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Abstract. Resistivity, thermoelectric power and magnetotransport measurements have been performed on
single crystals of the quasi two-dimensional monophosphate tungsten bronzes (PO2)4(WO3)2y, for m =5
with alternate structure, between 0.4 K and 500 K, in magnetic fields of up to 36 T. These compounds show
one charge density instability (CDW) at &~ 160 K and a possible second one at = 30 K. Large positive
magnetoresistance in the CDW state is observed. The anisotropic Shubnikov-de Haas and de Haas-van
Alphen oscillations detected at low temperatures are attributed to the existence of small electron and hole
pockets left by the CDW gap openings. Angular dependent magnetoresistance oscillations (AMRO) have
been found at temperatures below ~ 30 K. The results are discussed in terms of a weakly corrugated
cylindrical Fermi surface. They are shown to be consistent with a change of the Fermi surface below ~
30 K.

PACS. 71.45.Lr Charge-density-wave systems — 72.15.Gd Galvanomagnetic and other magnetotransport

effects

1 Introduction

Quasi-two-dimensional (2D) metals often show electronic
instabilities. These instabilities can either lead to a Peierls
transition to a charge-density-wave (CDW) state, as is the
case for some layered transition metal dichalcogenides and
some transition metal bronzes and oxides [1,2], or to su-
perconductivity, as for the copper-based high-T;. oxides.
To date, the mechanisms that govern which type of insta-
bility will take place are not well understood. A study of
the family of the quasi two-dimensional conductors, the
so-called monophosphate tungsten bronzes with general
formula (PO2)4(WO3)a,, where m is an integer which
can vary between 4 and 14 [3-5], could shed some light on
this problem.

Most of the members of this series of compounds have
been synthetized more than fifteen years ago [6]. Their lat-
tice is orthorhombic or monoclinic (pseudo-orthorhombic)
with pentagonal tunnels. It consists of ReOs-type infinite
layers of WOg octahedra parallel to the (a, b) plane, sepa-
rated by layers of POy tetrahedra. Since the 5d conduction
electrons are mainly confined in the center of the WOQOg
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octahedra layers, the electronic properties are quasi-2D
and the Fermi surface is quasi-cylindrical. The thickness
of the perovskite WOg-type slabs and therefore also the ¢
parameter, increase with increasing m, whilst a and b are
only weakly m-dependent. It is this property that allows
us to vary the low-dimensional character of these com-
pounds and which has a pronounced effect on the Peierls
temperatures. There is a clear tendency towards an in-
crease of T, with increasing m [4]. This may be due to an
increase of the low-dimensional character with increasing
m. It is reasonable to assume that the conduction electrons
in adjacent layers are further apart if the c-parameter is
increased. This corresponds to an increase in interlayer
distance, which in turn results in a weaker transverse cou-
pling. As a consequence, the Fermi surface becomes more
and more cylindrical giving rise to better nesting proper-
ties and higher transition temperatures.

The compounds corresponding to m = 4 and m = 6
have been studied extensively. Two anomalies were ob-
served in the resistivity versus temperature curves. They
occur at T,, = 80 K and T, = 52 K for m = 4 [7] and
at Te, = 120 K and T, = 62 K for m = 6 [8]. X-ray dif-
fuse scattering studies have shown that these anomalies
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correspond to transitions to incommensurate CDW

states [9,10].

Band structure calculations for the normal state using
a tight binding extended Hiickel method in a 2D approx-
imation have revealed that there are three bands crossing
the Fermi level [11]. The Fermi surface (FS) resulting from
a superposition of the three F'S sheets indicates good nest-
ing properties. This is the so-called hidden nesting or hid-
den one-dimensionality, caused by the presence of infinite
chains of WOg octahedra along the a, (a+b) and (a—b)
directions, which correspond to parallel planes on the FS.
The calculated band structures for the compounds m = 4,
m = 5 and m = 6 differ only slightly.

The m = 4 and m = 6 compounds show a large posi-
tive and anisotropic magnetoresistance in the CDW state
at low temperatures [3,12]. Since this magnetoresistance
is giant when the magnetic field is perpendicular to the
layers, it is attributed to the presence of both hole and
electron small quasi-cylindrical FS-pockets with large mo-
bilities and which remain after the CDW gap openings.
Quantum transport properties allow us to estimate the
size and number of these FS pockets [13]. Thus, FS ar-
eas have been determined using Shubnikov-de Haas (SdH)
measurements to be roughly 5.4% for m = 4 and 1.1% for
m = 6 of the high temperature two-dimensional Brillouin
zone. These results indicate that the m = 6 compound
has a more pronounced 2D character than the m = 4
compound.

The m = 5 members of this family were only recently
synthetized. This compound has been found to exist in two
different varieties. The crystal structure of the first type
is built up of a regular stacking of layers corresponding to
m = 5. This variety will be called “regular structure 5/5”.
It has been shown using X-ray diffraction measurements
that this variety exhibits two successive Peierls transitions
at T, = 83 K and T,, = 60 K [14]. Only one anomaly at
~ 60 K is detected in transport measurements [15]. The
crystal structure of the second type is made up of layers
of WOg octahedra of different thicknesses: The structure
can be viewed as a regular intergrowth of slabs m = 4
and m = 6 as depicted in Figure 1. This variety will be
named “alternate structure 4/6”. The alternate structure
is the more stable compound of the two varieties. X-ray
diffraction studies of the alternate structure have deter-
mined a Peierls transition at T, = 158 £2 K. The critical
wave vector q, associated with this transition has, within
experimental errors, commensurate (a*, b*) components.
Its intensity shows an anomalous thermal dependence
including hysteresis effects [16].

