voltage–current characteristics due to the depinning of a
CDW was also observed at 2 K and 14 T. These results supported the suggestion
that the CDW gap opening below TP still leaves small electron and/or hole
pockets, but an applied magnetic field can remove these pockets to a great
extent, thus leading to an enhanced gap.

1. Introduction

Molybdenum purple bronzes AMo6O17 (A = Na, K and Tl) are quasi-two-dimensional (Q2D)
metals at room temperature and undergo Peierls transitions at low temperatures accompanied
by the formation of charge-density waves (CDW) [1–3]. Their structures can be described in
terms of infinite slabs each consisting of four layers of ReO3-like MoO6 octahedra sharing
corners, each of which is terminated on either side by a layer of MoO4 tetrahedra sharing
corners with adjacent MoO6 octahedra in the same layer. These slabs are perpendicular to
the c-direction and each is separated from its neighbour by a layer of monovalent metallic
ions (Na+, K+ or Tl+). The MoO4 tetrahedra in adjacent layers do not share corners, so the
Mo–O–Mo bonding, which is infinite in the ab-plane, is disrupted in the c-direction [4–6].

One notes that the mechanism of Peierls instability in Q2D metals is not straightforward
due to the quasi-cylindrical Fermi surface (FS) with respect to an axis perpendicular to the 2D
plane. The nesting of the FS is directly related to the so-called ‘hidden’ nesting, in which the
FS can be viewed as a combination of quasi-one-dimensional (Q1D) structures with distinct
1D nesting vectors parallel to the 2D plane [7]. Normally, the FS does not show perfect
nesting for real Q2D materials; the Peierls transition just removes parts of these Q1D FS, thus
leaving some small electron and/or hole pockets in the avoided-crossing regions and inducing a
metal–metal transition. Such a pseudo-1D FS model has been used to account for the physical
properties of purple bronzes [3, 8] and monophosphate tungsten bronzes (PO2)4(WO3)2m
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[9–11]. However, evidence for nonlinear transport involving CDW sliding is still lacking for
Q2D purple bronzes. This is because purple bronze behaves as a metal at zero magnetic field
below TP ; it is very difficult to apply an electric field of the order of ET ∼ 100 mV cm−1,
which is what is required to depin the CDW.

Unusual huge positive magnetoresistances (MR) have been previously reported to arise
in potassium purple bronze KMo6O17 [1, 2] and the monophosphate tungsten bronzes
(PO2)4(WO3)2m (m = 4 and 6) [12, 13] below TP , but few data are available for thallium
purple bronze. In this paper, we describe detailed MR measurements on Q2D thallium purple
bronze in the temperature range of 2–300 K. It is known that thallium purple bronze is perfectly
stoichiometric with an ideal formula of TlMo6O17; in contrast, potassium purple bronze usually
has a small amount of nonstoichiometry in K (traditionally, potassium purple bronze is written
as K0.9Mo6O17). Therefore, the nesting of the FS in thallium purple bronze is expected to
be much better than that in the isostructural K purple bronze. The nonlinear response of
CDW sliding might easily be observed at higher magnetic field due to the huge positive MR
at low temperatures. Our magnetotransport studies on TlMo6O17 unambiguously confirmed
the above speculations. The external cross-sectional area Af of the FS perpendicular to the
field in the thallium purple bronze is estimated to be about 6.7 × 10−4 Å−2, which is smaller
than that in KMo6O17 with Af ∼ 10−3 Å−2. The threshold electric field, ET , of the CDW
depinning at 2 K and 14 T is about 81 mV cm−1.

2. Experimental procedure

Single crystals of the thallium purple bronzes were grown by electrolytic reduction of a
Tl2CO3–MoO3 melt with an appropriate mole ratio. Platelet purple crystals with average
dimensions of 4×2×0.5 mm3 were obtained on the cathode. The crystals were characterized
by the x-ray diffraction technique. The temperature dependence of the MR was measured
using the standard four-probe configuration in an Oxford 4He cryostat with a superconducting
magnet system providing magnetic fields up to 14 T. Freshly cleaved, thin single crystal was
used for the measurements of the resistivity and V –I characteristics. The contacts were made
by evaporating gold pads on the surface; gold wires 70 µm in diameter were anchored to the
gold pads with silver paste. The distance between the two voltage contacts is about 1.0 mm.
Direct current was supplied by a Keithley 220 current source, and the voltage was measured by a
Keithley 182 nanovoltmeter. The temperature was controlled by a LakeShore 340 temperature
controller. The whole system was controlled automatically by a computer.

