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Electrical resistivity p, Hall coefficient Ri, and thermoelectric
power S have been measured over the wide temperature range 1.5-300 K for
quasi-two-dimentional crystals of monoclinic n-Mos0;;, which undergoes two
charge density wave (CDW) transitions at T.:1=105 and T.2=35 K. The effect
of hydrostatic pressure on the resistivity, Hall coefficient, and magneto-
resistance Ap/pe is also studied up to 1.2 GPa. The applied pressure
enhances the 1st CDW transition temperature Tei;, while it suppresses the
2nd one T¢.2. The detailed analysis gives the temperature dependences of
the CDW gap energies A; (T) below Tc1 and A (T) beiow Tc2, which obey a
single universal curve, independent of applied pressures. The observed
Hall coefficient is positive in the temperature ranges studied but the
thermoelectric power is mostly negative, which indicate that the conduc-
tion carriers are due to electrons and holes. Shubnikov-de Haas oscilla-
tions are also observed in the Ap/pe- and Ry-H curves below T.2, where
three main frequencies are found, which also depend on the applied
pressure, indicating that the Fermi surfaces of holes and/or electrons are
pressure sensitive. Based on these experimental data, together with the
magnetic field dependence of R4 below T.», we have proposed a possible
band scheme for conduction electrons and holes of this unique material

system that have remained after the CDW transitions.



1. Introduction

Molybdenum oxides of the Magnéli phase: monoclinic n- and ortho-
rhombic y-Mos01y crystals, which are primarily built up of MoOs octahedral
slabs separated by layers of MoOs; tetrahedra, parallel to the bec
plane,!:2’ have quasi-two-dimensional structures and thus their Fermi
surfaces are strongly anisotropic with cylindrical shapes elongated along
the a*'-axis.3’ 1In particular, n-Mo:0,; undergoes twice the metal-
semiconductor transitions at the characteristic temperatures Tci=105 and
Tc2=35 K associated with charge density wave (CDW) instabilities; diffuse
X-ray and electron scattering studies show that the nesting vector at T¢,
is Q=0.23b',*’ but the one at Tc2 is not yet known. Experimentally,
anomalous behaviors have been found at T.; and T.2 in the temperature
dependences of various transport properties, such as electrical resis-
tivity, Hall coefficient, transverse magnetoresistance, thermoclectric
power, and transient thermoelectric effect.®-%’ Recent band calculations
for this material using a tight-binding (block-band) method!'®’ have shown
the existence of both electron and hole pockets in the Brillouin zone,
whose Fermi surfaces are two-dimensional, which favors the partial nesting
of the Fermi surfaces with the nesting vector Q=0.25b', in good agreement
with the above experiments. Furthermore, in the low temperature CDW state
(T<Tc2), two periodicities f1 and f2 in the de Haas-van Alphen oscilla-
tions under magnetic fields up to 5 T are found (f,=17 T and f2=50 T;*’
f1=17.5 T and f2=43 T5'), which are regarded as due to small electron
and/or hole pockets. However, much less is still certain as to the nature
of the Fermi surfaces of this material system.

In the present work, we have measured the dc electrical resistivity p

(under hydrostatic pressures up to 1.2 GPa), Hall coefficient Ry, and



thermoelectric power S over the temperature range from 1.5-300 K. We have
also studied Ry and transverse magnetoresistance Ap/ps at liquid He
temperatures under hydrostatic pressures up to 1.2 GPa and magnetic fields
up to 6 T. These transport data will provide us with valuable information
on the nature of the Fermi surfaces of transport carriers. Taking into
account available information, we shall propose a possible band scheme of

this unique materials system.
2. Experimental

Crystal growth of n-Mos0O;; was made by a chemical vapor transport
technique in a two-zone furnace starting from a mixture of powders of
MoOz :Mo0z=1:3 using TeCls as a transporter, in the temperature range of
T. =510 and Ty=560 °C.7’ The crystal structures and lattice parameters of
this crystal were examined by X-ray diffraction to agree with the reported
data;2’ g=2.46 nm, b=0.544 nm, ¢=0.670 nm, and $=94.4 °. The grown
crystals were thin platelets elongated along the bé-plane. and the
transport measurements were made on the cleaved crystals (typically 2 x
0.5 x 0.1 mm3). In particular, the dc electrical resistivity measurements
along the c-axis were made using mechanically polished samples. The
crystal orientation was determined by X-ray Laue patterns.