In this article, we present both the classical and quan-
tum transport properties of the compound with alternate
structure m = 4/6. Resistivity, magnetoresistance and
thermoelectric power measurements, as well as Shubnikov-
de Haas and de Haas-van Alphen oscillations, have been
studied. Further information on the CDW state was ob-
tained through the study of the angular dependent mag-
netoresistance oscillations (AMRO). The results obtained
in the normal and the CDW state are discussed in relation
with the quasi two-dimensional F'S of this compound and
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Fig. 1. Crystal structure of (PO2)4(WO3)10 with an alternate
stacking 4/6 [17].

will be compared to the more conventional compounds,
m = 4 and m = 6. We propose that the FS undergoes
changes below 30 K. A possible existence of a spin density
wave (SDW) state at low temperature is discussed.

2 Experimental techniques

Single crystals of (PO2)4(WO3)10 with an alternate struc-
ture used in these studies were grown using the chemical
vapour-transport technique [17]. The crystals are in the
form of platelets parallel to the (a, b) conducting plane,
and are of typical size 1.5 x 0.5 x 0.3 mm?3. In order to
achieve good electrical contact, it was first necessary to
clean the samples. This was carried out by immersing
them in ammonia for about half an hour. Four thin silver
pads were then evaporated onto the surface of the sample
and gold wires (25 pm in diameter) were attached onto the
contact pads with silver paste. Contact resistances were
typically of a few €2, three orders of magnitude larger than
the sample resistance at 4.2 K. Resistivity and magnetore-
sistance measurements on selected crystals were carried
out using a standard four-probe technique in a He* cryo-
stat over a temperature range of 4.2 to 300 K. Measuring
currents were in the range 1-5 mA. For the resistance
measurements, the electrical current was applied parallel
to the (a, b) plane, whereas for some of the SAH and the
AMRO measurements, the current was passed along the
c* axis.

AMRO are measured by recording the resistance of
a crystal of (PO2)4(WO3)10 as a function of the angle
0 between its crystalline c¢* axis and a constant exter-
nal horizontal magnetic field. The sample was mounted
on a gear-driven rotator. In this way, scans may be per-
formed in different rotational directions. These directions
are labeled with an azimutal angle ¢ which describes the
plane of rotation. Some of the resistivity measurements
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Fig. 2. In-plane resistivity pqp of (PO2)4(WOs3)10 with alter-
nate structure as a function of temperature at B = 0 (lower
curve) and in a magnetic field of B =16 T (upper curve). The
magnetic field is perpendicular to the (a, b) plane. The inset
shows the out-of-plane resistivity pc(I || ¢*) in zero field.

were made down to 0.05 K using a dilution He® — He?
cryostat and a lock-in detection.

The thermopower measurements were performed at
temperatures between 6 and 300 K wusing a slow
ac (0.01 Hz) technique similar to that described in
reference [18]. The ends of the crystals were fixed by two
gold foils and glued with silver paste, ensuring good ther-
mal contact with the heating blocks. The latter were used
to apply an alternating temperature gradient AT across
the sample (AT max + 1 K). The Seebeck voltage and
the corresponding temperature difference, as measured by
an Au-Fe thermocouple, were recorded during three mea-
surement cycles, during which the whole setup is kept at a
constant temperature. The experiment was entirely com-
puter controlled.

In order to measure the magnetoresistance, the sample
was mounted in a He? cryostat equipped with a super-
conducting split-coil which provided fields of up to 8 T.
The sample could be rotated about two perpendicular axis
with an angular resolution of £0.1° in § and of +2° in ¢.

De Haas- van Alphen (dHvA) and Shubnikov- de Haas
measurements were carried out at the High Magnetic Field
Laboratory (MPI-FKF/CNRS) in Grenoble (France). For
the dHvA measurements a capacitive torque method was
used. The signal was detected by means of a capacitance
bridge. The sample was mounted on a revolving sample
holder. Thus, scans over an angular range of —90° < 0 <
90° could be performed. For both dHvA and SAH measure-
ments, a discontinuous He3-system provides temperatures
down to 0.4 K in magnetic fields of up to 28 T, attained
by using a hybrid-magnet. SAH measurements were also
carried out at SNCMP-Toulouse (France) in pulsed mag-
netic fields of up to 36 T between 1.6 and 45 K using a
contact configuration whereby the current was parallel to
the c¢* axis. Other series of SAH measurements were per-
formed at MPI-FKF/CNRS up to 26 T and at ITN Lisbon
(Portugal) up to 16 T and 0.3 K using a He? cryostat.
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Fig. 3. Low temperature resistivity pas of (PO2)4(WOs3)10 as
a function of temperature in different magnetic fields, B. The
current is parallel to the (a, b) plane and the magnetic field is
along c*.