3. Results

Figure 1 shows the in-plane resistance as a function of temperature for several magnetic fields
parallel to c-axis (i.e., perpendicular to the ab-plane). The inset shows the plot with both
scales logarithmic, to show clearly the low-temperature range. It is seen that the resistance
at zero magnetic field exhibits an anomaly near about 110 K and a big hump near 80 K. This
curve is in good agreement with previous reports [14, 15]. The anomaly at TP = 110 K was
attributed to the Peierls transition driven by the CDW instability, and the big hump results from
the partial gradual removal of the FS, due to the Peierls gap opening. At lower temperature
TM ∼ 16 K, a small minimum was clearly seen, below which the curve shows a slight upturn.
For the magnetic field H ‖ c, the huge-positive-MR behaviour was only observed below the
Peierls transition temperature TP , and the resistance induced by the magnetic field increases
much more quickly below TM . The temperature TM at the second anomaly moves to higher
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Figure 1. The temperature dependence of the resistance at various magnetic fields parallel to the
c-axis; the inset shows the plot on logarithmic scales.

temperatures with increasing applied field, but the Peierls transition temperature TP does not
present a noticeable magnetic field effect in the range studied. At higher field H � 10 T,
the resistance becomes almost temperature independent below about 16 K, and the second
anomaly is suppressed by the magnetic field.

Figure 2 shows the in-plane MR �ρ(H)/ρ(0) at 2 K as a function of magnetic field for
H ‖ c. The positive MR increases significantly with increasing magnetic field, and reaches
about the order of �ρ(H)/ρ(0) ∼ 930% at 14 T. Two broad humps at 3.9 T and 8.8 T were
clearly observed in the measured magnetic field range. The amplitude of the oscillatory part of
the MR as a function of the magnetic field can be seen in the inset of figure 2 with the smooth
background, indicated by the dashed line, subtracted.

Figure 3 shows the voltage–current (V –I ) characteristics at 2 K and 14 T, at which the
ohmic resistance of the sample reaches about 155 m�, which is 9.6 times larger than that at 2 K
and zero magnetic field. When the voltage exceeds a critical voltage VT = 8.1 mV, the V –I



314 Mingliang Tian et al

0 2 4 6 8 10 12 14
0

2

4

6

8

3.9 T

8.8 T
TlMo

6
O

17

T=2.0 K

∆ρ
/ ρ

0

H ( Tesla )

0 2 4 6 8 10 12 14

-0.15

0.00

0.15

3.9T

8.8T

 H ( Tesla )

 A
m

pl
itu

de
 (

 A
.U

.)

Figure 2. �ρ(H)/ρ0 at 2 K versus magnetic field; the inset shows the amplitude of the quantum
oscillations with the smooth background, indicated by the dashed line, subtracted, versus the
magnetic field.

curve deviates from a linear behaviour. The value of VT = 8.1 mV corresponds to a threshold
electrical field ET = VT /d ∼ 81 mV cm−1, which compares well with those in Q1D CDW
systems like NbSe3 (ET ∼ 75 mV cm−1) [16–18] and K0.3MoO3 (ET ∼ 50–500 mV cm−1)
[1, 2, 17, 18].

The huge-positive-MR results mentioned above were reproducible for all thallium purple
bronzes investigated. Some details—for example, the amplitude of the oscillations and the tiny
zero-field anomaly near TM—usually exhibited some differences from sample to sample, but
the main feature of the MR effect did not change too much. The sample on which measurements
were made in this work is one showing strong oscillations in the MR curves.

4. Discussion

As shown in figure 2, the MR curve exhibits dramatic oscillation behaviour in the field range
studied. If the observed wobbles result from the Shubnikov–de Haas effect, then the oscillation
obeys the formula H−1

n = (2e/h̄)(π/Af )(n + γ ), where γ is a constant, and Hn and Af are,
respectively, the magnetic field at the peak position of the oscillations and the extremal cross-
sectional area of the FS perpendicular to the field H [3]. Since H−1

n+1 − H−1
n = 2eπ/(h̄Af )

and the period of H−1 is about 0.14 T−1 as evaluated from the two oscillations, we get
Af ∼ 6.7×10−4 Å−2. This value corresponds to an area of roughly 0.06% of the 2D Brillouin
zone in the high-temperature state (the area of the 2D Brillouin zone at room temperature is
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Figure 3. Voltage–current (V –I ) characteristics at 2 K and 14 T; the nonlinear behaviour is seen
above ET = 81 mV cm−1

about 1.1 as estimated from the unit-cell parameter). This result supported the suggestion that
the Peierls transition just removes a part of the FS; some small electron and/or hole pockets
still remain below TP . Since the value of Af for the thallium purple bronze is smaller than
Af ∼ 10−3 Å−2 for the potassium purple bronze obtained from MR measurement [1, 2], the
nesting of the FS in the Tl purple bronze would be much better than that in the K purple bronze.