The galvanomagnetic measurements under magnetic fields up to 2.0 T
using an electromagnet applied along the a‘'-axis were performed using a
conventional dc potentiometric method over the temperature range from 1.5-
300 K. The thermoelectric power measurements were also carried out in the
same temperature range as above with a usual technique. The pressure
effects on the electrical resistivity over the temperature range from 4.2-

300 K and Hall coefficient and transverse magnetoresistance at 4.2 K under



the magnetic fields up to 6.0 T with a superconducting magnet were
measured up to 1.2 GPa using a nonmagnetic clamp-type pressure cell (Be-Cu
and SiA1ON).®’ The various transport properties of these crystals depend
on sample-to-sample, due to different amounts of various lattice imperfec-
tions produced during the crystal growth, such as oxygen vacancies, excess
oxygen, dislocations, impurities, etc., so that we specify a sample by the
value of its resistivity along b- and c-axes at room temperature pyr (0)

and pcr (0), respectively (see figure captions and Table 1).

3. Experimental Results and Discussions

3.1 DC Transport Quantities at Ambient Pressure

The temperature dependence of the electrical resistivities p» and pe
for monoclinic n-Mos0:11 along b- and c-axes at ambient pressure is
jllustrated in Figs. 1(a) and (b), respectively. As can be seen clearly
from Fig. 1(a), this material undergoes the CDW-related transitions at two
distinct temperatures T.1=105 and T.2=35 K. In the case of the c-axis
resistivity [Fig. 1(b)], only a small shoulder is observed at the second
transition temperature T.o. The inset shows the temperature variation of
the ratios of the c-axis resistivity p. to the b-axis one pv, pc/pvr. We
note that in the metallic region (7>T.i; normal state) the resistivity
anisotropy is temperature independent, whereas in the CDW state below Tc¢;
it is enhanced, attaining a maximum near T.2, which indicates that the
electronic anisotropy is appreciable after the CDW transition below Tc1
due to the nesting of the Fermi surfaces of conduction carriers.

As shown later (Fig. 15), the Hall coefficients of n-Mos0Oi;1 in the

CDW states depend strongly on an applied magnetic field H, while in the



normal state they are field independent. In order to see an overall
behavior, here we shall show the Hall effect data taken at the field of
2.0 T. Figure 2 shows the temperature dependence of the Hall coefficient
Ry at 2.0 T for the typical samples of n-MosOi1 [No. bl (squares) and
cl(circles)], where the electrical currents were passed along the b- and
c-axes, respectively, as done for the resistivity measurements. At high
temperature T>T.1 the Hall coefficients of both crystals are very small
but not zero (Ry~10-% cm3/C) and almost temperature independent. With
decreasing temperature Ry sharply increases just below Tc1, levels off to
nearly a constant value (~10-2 cm®/C), and continue to increase again
below its second CDW transition temperature Tc», followed by approaching a
constant value (~5x10-' cm?®/C) at low temperature. It should be noted
that there is no appreciable difference in Ry for the b- and c-axes, in
sharp contrast to their resistivities (Fig. 1). The positive sign of Ry
indicates conduction "holes" contributing to the dc transport.

The Hall mobilities my (=Ru/p) for the above samples are plotted as a
function of temperature in Fig. 3. With lowering 6f temperature the
appreciable increases in uy are seen near Tei1 and Tc2; at high tempera-
tures my are of the order of 1 cm?/Vs, but at low temperatures they are
exceedingly enhanced by 104 times as large as those at T>T.i;. Also we
note that usy is strongly anisotropic below Te1 (CDW state).

In contrast to the positive Hall coefficient observed over the whole
temperature range studied, the thermoelectric power S of these crystals is
almost negative, except at low temperatures. Typical results of various
samples are presented in Fig. 4 for n-MosO;1 (one sample along the c-axis,
No. c2, and two samples along the b-axis, No. b2 and b3). At high
temperatures T>T.: (normal state), all crystals show a linear dependence

of S on temperature, and below T.1 the thermoelectric power is enhanced,



followed by a gradual decrease toward zero. Furthermore, with decreasing
temperature the thermoelectric powers along the b-axis exhibit their sign
reversals from negative to positive and vice versa. As can be seen, they
are also depend on sample-to-sample. However, our overall behaviors of
the S-T curves are in good agreement with the results by Guyot et al.?®’