3 Experimental results
3.1 CDW instabilities

In this section, we describe the experimental study of the
classical transport properties of (PO2)4(WO3)1p with al-
ternate structure. Figure 2 displays a typical resistivity
curve, measured with the dc current parallel to the (a, b)
plane [19]: At high temperatures, pq is characteristic of a
metal with a quasi-linear behavior, whereas at lower tem-
peratures two anomalies are observed. The first is in the
vicinity of T;, = 160 K and characterized by a shallow
minimum. As the temperature is decreased, it is followed
by a bump at ~ 100 K, then a steep decrease in resistivity
at still lower temperature. The second anomaly is seen as
a weak kink around T, = 30 K. The inset to Figure 2
shows the temperature-dependence of the out-of-plane re-
sistivity, pe, i.e. when the current is applied parallel to
the c* axis. The resistivity increases with decreasing tem-
perature and reaches a maximum at ~ 48 K. At lower
temperatures, a strong decrease of the out-of-plane resis-
tivity is observed. The anomaly at T,, = 160 K is not seen
on this curve, whereas the kink at T,,, = 30 K can also be
detected in this configuration. The anisotropy of the re-
sistivity pe/pab at 4.2 K is between 40 and 120, depending
on the sample’s quality. Complementary measurements of
the sample’s resistivity were carried out at temperatures
of down to 0.05 K using a He® — He* dilution cryostat.
Metallic conductivity with no sign of superconductivity
was detected.

Figure 3 shows the temperature dependence of the re-
sistivity pap at low temperature. The sample was held in
magnetic fields of up to 6 teslas perpendicular to the plane
of the layers. The onset of a large magnetoresistance at
T,, = 30 K is clearly visible.

Resistivity measurements in high magnetic fields of
up to 16 T indicate that the magnetoresistance persists



218

20 T T T T T T T T T T T T
T=42 K
11/ (a,b) Bllct "
15 .—-”) 7
.’..T
f,.,.’
‘.).‘o"‘.
£10F o 1
& o
,"(.‘
."'.‘. e
05L ] e _.________A____.,....-~--....------- 4
.o’.‘. _............_.,._._..--l B // (a!b)
Lt
T —
0 1 2 3 4 5 6
Magnetic field (T)

Fig. 4. Transverse magnetoresistance as a function of the
magnetic field for B along ¢* and B in the (a, b) plane at
T=42K.
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Fig. 5. Thermal variation of the thermoelectric power of
m =5 (alternate structure). The temperature gradient is ap-
plied along the b crystallographic axis.

at temperatures as high as 190 K and gradually increases
as the temperature is lowered, as depicted in Figure 2.
The anomaly at T., = 30 K appears as an abrupt up-
turn of the magnetoresistance. Depending on the sample
quality, the resistance at 16 T and at T = 4.2 K can
reach eight times its zero field value. Figure 4 shows the
transverse magnetoresistances at T' = 4.2 K for the mag-
netic field parallel and perpendicular to the c¢* axis. A
strong anisotropy is observed. The magnetoresistance is
expressed relative to the zero-field resistivity Ap/py =
(p(B) = p(0))/p(0).

The temperature dependence of the thermopower S,
is given in Figure 5, measured with the temperature gra-
dient along the (a, b) plane. S is found to be isotropic
in this plane. In the high temperature state (T' > Tg,),
S is electron-like. It is negative over the whole tempera-
ture range explored. Whilst the transition at T, , at about
160 K, is associated with a change of slope, the second
transition at 30 K corresponds to a deep local minimum
in the S(T) curve. The transition at T, coincides with
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Fig. 6. Transverse magnetoresistance showing quantum oscil-
lations at 7' = 0.4 K. The magnetic field is parallel to the
c* axis.

a thermopower minimum which may be caused by phonon-
drag. Such a minimum often occurs at low temperatures
in this class of materials. In the low temperature state
(< 10 K), the thermopower is clearly electron-like, which
indicates that the electron pockets are dominant.

3.2 Quantum properties

3.2.1 Angular dependence of the quantum oscillation
frequencies

Shubnikov-de Haas measurements:

The strong magnetoresistance of the samples is an indi-
cation of their high quality. It is this high quality which
allows the observation of quantum oscillations. This yields
still further information about the CDW state.

Large amplitude SdH oscillations with the magnetic
field direction perpendicular to the (a, b) plane at T =
0.4 K are shown in Figure 6 [20]. At this temperature, the
oscillatory behavior sets in at about 4 T and increases in
amplitude as the magnetic field is increased. The oscilla-
tory part of the magnetoresistance is found to be a pe-
riodic function of 1/B. Since the background magnetore-
sistance is strongly field and temperature dependent, the
measured data were divided by the fitted background us-
ing a polynomial law for each field-scan. Figure 7 presents
the Fourier spectrum of the oscillating part of the curve
in Figure 6. At least fifteen distinct peaks can be seen
(Tab. 1). In a simple model, one may attribute each of
the observed frequencies to an extremal k-space trajectory
about the FS in a plane perpendicular to the applied mag-
netic field [21]. The SAH frequencies are then proportional
to the area in k-space of each F'S pocket. However, it is also
possible that some of the observed frequencies correspond
to the second harmonics of lower frequencies. A complete
understanding of the origin of each frequency is difficult,
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Fig. 7. Fourier transform of the oscillating part of the mag-
netoresistance for T = 0.4 K, performed over the whole field
range where the oscillations are detected. The magnetic field
is parallel to the ¢* axis.