The temperature dependence of the huge positive MR effect observed in the thallium
purple bronze is very similar to that in the potassium purple bronze [1, 2]. This indicated that
the two compounds should have very similar electronic structures. Figure 4 shows the MR as
a function of H 2; the curve deviates considerably from linearity in the range studied. The inset
shows �ρ(H)/ρ(0) versus H on scales that are both logarithmic; we get a power-law relation
�ρ(H)/ρ(0) = AHα with α = 1.26 in the low-field range of 0–2 T. These results indicated
that the normal semiclassical formula �ρ(H)/ρ(0) = µH 2 for a metal is not suitable for
describing the field dependence of the MR effect. Since the huge positive MR effect was
only observed below the Peierls transition temperature TP , the nature of the MR effect must
be closely related to the variations of the FS structures induced by the magnetic field in the
CDW state.

Previously, Balseiro and Falicov (BF) [19] developed a theoretical model for strongly
anisotropic metals in a magnetic field; they predicted that a high magnetic field parallel to
the FS can considerably modify a FS with an imperfect nesting. The small pieces of electron
and hole pockets left below TP can be destroyed progressively by the applied magnetic field,
which results in a better effective nesting and an enhanced gap. This model was usually used to
explain the positive MR effect in Q1D NbSe3 [16, 20, 21]. Since the FS structures in the Q2D
purple bronzes can be considered as combinations of several ‘hidden’ Q1D structures, the BF
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Figure 4. �ρ(H)/ρ0 versus H 2 at 2 K; the inset shows �ρ(H)/ρ0 versus H on logarithmic scales,
showing �ρ(H)/ρ0 ∝ Hα with α = 1.26.

theory seems also to be suitable to account for our MR data on purple bronze, qualitatively. The
core of the BF model concerns an enhanced gap and a considerable reduction in the number
of normal carriers induced by the applied field below TP ; some evidence has been provided
by Parilla et al [22] on the basis of measurements of the narrow-band noise as a function of
magnetic field in Q1D NbSe3—but this was also contradicted subsequently by Tritt et al [23]
and Lin et al [24]. Therefore, the nature of the huge positive MR effect in Q2D purple bronze
is still an open question in theory.

In figure 3, nonlinear voltage–current (V –I ) characteristics at 2 K and 14 T are clearly seen,
for the first time. In order to exclude a possible Joule-heating effect, we anchored the sample
on a sapphire substrate, then soldered the substrate on a large copper holder. Rectangular direct
current with a duration of about 200 ms was supplied by controlling the Keithley 220 current
source via a computer; the interval between two pulses is 10 s. We detected a 1.5 K rise of
the temperature at I = 90 mA during an interval of 200 ms. From figure 1, it was noted that
the resistance at 14 T is insensitive to the temperature below about 16 K; it almost keeps to a
constant value of 155 m�. Therefore, the remarkable deviation of the V –I characteristics from
linearity above ET = 81 mV cm−1 does not result from the heating effect; it can be attributed
to the sliding of the CDW condensate depinned from the impurities. The observation of non-
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linear V –I characteristics at 14 T and 2 K supports the idea of a field-induced enhanced gap.
The threshold electric field obtained, 81 mV cm−1, is also comparable with those for NbSe3

and blue bronzes.
The second anomaly of the resistance at TM , which was enhanced by the applied magnetic

field, can be attributed to the second Peierls instability. Bjelis and Maki [25] and Zanchi et al
[26] have carefully studied the influence of the magnetic field on the collective properties of
the density waves (CDW or SDW) with an imperfectly nesting FS. They predicted that, in
the case of strong orbital coupling with the magnetic field, the critical temperature TP of a
CDW or SDW state will increase with increasing magnetic field at moderate fields; if one
considers the contribution of the Pauli effect, Tc will decrease greatly with the increase of the
field. Therefore, the increase of the second anomalous temperature, TM with the increase of
the applied magnetic field might be associated with the effect of strong orbital coupling.

In summary, the MR properties of Q2D thallium purple bronzes have been studied between
2 and 300 K. It is concluded that:

(i) the second anomaly near about 16 K is associated with the second Peierls instability;
(ii) the Peierls transition at TP just removes a part of the FS; some small electron and/or hole

pockets still remain below TP ;
(iii) the positive MR effect can be qualitatively explained by the BF model, where the applied

field can improve the nesting of the FS and thus lead to an enhanced gap;
(iv) the nonlinear V –I characteristics observed at 2 K and 14 T provide evidence of sliding of

the CDW depinned from the pinning centres.
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