It should be emphasized that the thermal processes are predominantly
due to electrons. At first sight, the appearance of a pronounced minimum
below T.1 seems to be due to a phonon drag effect through a strong
electron-phonon coupling, but the detailed examination of the observed S-T
curves reveals that this mechanism is ruled out. Instead, the following
analysis seems to be more appropriate. Since the thermoelectric powers at
high and low temperatures are nearly linear to temperature T and our
system is a degenerate electron system, the thermoelectric power S can be

written by

Se = -(n?/3)(ke?/e)&T/Er®, (1)

where e (>0) is the electron charge, Er® the electron Fermi energy, and &
a dimensionless parameter characterizing scattering mechanism; £=3 for
phonon scattering.!!’ Assuming &=3, we can evaluate the Fermi energies
Er1® and Er2¢ from the slopes of the S-T curves at high and low
temperatures, respectively. As listed in Table 1, the estimated values of
Er1¢ are of the order of a few electron volts, which are one order of
magnitude as large as Er2¢; Guyot et al. have underestimated Er1¢~0.5 eV
with é=1.3> Such a drastic decrease in the electron Fermi energy is
considered to arise from the CDW transitions due to nesting of the
electron Fermi surface.

Furthermore, we should note that the thermoelectric powers below Tc2

show a sign reversal from negative to positive or vice versa (Fig. 4),



which strongly suggests that positive holes are also responsible for the
thermal process. Considering the appreciable increase in the (positive)
Hall coefficients of n-Mos011 with decreasing temperature T<Tc.2 (indicat-
ing the decrease in the number of conduction holes), we may infer that the
nesting of the hole Fermi surface takes place through the second CDW
transition at T.2, thereby accompanying the formation of the energy gap of
the hole band. Thus it is expected that the hole Fermi energy Erh also
changes drastically at Tc.>. In our picture, the hole system is also
degenerate, and then its thermoelectric power Siy is expressed in the form
Sh=+(m2/3) (ke2/e)&T/Erh. However, it is difficult to estimate the values
of Er" from the observed curves, since the measured thermopower S is the

sum of two contributions from electrons and holes, as

S = (Sege it Shobe )/ (Genst Thlis (2)

where o, and on are the electronic conductivity of electrons and holes,

respectively.

3.2 Effect of Pressure on the CDW Transitions

Figure 5 shows the temperature dependence of the electrical resis-
tivities p» for sample No. b4 at ambient pressure (P=0) and various
pressure P up to 1.2 GPa. The resistivities p, show characteristic minima
at the CDW transition temperatures Tc¢i and Tc2, indicated by arrows. With
increasing pressure the first transition temperature Tc; and the resis-
tivity maximum just below T.; are both increased, while the second CDW
transition temperature Tc»> is shifted to a lower temperature and the
resistivity maximum below T.2 is decreased appreciably. The variations of

Te1 and T.» with pressure P are shown in Fig. 6, where we see that T.i is



increasing almost linearly with P, while T.2 is decreasing gradually up to
about P=0.7 GPa and more drastically at high pressure P>0.7 GPa. Most of
the low dimensional conductors, such as TiSez,'2’ NbSe:,'3’ and TaS:,'*’
show a decrease of the CDW transition temperature T. as the pressure
increases, due to a change in the nesting condition. On the other hand,
an increase in T. with increasing pressure has been reported by Fujishita
et al. in purple bronze Nas. gMogOy7.!%)

In the present work, we have analyzed the observed p-T curves below
the transition temperatures Tei and Tc2 using the following semiempirical
expressions to estimate the apparent CDW gap energies for n-Moz0i1, A1 (T)
below Te1 and A» (T) below Tco. The electrical conductivity oi=1/p; (i=1

for T<T.i1 and i=2 for T<T.») can be well approximated by the expression
oi = osi + Aiexp[-Ai (T)/keT], (3)

where oei is the temperature-dependent conductivity due to normal conduc-
tion carriers, which can be empirically expressed by the following

polynomial forms:
oer'=ar + BiT and oes = ap + BoT + 7T2, (4)

where 4i, ai, B8i (i=1, 2), and y are some constants, and kg is the
Boltzmann constant. Figure 7(a) and (b) show the temperature dependences
of the best-fitted values of the apparent gap energies A (T) and A: (T) at
various pressures P, respectively. The value of A; (T) increases with
lowering of temperature, and the A (T)-T curve is shifted toward higher
temperatures with increasing pressure. Here it is of interest to note
that the Ay (T)-T curve at P=0 is in good agreement with the temperature
dependence of the satellite intensities of the X-ray diffraction for nu-