Table 1. Frequencies, effective cyclotron masses for the mea-
sured SAH and dHvA oscillations, extremal F'S area as a per-
centage of the high temperature Brillouin zone, Dingle tem-
peratures.

name Frequency (T) (m* )SdH (m* )deA S (% BZ) Tp(K)

mo mo
a 57 0.32 0.48
c 210 0.34 0.20 1.8
e 790 1.1 1.3 6.6 5.3
f 850 1.2 7.1
h 1380 11.4
j 1600 0.42 13.3 9
q 1830 0.96 0.92 15.3
m 2230 18.7
k 2440 1.2 1.1 204 3.5-4.5
1 3000 25.1
S 3250 0.55 27.2
r 3800 0.54 31.8
n 4540 38.0
o 5450 45.5

particularly since the ground-state FS of (PO32)4(WO3)10
in the CDW state is not known. However, it is reason-
able to assume that most of the frequencies correspond
to distinct extremal orbits in k-space. It is also difficult
to determine whether each or any of the apparent closed
k-space trajectories belong to a single F'S pocket or if they
result from a combination of two or more pockets through
a magnetic breakdown process [22]. Most of the peaks ex-
hibit splitting into two and sometimes three or four peaks.
The separation in frequency of the splitted peaks is angle-
dependent. For § = 0°, the difference in frequency of most
of the splitted peaks is between 33 and 70 T.
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Fig. 8. Angular dependence of the SAH oscillation frequencies
at T'= 0.4 K. The solid lines show the 1/ cos (f) dependence,
where 6 is the angle between the applied field and the ¢* axis.

Angular dependent studies of the SdH oscillation
frequencies have been performed to check the two-
dimensional character of the FS (Fig. 8). It is found that
each SdH oscillation frequency follows a 1/ cos (6) depen-
dence (6 being the angle between the applied field and
the ¢* axis). This confirms the existence of multiple cylin-
drical FS-pockets elongated along the ¢* axis, since, for
any direction of the magnetic field, the orbits described
by the charge carriers are ellipses. The cross-sections of
these ellipses vary as 1/ cos (6).

For some of the SAH oscillation frequencies, the
Dingle temperatures, Tp, could be determined by ap-
plication of the “Dingle” reduction factor, Rp =
exp (727r2pm*kBTD / ehB), given in the Lifshitz-Kosevich
theory [21,23]. Values of T of between 3.5 and 9 K have
been found (see Tab. 1). The rates of electronic scatter-
ing calculated from these temperatures are in the range
of 2.9 to 7.4 x10'? s7!'. These large values of Tp cor-
respond to broadened Landau levels with a much more
smeared out density of states and a less oscillating chem-
ical potential. This might justify the application of the
conventional 3D Lifshitz-Kosevich theory in spite of the
quasi two-dimensional character of this material.

de Haas-van Alphen measurements:

de Haas-van Alphen (dHvA) measurements were carried
out at T = 0.4 K using a capacitive torque method.
The magnetic field was varied between 18 and 27 T. The
dHvA oscillations were observed for different angles 6 be-
tween the field direction and the c* axis, as depicted in
Figure 9. Figure 10 shows the Fourier spectrum of the
data for 0 = 0° at T' = 0.4 K. The observed frequencies
are the same as those seen in the Fourier spectrum of the
SdH oscillations. For both dHvA and SAdH measurements
described in this paragraph, the same sample was studied.
However, the resolution of the dHvA frequencies is poorer
than that of the SAH oscillations, due to the smaller field
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range explored in the dHvA measurements. Note that the
ratio of the amplitudes of the peaks is different to the ra-
tio of the SdH amplitudes in the same field range. The
angular variation of the dHvA frequencies is presented in
Figure 11. The data confirm the 1/ cos (6) dependence also
obtained in the SdH measurements.

3.2.2 Thermal variation of the frequencies’ amplitude
and relaxation time

We now turn our attention to the temperature dependence
of the SAH oscillations. A second series of SAH measure-
ments was performed in pulsed magnetic fields of up to
36 T using another sample of the same material. The
temperature was varied between 1.7 and 43 K. The cur-
rent was applied parallel to the ¢* axis in order to obtain
higher resistivity values. The frequency spectrum was not
sensitive to the contact configuration or the sample used.
Figure 12 presents the magnetoresistance versus field of
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Fig. 11. Angular dependence of the dHvA frequencies. The
solid lines are 1/ cos (0) fits corresponding to a cylindrical FS.
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Fig. 12. Magnetic field dependence of the magnetoresistance
parallel to the ¢* axis at T'= 1.7 K and T' = 8 K. The magnetic
field is perpendicular to the (a, b) plane.

