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Magnetoresistance has been studied for quasi-two-dimensional thallium purple bronze TlMo6O17 at a tem-
perature of 4.2 K in fields up to 12 T. Shubnikov–de Haas oscillations are observed. The calculated Fermi
surface size is about 531024 in the high-temperature Brillouin zone and consistent with hidden Fermi surface
nesting theory. The field dependence of magnetoresistance is studied in the vicinity of magnetic breakdown.
The characteristic field of breakdown is around 0.08 T corresponding to an energy gap of about 2 meV. The
effective mobility and cyclotron mass are about 0.025 m2 V21 s21 and 0.3me , respectively.@S0163-
1829~96!07223-2#

I. INTRODUCTION

The purple molybdenum bronzesAMo6O17 ~A5Na, K,
Tl! are quasi-two-dimensional metals due to a trigonal lay-
ered structure including MoO6 octahedra separated byA1

ions and MoO4 tetrahedra.1 They undergo a metal-metal
transition at around 120 K due to a partial opening of gaps
on the quasicylindrical Fermi surface. Band-structure calcu-
lations using a tight-binding method in a two-dimensional
~2D! approximation lead to three partially filled bands cross-
ing the Fermi level.2 They can be decomposed into three sets
of nested 1D Fermi surfaces, which are perpendicular to the
a, b, or (a1b) direction of the trigonal lattice.3 The nesting
from such Fermi surfaces causes a charge-density-wave
~CDW! formation that removes the nested portions of the
combined Fermi surfaces. The nesting in the real Fermi sur-
faces is not so complete as in the hidden Fermi surfaces, so
that some pieces of the Fermi surfaces may remain after the
CDW phase transition. Due to the existence of electron and
hole pockets on the remaining Fermi surfaces in the CDW
state, one may expect positive magnetoresistance and the
Shubnikov–de Haas effect to appear in the low-temperature
CDW state.

For KMo6O17 very large magnetoresistance is found in
the CDW state for the field both perpendicular and parallel to
the layer with the current always parallel to the layer.4,5 Ef-

fective mobility meff is found to be extremely large at low
temperature with values, for example, of 73103

cm2 V 21 s21 at 25 K for the field perpendicular to the layer.
The oscillatory behavior in the magnetoresistance is ascribed
to the Shubnikov–de Haas effect. The period of 13 T at 1.9
K corresponds to a very small orbit area, approximately
1023 the high-temperature Brillouin area.4

However, there are still some unsolved questions about
the magnetic-field-dependent properties forAMo6O17. First,
the field dependence of the magnetoresistance in KMo6O17

was found puzzling, some samples showing an elbow at low
temperature around 2 T.6 Whether it could be due to a mag-
netic breakdown effect or to spin rotation in a weakly anti-
ferromagnetic spin-density-wave state is not clear at the mo-
ment. In addition, Whangbo, Canadell, and Schlenker point
out that the size of the hole and electron pockets are not so
small ~about 1/18 to 1/6 of the Brillouin zone! as suggested
by the Shubnikov–de Haas study on KMo6O17 ~about 1023

in the high-temperature Brillouin zone!.2 Though the hidden
Fermi surface model3 raised by them later is able to explain
the result of the Shubnikov–de Haas study on KMo6O17, a
further experimental check of the Fermi surfaces in
AMo6O17 is necessary. Finally, to our knowledge, until now,
the field-dependent study has not been extended to other
kinds of purple bronzes, such as TlMo6O17.

7,8 The effect
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thallium atoms substituted for potassium atoms inAMo6O17
will have on the magnetic-field-dependent properties is not
clear.

In this context, we measured the magnetoresistance for
TlMo6O17 at a temperature of 4.2 K in fields up to 12 T. We
attempt to clarify the question of whether the magnetic
breakdown effect is able to explain the observed field depen-
dence of magnetoresistance or not. At the same time, we can
get some information about the remaining Fermi surface in
the CDW state through the Shubnikov–de Haas effect in this
compound.