Mos 011 found by Guyot et al.,?’ as shown later. On the other hand, the



gap energy A:(T) is also increased with decreasing temperature, whose
behavior is quite different from that of A, (T) [Fig. 7(a)]. These
experimental results suggest that the hydrostatic pressure enhances the
CDW transition at T.i, whereas it suppresses the one at T.2, which in turn
means that the pressure induces some deformation of the Fermi surfaces and
thus the change in the degree of their nestings, as well as a phonon
stiffening effect.”7:8> As is well known, in an idealized one-dimensional
system, the gap energy at T=0, A(0), is given by A(0)=3.5ksT.,'%’ where
the CDW transition temperature T. is proportional to the electron-phonon
coupling constant and the lattice distortion associated with the CDW
transition. Thus the observed increase in T.:; and A (I') by pressure
indicates that the electron-phonon coupling constant and/or the lattice
distortion are enhanced by the applied pressure and vice versa for Tc2.

In our case, however, it is impossible to obtain the values of gap
energies at absolute zero A (0) and A2 (0) and their pressure dependence,
since our empirical method of analysis is made only near Tci1 and Tc2. In
view of these circumstances, here we have attemptea to replot the A (T)-T
curves at various pressures in terms of their normalized quantities,

Ai (T)/keTei [rather than A; (T)/Ai (0)] versus reduced temperature T/Tci
(i=1 and 2) as shown in Fig. 8. Surprisingly it turns out that all the
experimental points lie on a universal curve regardless of pressure.
Corresponding to Fig. 7(b), the behavior of A (T)/keTc2 near T/Tcz~1 is
continuous, as shown in Fig. 8(b). This is because we have taken the
value of Tc2 as the temperature at which the p-T curve shows a resistivity
minimum. Therefore, in order to fit the experimental data to the
universal curve of Fig 8(a) [shown in Fig. 8(b) by the dashed curve], we
must redefine the value of Tc2 as Tc2' (=0.85Tc2). Figure 9 shows the

normalized gap energies 6=4; (T)/keTo1 or Az (T)/keTc2 plotted as a function



of the reduced temperature ¢=1-T/T¢y or 1-T/Tc2* for our sample in
logarithmic scales, where the normalized satellite intensities of X-ray
diffractions, I/Is, for n-Mos0;14’ and (NbSes)3I'7’ are also included for
comparison. It is clear that our experimental data lie on a straight line
with the slopes @¢=0.5 to 0.7 for t>0.1 and ¢=1.0 for t<0.08, in
qualitative agreement with the X-ray diffraction data. Moreover, we see
that the extrapolated value of the normalized gap energy & to absolute
zero (t=1) is 8~3.5, which is in good agreement with the universal value
predicted by BCS theory. At any rate, it turns out that our redefinition
of Tc2 by Tc2* 1is regarded as the "precursor" of the second CDW
transition, where some CDW fluctuations occur.

Such a universal curve can be reasonably understood by conventional
mean-field theory («=0.5 for 0<t<1) and more generally by the Landau
theory which predicts «=0.5 for t~1 and aq=1 for t<<1. We have tried to
compare our experimental data with the temperature dependence of the order

parameter of the Landau theory defined by the following equation,

b = ~4+ {42 + Bt)8-%, (5)

where A and B are some constants. The calculated curve with the best-

fitted values A=0.19 and B=14.2 is indicated by the dashed line in Fig. 9.
In our case the experimental points derive from the curve at lower reduced
temperature t<0.05; more detailed measurements near the transition temper-

atures will be required to confirm the validity of Eq. (5).

3.3 Quantum Oscillations in the DC Transport Quantities

In the low temperature CDW state (T<T.2), it has been reported that

two periodicities in the de Haas-van Alphen oscillations under magnetic
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field are observed,*:-%’ which arise from the conduction carriers of small
electron and/or hole pockets that are remained after nesting of their
Fermi surfaces. In Fig. 10, the transverse magnetoresistance Ap/ps at 4.2
K is shown with increasing (solid lines) and decreasing (dashed lines)
magnetic field up to 6 T at constant pressures P. As can be seen, Ap/pa
increases with H attaining a value as large as about 12 at H=6 T, and the
Ap/ps -H curve shows an oscillatory behavior (Shubnikov-de Haas oscilla-
tions); in addition, we see a noticeable hysteresis near each maximum of
the Ap/pe-H curves. As the pressure is increased, the magnitude of the
Ap/ps-H curves is decreased and the maximum positions (indicated by arrows
in Fig. 10) are also shifted. It should be also noted that the hysteresis
at P=1.0 GPa is reversed compared to that at P=0.