(PO2)4(WOs3)10 with alternate structure at 1.7 and 8 K.
The carrier effective masses may be deduced using the
Lifshitz-Kosevich reduction factor, Ry = «T'/sinh (2T),
where x is given by: = 2n2pm*kg/heB. Here, m* is the
cyclotron mass and p is an integer which represents the
pth harmonic order of the Fourier spectrum [21]. The rel-
ative amplitude of each SAH oscillation is obtained from
its Fourier transform peak height. As an example, Fig-
ure 13 presents the temperature dependence of the am-
plitude of three of the frequencies together with a fit ac-
cording to the Lifshitz-Kosevich formula. Only the two
oscillation frequencies, labeled ¢ and j, remain at 20 K. Be-
tween 22 K and 24.5 K, oscillation j disappears abruptly.
In the same temperature region, oscillation ¢ undergoes
a change in slope if its amplitude is plotted according to
an effective mass plot (see Fig. 13). Oscillation ¢ was ob-
served at temperatures of up to 43 K. Table 1 summarizes
the results of such a fitting procedure for each frequency,
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together with the results of the same analysis for the dHvVA
measurements.

3.3 Angular dependent magnetoresistance oscillations

In addition to the SAH oscillations, a new type of oscil-
lation can occur in a quasi two-dimensional conductor at
low temperatures, if a weak interlayer interaction between
adjacent conducting planes is present [24]. In this case, the
cylindrical Fermi surface is warped. The energy dispersion
relation of the electrons can be written:
h® 2

ep = %(kz + k) — 2t cos (ck.) (1)
where k; and k, are the z and y components of the
wavevector, k, in the conducting plane. ¢, is the interlayer
transfer energy (¢, < Ep) and c is the spacing between
adjacent layers. The so-called angular dependent magne-
toresistance oscillations (AMRO) are different to the SAH
oscillations. They are dependent on the angle 8, but not on
the amplitude of the field. Since this phenomenon is essen-
tially a semiclassical effect rather than a quantum effect,
AMRO can even be found under conditions whereby no
SdH oscillations are detected [25]. In the model proposed
by Yamaji [26], the electron velocity normal to the layers,
and averaged over all trajectories on the Fermi surface, de-
pends on the magnetic field direction. When the magnetic
field direction is such that this averaged electron velocity
is equal to zero, the resistance, R, will experience a maxi-
mum. This happens periodically as a function of 8, giving
rise to AMRO. The maxima in R occur at angles 0,, such
that :

max 1 max
k:;, )ctanenzﬂ'<n:|: Z)+(k( )-u) (2)

where n is an integer. The negative and positive signs cor-

respond to positive and negative 6,, respectively. kl(lm ax)
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Fig. 14. Schematic look at the transverse cross-section of an
elliptical F'S. k‘(‘max) is the component of the Fermi wave vector
in the 2D plane. qu""“) is the projection of k‘(‘max) along the
component of the magnetic field parallel to the 2D plane. k,
and k, are respectively the major and minor semiaxis of the

ellipse which is inclined by an angle £ with respect to ¢ = 0°.

is the in-plane component of the Fermi wave vector. The

k(max)

projection of I along the component of the magnetic

field parallel to the 2D plane is kgnax), as depicted in
Figure 14. Also u is the in-plane part of the direction
vector of the interlayer integral [24,27]. If it is assumed
that the F'S pocket corresponding to the observed AMRO
has an elliptical cross section, then the projection vector
k;lmax) is related to the major semiaxis, k., and the minor
semiaxis, ky, of the ellipse by

kg™ = [ cos® (9 — &) + kysin® (6 - O (3)

where ¢ is the azimuthal angle describing the angular po-
sition in the plane of the ellipse and £ is the inclination
of the major axis with respect to ¢ = 0°. For an elon-
gated ellipse, equation (3) describes a locus in the form of
a figure “eight” in polar (kgnax),d)) space (Fig. 14) [28].
Thus, by use of equation (3), the shape of the FS can
be derived, using a least squares fit to the measured
k:g{max)— values.

These oscillations are more apparent in the out-of-
plane conductivity. Quasi two-dimensional AMRO are
more pronounced when the Fermi surface cylinders are
only slightly warped. They have been observed in sev-
eral quasi two-dimensional conductors [24,28-30] in which
they are used in order to map out the FS.

If the electric current is applied parallel to the c*
axis, also single-crystals of (PO32)4(WOQOs3)19 with alternate
structure show characteristic resistivity-oscillations as the
sample is rotated in a magnetic field. In Figure 15, the
temperature dependence of the AMRO of (PO2)4(WO3)10
is shown for a field of 7.8 T. At this field, oscillations
of the resistivity can clearly be observed at 4.2 K as a
function of #. Thermal damping reduces the oscillation’s
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Fig. 15. Temperature dependence of the AMRO in

(PO2)4(WOs3)10 with alternate structure at 7.8 T for ¢ =
92.6°. 0 is defined as the angle between the crystal ¢* axis
and the external magnetic field while ¢ is an azimuthal angle
in the (a, b) plane.
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Fig. 16. AMRO in (PO2)4(WO3)10 with alternate structure
at 4.2 K for several values of ¢ at an applied field of 7.8 T.