II. EXPERIMENTS AND RESULTS

The single crystals were grown from the melt of
Tl 2CO3 and MoO3 in the molar ratio 1 to 6.5 by an electro-
lytic reduction method. The samples were identified by x-ray
diffraction and electrical resistivity measurement. The crys-
tals are purple elongated platelets of typical size 23230.1
mm3. Gold contacts were deposited on the crystal surface by
evaporation. The current, provided by a Knick J152 dc cali-
brator, is always parallel to the (a,b) plane. The voltage is
measured by a Keithley 182 voltmeter. The sample is put in
a commercial3He cryostat with a magnetic field up to 12 T
perpendicular to the (a,b) plane, provided by a supercon-
ducting coil.

Figure 1 shows the field dependence of the magnetoresis-
tance at 4.2 K for magnetic fields perpendicular to the layer.
The specific resistivity without magnetic field is 20.7
mV cm. Superimposed on a small positive magnetoresis-
tance, two broad oscillations at fields of 3.2 and 8.8 T are
observed in Fig. 1. This curve exhibits a downwards curva-
ture. We use a power law,

Dr/r~0!5ABa, ~1!

with

Dr5r~B!2r~0!

to fit the magnetoresistance below 1 T. The fitting results
give

A50.10360.005,

a51.160.1.

The fitting curve is shown in Fig. 2.a far from 2 means that
the semiclassical formulaDr/r(0)5meffB

2 is not able to
describe the field dependence of magnetoresistance in this
compound.

III. DISCUSSION

A. Shubnikov–de Haas effect

In Fig. 1, one can observe two broad oscillations at fields
3.2 and 8.8 T, which are superimposed on a positive magne-
toresistance. The oscillatory behavior of the magnetoresis-
tance is usually ascribed to the Shubnikov–de Haas effect,
due to oscillations of the density of states at the Fermi level,
caused by quantization of electron energy in the presence of
the magnetic field. According to this model, the oscillations
obey the formula

1

Bn
5~n1g!

1

BF
,

whereBF5\AF/2pe with AF the extremal cross-sectional
area of the Fermi surface perpendicular toB and 0,g,1.
One may calculateAF through the formula. From the above
observed oscillations at 3.2 and 8.8 T we get

BF55.0 T.

This period corresponds to very small extremal orbit areas of
AF55.731024 Å22. The area of the Brillouin zone at room
temperature is about 1.1 Å22 calculated from the unit-cell
parameters,7 so thatAF is approximately 531024 in the
high-temperature two-dimensional Brillouin zone, which is
comparable to that in KMo6O17 ~Ref. 4! and h-Mo4O11
~Ref. 9!.

Whangbo, Canadell, and Schlenker calculated the elec-
tronic band structure of the purple bronze.2 Their calcula-
tions show the presence of the three partially filledd-block

FIG. 1. The field dependence of the magnetoresistance. The
solid line is the fitting curve based on Eq.~4!.

FIG. 2. Log-log plot of the magnetoresistance below 1 T. The
solid line is the fitting curve based on Eq.~1!.
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bands. At first, they think that the charge-density-wave tran-
sition of AMo6O17, which sets in at 120 K, is caused by the
nesting of the secondd-block band, and the remaining two
provide electron and hole carriers below 120 K.2 Thus the
CDW transition does not affect the Fermi surfaces associated
with the first and thirdd-block bands. So the size of the hole
and electron pockets of the first and the third Fermi surfaces
should be about 1/18 and 1/6 of the Brillouin zone, respec-
tively. However, the Shubnikov–de Haas studies on
KMo6O17, h-Mo4O11, and TlMo6O17 suggest the sizes of
the carrier pockets are about 131023, ~2–4! 31023, and
0.531023 in the high-temperature Brillouin zones,
respectively.4 The failure of the theory is indicated by the
experimental results. Later, Whangbo, Canadell, and Schlen-
ker use a hidden Fermi surface nesting model to explain the
CDW transition inAMo6O17 once more.

3 The essence of this
model is that the combination of the three Fermi surfaces,
which are associated with the three partially filledd-block
bands, can be decomposed into three sets of ideal 1D Fermi
surfaces. The nesting of these three sets 1D Fermi surfaces
removes almost all the Fermi surfaces. The nesting in the
real Fermi surfaces is not so complete, so that some pieces of
the Fermi surface may remain after the CDW phase transi-
tion. This model explains whyAF observed in the experi-
ment is so small successfully.