On the other hand, the magnetic field dependence of the Hall voltages
Vw at 4.2 K under ambient pressure P=0 and P=1.0 GPa is shown in Fig. 11.
We see that the Hall voltages are positive and also exhibit oscillatory
and small hysteresis behavior with varying magnetic field.

We have analyzed the oscillatory components ih the Ap/pa- and Vuw-H
curves in a semiempirical way, as given below. The observed resistive or
Hall voltage V(H) is regarded as the sum of an oscillatory component

Vosc (H) and a background Ves (H),
V(H) = Vosc(H) =3 VBG(H)n (6)

where the background component Ves (H) is calculated by a successive
smoothing (or averaging) procedure, with a magnetic field interval AH,

from i=-n to n, as expressed in the following form:

n
Voo (H) = (20 + 1)°1 3 V(H+iaH). (7)
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Figure 12 shows one of the results for the oscillatory component of the
Hall voltage Vosc (H) for sample b4 at ambient pressure plotted against the
reciprocal magnetic field. Here we have taken the magnetic field interval
AH=0.04 T and n=5 for the data analysis. We can see two types of
oscillatory characteristic of the Shubnikov-de Haas (Sdll) phenomena.

In order to obtain the fundamental frequency components f; (i=1,
2,...) of the SdH oscillations, we have further analyzed these Vosc (H)-1/H
curves using a fast Fourier transform method. The results are shown in
Fig. 13 for the Hall voltages of sample b4 at different pressures; each
peak in these profiles shifts toward higher frequency with increasing
pressure P. Figure 14 illustrates some of the most probable components
thus obtained from the magnetoresistance (solid symbols) and Hall data
(open symbols) plotted against applied pressure P. It is to be noted that
at low pressures P<0.5 GPa three types of frequencies (solid lines) are
observed, the middle of which is undetectable at higher pressure above 0.7
GPa, and an additional frequency component (dashed line) begins to appear
above 0.5 GPa; of the three fundamental frequencies observed at P=0, the
only one of f=16 T is in close agreement with £=17.5 or 17 T obtained from
the de Haas-van Alphen oscillations by other workers.4:%) The effect of
pressure on f; is appreciable at high pressures P>0.7 GPa.

The above result and the pressure dependence of T.o [Fig. 6(b)] may
suggest that this material undergoes some pressure-induced structural
change or phase transition at the characteristic pressure P.=0.5-0.7 GPa,
thus leading to an appreciable change in the shape of Fermi surfaces.

Even though we cannot assign each frequency f; to a respective origin from
these data alone, we may evaluate the magnitude of cross section S¢ for
the extrema of electron and/or hole Fermi surfaces perpendicular to the

magnetic field (or b'c*-plane) using Sri=(2m)2efi/h (h: Plank constant);
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at P=0 the value of Sri are of the order of (5-15) x 10'® m-2 that
corresponds to only 0.05-0.15 % of the areas of the first Brillouin zone
Sez (=1.1 x 102® m~2). Such small cross-sectional areas are the result of
the successive nesting of the Fermi surfaces caused by two CDW transi-
tions, and Fig. 14 shows that the resultant Fermi surfaces are strongly

pressure-sensitive.
3.4 Magnetic Field Dependence of the Hall Coefficient

Finally, we shall show the magnetic field dependence of Hall
coefficient Ry up to 6 T; a typical result for sample b4 at 4.2 K is shown
in Fig. 15, where quantum (SdH) oscillations are clearly observed. We
note that Ry is increased steeply with increasing magnetic field attaining
a constant value at high field region at least up to 6 T. Such a magnetic
field dependence of the Hall coefficient Ri except for SdH oscillations,
can be understood in terms of classical transport expressions for multiple
conduction carriers (electrons and holes) as givenAbelow.

Based on the band model developed by Canadell et al.,'®’ various dc
transport by Inoue et al,”’ and dynamic measurements by Sasaki et al.?®’
for n-Mos0,,, a possible nesting model and band scheme of n-Mos0,;; have
been proposed.”’ The basic idea is that the dc transport properties of
the quasi-two-dimensional conductor n-Mos0Oi; below the second CD¥ tran-
sition temperature Tc2 (=35 K) are primarily due to the "electrons” and
"holes" in the respective bands that have remained after the CDW
transitions. We have attempted to carry out numerical calculations of the
magnetic field dependence of the Hall coefficients using a classical
expression; here we have neglected a quantum effect such as SdH oscilla-

tions. Corresponding to the three frequencies f#; of the SdH oscillations

13



(Fig.13), we have used a simplified three-carrier model, in which two
electron bands and one hole band are taken into account, with a carrier
concentration n; and carrier mobility ui for the i-th band; i=1 and 2 for
electron bands (hereafter denoted by e:;- and es-bands, respectively) and
i=3 for hole band (hsz-band).