amplitude until the AMRO disappear between 20 and
30 K. The positions of the AMRO-peaks do not depend on
the applied magnetic field over the field-range explored. In
Figure 16, AMRO data at 4.2 K and at 7.8 T are presented
for a range of values of ¢. Although, from a straightfor-
ward application of the theory, one might expect a per-
fect mirror reflection symmetry about 6 = 0°, the traces
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Fig. 17. A fit of the AMRO peak positions to index n for
¢ =111° and —63° < 6 < 68° in 7.8 T.

in Figure 16 are asymmetric about this axis. This could
be due to a misalignment of the sample. It should be
noted that the orientations of the crystallographic axis
in the (a, b) plane are not known for the two samples
used in this study. Thus, ¢ = 0 is an arbitrary direction
and does not correspond to any particular direction in the
(a, b) plane. The maxima in the magnetoresistance are
expected to be periodic in tan(#) at each azimuthal angle
¢, although the period is a function of ¢. The projection

k(HmaX)((b) of the Fermi surface wavevector in the plane
of rotation of the magnetic field vector may be deduced
from the slope of a plot such as Figure 17, according to
equation (2). As an example, Figure 17 shows a linear fit of
the AMRO peak positions plotted in tan @ as a function of
n for ¢ = 111°. Tt is clear from equation (2), that this lin-
ear dependence will be discontinuous at tanf = 0°. This
arises, because the difference between the two tan () val-
ues corresponding to the “—1”7 and “+1” extrema are 1.5
times as large as the period A(tan (0)) [31,32]. This dis-
continuity can be avoided by plotting the positive tan (6)
values at n — 0.25 = 0.75,1.75,2.75, - - -, and the negative
tan (0) values at n + 0.25 = —0.75,—1.75,—-2.75,---. It
should be pointed out that equation (2) is obtained as-
suming tan (f) > 1. However, in our case, the observed
AMRO show only slight variations from the linear behav-
ior, even at the lowest angles, for which tan (6) < 1.

Values for kgnax) could thus be deduced for those di-
rections, ¢, that the azimuthal angle dependence of the
AMRO was recorded. It should be pointed out that only
the dominant oscillation could be treated, since oscilla-
tions which could correspond to other pockets appearing
near 90°, were too weak. This analysis was performed
for —37° < ¢ < 250°. Figure 18 shows the resulting
k;;lmax)— data points in the (a*, b*) plane in polar co-
ordinates. A least squares fit to the data in Figure 18
using equation (3) yielded the major semiaxis of the el-
lipse, k; = (2.59 + 0.03) x 10° m~!, the minor semiaxis,
ky = (1.61£0.03) x 10 m~!, and showed that the major
axis is at an angle £ = (102 £ 2)° with respect to ¢ = 0°.
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Fig. 18. Projection vector lc(;la") as a function of ¢ deduced
from equation (2) using the measured AMRO data for —37° <
¢ < 250°. The solid line is a least square fit to equation (3).

The shape of the pocket in cartesian coordinates obtained
from this fit is illustrated in Figure 19. The area of the
ellipse is thus S = (13.1 & 0.4) x 10*® m~2 which cor-
responds to a frequency of F' = (1380 + 40) T. This is
in excellent agreement with the observed SdH oscillation
frequency Fy=1380 T which corresponds to 11.4% of the
first Brillouin zone area.

4 Discussion
4.1 Charge density wave instabilities

We now treat the normal and the CDW state of
(PO2)4(WOs3)1p with alternate structure, which will be
compared with the m = 4 and m = 6 compounds. Both
the in-plane resistivity and thermoelectric power show a
quasi linear temperature-dependence in the high tempera-
ture metallic state. The in-plane resistivity (at room tem-
perature) is at least one order of magnitude larger than
that of the m = 4 and m = 6 compounds, even though the
average number of conduction electrons per tungsten atom
is between that of m = 4 and m = 6. This may be due to a
stronger electron-phonon or electron-electron interaction
associated with a crystal structure slightly different from
that of m = 4 or m = 6. The temperature-dependence
of the out-of-plane resistivity, p., is completely different.
The resistivity along the c* axis is non-metallic in behav-
ior (dp/dT < 0) at T' > 50 K, but becomes metallic-like
(dp/dT < 0) below T' < 30 K. This might be attributed to
a crossover between different conduction mechanisms: The
metallic behavior at low temperatures may change into a
regime that is governed by thermally assisted hopping at
higher temperatures. This crossover would occur at about
50 K where the curve p. vs. T changes slope. A similar
behavior has been reported for 2D superconductors [33].
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Fig. 19. Resultant cross-section of the FS pocket deduced from
AMRO data at 7.8 T and 4.2 K.