The ratio of the size of the carrier pocket to the high-
temperature Brillouin zone of potassium purple bronze
KMo6O17 is about 10

23.4 In TlMo6O17, this ratio is about 5
31024. So the size of the carrier pockets is thus much
smaller in TlMo6O17 than in KMo6O17. This is a clue as to
why the specific resistivity in TlMo6O17 (20.7 mV cm! is
much larger than that in KMo6O17 (0.6 mV cm!.4 The
smaller size of the carrier pockets in TlMo6O17may indicate
a better Fermi surface nesting in it. One should note the
unit-cell parameterc for TlMo6O17 is longer than that for
KMo6O17.

7 So TlMo6O17 may have a more pronounced 2D
character than KMo6O17. This is also consistent with the
experimentally observed higher Peierls transition tempera-
ture in TlMo6O17. Le Touzeet al.get similar results in their
magnetoresistance measurement for (PO2)4(WO3)2m
(m54,6).10 They find that the size of the carrier pocket in
m56 is only 1/5 the size of the carrier pocket inm54.

B. Magnetic breakdown

In the CDW state, the new periodicity defines the new
Brillouin zones in reciprocal space. The energy gaps appear
at the boundaries of the new Brillouin zones. The magnitude
of the energy gaps, which depends on the CDW strength, is
generally small. Therefore the magnetic breakdown through
the energy gaps is expected to occur easily in relatively low
fields. Thus the possibility of the magnetic breakdown in
these compounds is considered. Naito, Tanaka, and Miura
have used the magnetic breakdown model to explain the
magnetic resistance for NbSe2 and TaSe2 successfully.

11 By
analogy with the analysis by Naito, Tanaka, and Miura, we
fit the magnetoresistance as follows.

According to the semiclassical magnetic breakdown
model proposed by Falicov and co-workers, at a finite num-
ber of points, which give rise to magnetic breakdown in the
orbit of electrons, there may exist a finite probability of tran-

sition to ~and from! another point in other orbits and the
electron undergoes an additional scattering.12,13 These are
points where the energy gaps are small enough to permit an
interband transition; they can also be considered the points at
which the orbits become coupled to one another, giving rise
to a network of possible trajectories. By including this scat-
tering process, the effective relaxation timeteff of the elec-
tron is given as

1

teff
5

1

t0
1

1

tm
,

1

tm
5vcf ~P!,

where t0 is the intrinsic relaxation time andtm is due to
magnetic breakdown.vc5eB/mc is the cyclotron frequency.
mc is the effective mass of the cyclotron.tm is proportional
to vc

21 , because the electron passes through the breakdown
points as many times as proportional tovc per unit time.P is
the breakdown probability, i.e.,

P5exp~2B0 /B!

and

B05KD2m/«F\. ~2!

B0 is the characteristic field of breakdown,«F is the Fermi
energy,D is the gap between two bands involved in the
breakdown, andK is a numerical factor of order 1. The func-
tion f depends on the individual case.

If one subtracts the Shubnikov–de Haas oscillation-type
magnetoresistance, using the above effective relaxation time,
the resistivity in a field is expressed by

r~B!5
m

ne2teff
@11~vcteff!

2#,

Dr

r~0!
5

r~B!2r~0!

r~0!
5

t0
teff

1
teff
t0

~vct0!
2. ~3!

As Falicov and Sievert pointed out, in the process of mag-
netic breakdown whenB→` the orbits are decoupled.12 In
other words, in the caseB→`, the electron will not undergo
additional scattering. We can understand this point in the
following way. In the presence of the magnetic fieldB, the
electrons run in a circular orbit. The diameter of the orbit is
propotional to 1/B. The strength of the coupling among or-
bits is mainly decided by the diameters of the orbits. The
larger the orbit, the stronger the strength of the coupling.
WhenB→` the orbit is condensed into a point and there
exists no coupling among orbits. Consequently, there should
exist two characteristic fields in the magnetic breakdown: the
onset fieldB0 and the termination fieldB1 . While the onset
fields shown in Eq.~2! is determined by the gap between two
bands involved in the breakdown, the termination field is the
characteristic field at which the orbits begin to decouple.
When the fields exceed the onset field, the magnetic break-
down effect will become significant as the consequence of
the increase in the probability of breakdown. However, when
the fields increase further and exceed the termination field of
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breakdown, the magnetic breakdown effect will become in-
significant gradually because the coupling of orbits becomes
weaker and weaker. In order to compare the experiments
with the semiquantitative formula~3!, following Naito,
Tanaka, and Miura we assume11

f5c exp~2B0 /B!@12exp~2B1 /B!#.