The resistivity-anomaly at ~ 160 K does not appear
as a clear hump, as is the case for the m = 4 and m = 6
compounds [3], but only as a weak anomaly. This is an
indication that the CDW gap or pseudogap-opening only
results in a small decrease in the charge-carrier concen-
tration. This shallow minimum in resistivity appears at
the temperature at which the thermoelectric power ceases
to have a quasi-linear dependence on temperature. The
change of slope of S(T') in this temperature region is
therefore related to the partial gap opening which mod-
ifies the density of states at the Fermi level. Above and
below 1,1 = 160 K, the thermoelectric power is negative,
which suggests that the electrons are the dominant charge-
carriers. X-ray diffraction studies have confirmed the ex-
istence of a Peierls transition at T = (158 + 2) K [16].
The critical wave vector associated with this transition is
q = (0.33(2);0.33(2); 0) [34]. For the (a*, b*) plane com-
ponents, this is close to the nesting vector corresponding
to the first and second transitions in m = 4 and m = 6
respectively. Such a critical wave vector would simultane-
ously couple two pairs of parallel sheets on the FS, giving
rise to good nesting properties. However, the Peierls tran-
sition in this m = 5 compound occurs at much higher
temperatures than those of the m = 4 and m = 6 com-
pounds. This higher transition temperature could be a
result of a charge transfer between two adjacent layers,
one corresponding to m = 4 and the other correspond-
ing to m = 6, leading to different nesting conditions. The
non-monotonous variation of the satellite intensity with
temperature seen in X-ray diffraction measurements is
consistent with this interpretation [16].

Unlike the m = 5 compound with regular stacking, the
m = b compound with alternate structure does not have
Peierls transitions at temperatures in between those of the
m = 4 and the m = 6 compound.

The second anomaly at ~ 30 K is seen as a kink on
both the in-plane and out-of-plane resistivity curves. The
minimum in the thermoelectric power at ~ 30 K could
be associated with the anomaly detected in the resistiv-
ity curve. It may, however, also be the result of a phonon
drag mechanism. X-ray diffraction studies performed at
temperatures down to 25 K did not show any sign for
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a Peierls transition at 30 K. Nevertheless, our study
provides strong experimental evidence of a transition in
this temperature range, and this is further supported by
the observed transport properties of the sample under
magnetic field.

4.2 High-field transport properties
4.2.1 Classical transport

As with most of the members of this family of compounds,
the low temperature modulated state of m = 5 with alter-
nate structure is characterized by a large positive magne-
toresistance. When a magnetic field of 16 T is applied, this
large magnetoresistance appears at ~ 180 K, near the high
temperature transition. This indicates that this compound
is a nearly compensated metal in the CDW state. The par-
tial destruction of the FS leaves small quasi-cylindrical
electron and hole pockets with high mobilities. The ther-
moelectric power is always negative, thus electron-type
pockets dominate. The pronounced kink seen at ~ 30 K
in the resistivity measured in a large magnetic field (16 T)
suggests a modification of the FS with a possible spin
density wave.

4.2.2 Quantum oscillations

Unlike the m = 4 and m = 6 compounds, in which only
two distinct oscillation frequencies are detected, a great
number of frequencies are observed in the m = 5 com-
pound. This indicates that the nesting in m = 5 results
in a less effective destruction of the FS. The FS in the
CDW state consists of several cylindrical pockets of dif-
ferent sizes. However, not all of the observed frequencies
can correspond to pockets on the FS,; since a simple ad-
dition of all the pockets’ cross-sections gives more than
100% of the high temperature Brillouin zone. Some fre-
quencies could be attributed to the harmonics of lower
frequencies, but in this case, the effective masses should
also be additive, e.g. the first harmonic should have twice
the mass of its fundamental frequency. This could not be
confirmed for any of the frequencies. Other mechanisms
must be considered as being the origin of most of the
frequencies.

Since all of the frequencies are observed in both SdH
and dHvA measurements, the Stark-effect [21,35] can be
excluded as a possible source of oscillations. It is also
rather unlikely that an oscillating chemical potential could
play a role, since a three-dimensional description of the
quantum oscillations using the Lifshitz-Kosevich theory
seems to be appropriate [21,36]. This is confirmed by the
relatively high Dingle temperatures. Furthermore, the an-
gular variation of the oscillations’ amplitudes indicates
that spin-splitting [21] is present, but this effect should
not produce extra frequencies. However, we suggest that
magnetic breakdown leads to combinations of two or more
F'S pockets, resulting in additional oscillation frequencies.
This is supported by the fact that most of the frequencies
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appear above 10 T. One cannot exclude a deformation of
the FS by high magnetic fields.

Taking into account that below 8 T, only the frequen-
cies a, e, j and q can be observed, we suggest that only
these frequencies are characteristic of the FS. If this is the
case, the total area of the section of the F'S pockets would
be roughly 36% of the high temperature Brillouin zone
section.

The angular variation of the SAH and dHvA oscillation
frequencies clearly confirms the quasi two-dimensional
character of this material. The splitting of the peaks in
the Fourier spectrum is very likely to be caused by a warp-
ing of the FS in the ¢* direction. This corrugation of the
FS cylinders is a consequence of the weak dispersion in
the third spacial direction, i.e. perpendicular to the lay-
ers. The oscillation frequencies seen in the SdH and dHvA
effect are proportional to the extremal cross-section of the
FS. Therefore, when measuring a metal with a warped FS,
two slightly different frequencies with resulting beating
behavior will be observed. Depending on the direction of
the applied magnetic field, the frequency dependence will,
however, change [24]. A consequence of this is an angu-
lar dependent splitting of the quantum transport Fourier
peaks and the occurrence of AMRO. This splitting, mea-
sured in a magnetic field perpendicular to the (a, b) plane,
can be used to estimate the transfer integral perpendicu-
lar to the layers, ¢, using Yamaji’s formula [26] for the
maximum frequency difference, AFy of a split peak:

dm*t |
eh

A simple estimation of the transfer integral parallel to the
(a, b) plane would be:

AFy =

hel’

m*

h’k: hS

o~ W ~ ~
I 2m* 2m*m

where S is the area of an extremal F'S cross-section normal
to B and F is the corresponding oscillation frequency. The
ratio of the two transfer integrals gives:

t_J_ AF,
tH 4F

For example, the oscillation denoted h, of frequency Fjy, =
1380 T, and with a separation of the peaks of AFy = 35T,
when the field is parallel to c*, yields ¢, /t| ~ 6 x 1073,
Values of the same order of magnitude are found for
the other oscillation frequencies. This indicates a very
weak corrugation of the FS cylinders and a highly two-
dimensional character of this compound. This implies a
conductivity anisotropy oc/oqp ~ (tL/t))? ~ 3.6 x 107°.
However, the anisotropy of the resistivities parallel and
perpendicular to the ¢* axis, p./pab, is between 40 and
120. This might reflect the important role of crystal de-
fects in the conduction mechanisms. Similar discrepan-
cies have been observed in organic low-dimensional ma-
terials and have been attributed to incoherent interlayer
transport [37].

The effective cyclotron masses associated with each
SdH or dHvA oscillation can be determined using
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the temperature dependence of the peaks in the Fourier
spectrum. Values of between 0.3 and 1.3 free electron
masses are obtained. SAH and dHvA measurements are
in good agreement. These values are in the same range as
the effective masses obtained in the m = 6 compound
(m* ~ 0.3 mo) [38] and in some of the molybdenum
bronzes [39,40]. These effective masses are rather light
when compared to those obtained in most organic two-
dimensional materials and lead to the observation of quan-
tum oscillations at relatively high temperatures.

The Dingle estimated temperatures, deduced from the
field dependence of the SAH oscillations, are comparable
to those obtained for m = 6 (Tp,,_, = 8 K). They are
significantly higher than the Dingle temperatures of or-
ganic two-dimensional compounds, for which in most cases
Tp < 1 K [41,42].

The temperature dependence of the oscillations’ am-
plitudes has also shown that one of the SdH oscil-
lation frequencies j, abruptly disappears at ~ 25 K.
The remaining oscillation, ¢, exhibits a change of slope
in the effective mass plot at the same temperature.
This, and the observed anomalies on the resistivity- and
magnetoresistance-curves in this temperature region lead
us to the conclusion that the FS undergoes a change in
the temperature region between 25 and 30 K. Such mod-
ifications of the FS could be induced by a second Peierls
transition into a CDW or a spin density wave state. Fur-
ther X-ray diffraction studies, at still lower temperatures,
are required to clarify the nature of this transition.

4.2.3 Angular dependent magnetoresistance oscillations

The study of AMRO provides information on the shape
of the FS. At T'= 4.2 K, and in a magnetic field of 7.8 T,
it was possible to determine the shape of one of the FS
pockets from the observed AMRO. The AMRO data in-
dicated that this F'S pocket is significantly non-circular.
The area of the pocket derived from these measurements,
compared with the value obtained from the frequency of
the corresponding SdH oscillation, revealed that this SdH
frequency has a rather weak amplitude and disappears
rapidly with increasing temperature. This suggests that
this particular FS pocket is only weakly, but regularly cor-
rugated. The ratio of the transfer integrals, derived from
the SAH measurements, is small and therefore consistent
with this explanation. Strong and irregular corrugations
of the F'S cylinder represent rather unfavorable conditions
for the appearance of AMRO. This could be the reason
why the other frequencies that are present in the SAH and
dHvA oscillations, are not detected in the AMRO mea-
surements, under the conditions described above. Thermal
damping reduces the amplitude of the AMRO until they
disappear at temperatures between 20 and 30 K. This can
not clearly be linked to a possible Peierls transition in this
temperature range. It is possible that the observed pocket
dominates the classical transport properties.
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5 Conclusions

We have carried out a study of resistivity, thermoelec-
tric power and magnetotransport on single crystals of the
quasi two-dimensional CDW conductor (PO2)4(WO3)am
for m = 5 with alternate structure. The availability of high
quality crystals has enabled a large number of studies of
SdH and dHvA oscillations. Information on the Fermi sur-
face in the low CDW state have been obtained. The angu-
lar dependences of the SdH and dHvA frequencies follow
the 1/ cos (0) behavior expected for an ideal 2D cylindrical
Fermi surface. On the other hand, angular dependent mag-
netoresistance oscillations (AMRO) have been observed
below ~ 30 K. We have shown that they arise from closed
orbits on a warped Fermi surface. A Fermi surface shape
has been mapped out from AMRO whose area can ac-
count satisfactorily for one frequency of the SdH oscil-
lations. Resistivity and magnetoresistance measurements
together with an anomalous temperature dependence of
the SAH frequencies strongly suggest that a Fermi surface
change occurs below 30 K. It would be desirable to study
the nature of the phase below 30 K by structural studies.
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