Herec is a positive constant andB0 andB1 are the onset and
termination fields of breakdown, respectively. Therefore, Eq.
~3! is rewritten as

Dr

r~0!
5cmeffBexp~2B0 /B!@12exp~2B1 /B!#

1~meffB!2/$11cmeffBexp~2B0 /B!

3@12exp~2B1 /B!#%, ~4!

with

meff5et0 /mc . ~5!

meff is the effective mobility. Ifc is equal to 0, i.e., the
breakdown probability is always zero, Eq.~4! falls to the
semiclassical formula

Dr

r~0!
5~meffB!2.

However, for TlMo6O17, according to the initial analysis in
Sec. II, Dr/r(0);B1.1. The characteristic parameters of
magnetic breakdown of TlMo6O17, i.e., meff , c, B0 , and
B1 , are determined from the best-fitting procedure according
to Eq. ~4!. They are

meff50.02560.002 m2 V21 s21,

c54.660.4,

B050.0860.04 T,

B153.660.5 T.

The fitting curves are shown in Fig. 1 by the solid line.
Though the fitting curve deviates from the experimental data
in the high-field region due to the oscillation of the magne-
toresistance, the overall agreement is good. This agreement
indicates clearly that the magnetic breakdown model used
here is able to explain the experimental results.

The onset field of the magnetic breakdownB0 is about
0.08 T. If we takem5me ~free electron mass!, K51, and
«F50.3 eV,2 the corresponding energy gapD is about 2
meV. This value is comparable to that in TaSe2 ~4 meV! and
NbSe2 ~18 meV! estimated from the breakdown fields.11

The effective mobility meff50.025 m2 V21 s21 of
TlMo6O17 at 4.2 K is much smaller than that of KMo6O17,
which is 0.95 m2 V21 s21 at 20 K.4 This means a larger
intrinsic relaxation timet0 or a smaller effective cyclotron
massmc in KMo6O17. We can calculate the ratio of relax-
ation time through Eq.~3!. Using the subscripts K and Tl to
stand for the parameters of KMo6O17 and TlMo6O17, re-
spectively, we can derive from~3!

t0K
t0Tl

5
rTl~0!nK
rK~0!nTl

. ~6!

If we assume that concentration of carriers in the sample is
proportional to the remaining carrier pocket sizeAF , then
we arrive at

t0K
t0Tl

5
r Tl~0!AFTl

rK~0!AFK
5

r TlBFTl

rKBFK
. ~7!

Substituting the experimental resultsrK50.6 mV cm,4

rTl520.7 mV cm,BFK513 T ~at 1.9 K!, andBFTl55.0 T to
Eq. ~7!, then we get

t0K /t0Tl513.

We can further estimate effective cyclotron mass. From Eq.
~5!, we get

mcTl

mcK
5

meffKt 0Tl

meffTlt0K
.

We substitute the experimental resultsmeffTl
50.025 m2 V21 s21, andmeffK50.95 m2 V21 s21 ~at 20 K!
~Ref. 4! to Eq. ~7!, then we get a crude estimation:

mcTl'3mcK . ~8!

One should note that the effective mobility used in the cal-
culation for KMo6O17 is taken at temperature of 20 K. Usu-
ally, the lower the temperature, the higher the mobility. So
the actual effective cyclotron mass for TlMo6O17 should be
greater than that in Eq.~8!. The effective cyclotron mass for
KMo6O17 is about 0.1me .

4 Hereme is the mass of electron.
So the effective cyclotron mass for TlMo6 O17 is about 0.3
times of the free-electron mass. This indicates that the carri-
ers are rather light.

IV. CONCLUSION

The magnetoresistance of thallium purple bronze has been
measured at 4.2 K in magnetic field up to 12 T. The Fermi
surface calculated from the Shubnikov–de Haas effect is
consistent with the hidden Fermi surface theory. The field
dependence ofDr/r(0) can be well described by the mag-
netic breakdown model.
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