Then the Hall coefficient Ry is given by

Ru(H)= N(H)/(A(H)2 + N(H)2H?), (8)
with
3
N(H) =i§lnaeua2/(l+ua2H2). (9)
3
A(H) =i§1m lelw /(1+ui2H2 ), (10)

with the electronic charge e (e<0 for electron and e>0 for hole). The
calculated Ry-H curve for sample b4 is indicated by solid line in Fig. 15
with the best-fit values of m=1.7x10'%, n2=2.8x10'7, n3=6.1x10'% cm 3,
1 =4.2x104, pe=1.7x10%, and p3=5.9x104 cm2/Vs, in good agreement with the
experimental curve. Corresponding to the observed carrier concentration
pu determined from the Hall coefficient at 2.0 T (pu=1/eRu) shown in Fig.
2, the evaluated hole concentration nz of the hole hz-band has the higher
value compared with those of electrons (m and ne2), which indicates that
the main contribution of carrier transport is due to conduction holes.
The conduction electrons of the e;- and es-bands are also responsible for
the transport, since their evaluated electron mobilities w1 and u are
comparatively high, even though their concentrations are lower than the
hole one. Thus one may conclude that there are at least two types of

electron bands and one hole band contributing to dc transport in the CDW
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state; furthermore we have found two types of hole bands and two types of

electron bands, as found by Sasaki et al.9’
4. Band Scheme and Nesting Model

From the experimental results and discussions described above, we
shall now propose a tentative band scheme for n-Mo:0;; with quasi-two-
dimensional layered structures. In this material system, both electrons
and holes are degenerate and contribute to the various anisotropic
transport phenomena. Furthermore, these carrier systems undergo the
normal-to-CDW transitions through nestings of the Fermi surfaces, at which
the pressure effect is appreciable and the transport anisotropy is
enhanced.

As shown schematically in Fig. 16(a), in the normal state (T>Tci)
electrons in the electron band (abbreviated by e-band) are filled up to
Er1® and holes in the hole band (h-band) up to Erih, just like a
semimetal. These carriers are mobile in each band-having different
effective masses and drift mobilities. After the first CDW transition
(Te2<T<Tc1) due to nesting of each Fermi surface by an amount of 2kr (kr:
the Fermi wave vector), each band is split into two bands [Fig. 16(b)];
for electrons, a "vanishing" or "nested" band (e;-band) with a gap energy
Ar®, which does not contribute to the conduction at absolute zero
(insulating), and a "remaining" band (e»-band) ﬁith the Fermi energy Ero®
(<<Er1©), which contribute to the conduction with a drift mobility and
effective mass that may be different from those of the original e-band.
Similarly the h-band for holes will be split by nesting into a vanishing
hi-band with a gap Ai"™ and a remaining hz-band with the hole Fermi energy

Fr2h; the values of Erih and Fr2", however, are not obtainable from the
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measurements done so far. According to our analysis of the Ry-H curve
(Fig. 15), the simplified remaining band scheme for n-Mo:0,; at the CDW
states (T<Tc2) can be represented schematically as Fig. 16(c), which
consist of the hz-band for holes and the ez- and es-bands for electrons.

Such changes in both electron and hole bands upon the CDW transitions
are responsible for the appearance of anomalies near T.; in the tempera-
ture dependence of various physical quantities, such as transport proper-
ties as shown in this work, together with the specific heats?®’ and
paramagnetic susceptibilities (which indicate the decrease in the density
of states at the Fermi energies, too).4’ Moreover, the second CDW
transition occurs probably through nesting of the Fermi surface of the
"ho -band" of holes, resulting in the splitting of the h2-band into
vanishing and remaining hole bands with the relevant band parameters,
which are inferred from the drastic change in the positive Hall co-
efficient (Fig. 2) and the sign reversal of the thermoelectric power
observed below T.» (Fig. 4).

On the basis of the above band model, we propose a tentative picture
of the variations of the Fermi surfaces of the electron and hole bands
associated with the normal-to-CDW transitions with appropriate nesting
vectors for n-Mos0;;, as shown schematically in Fig. 17 for by the first
Brillouin zone in the b‘'c*'-plane; only the nesting vector along the b’ -
axis Q,=0.23b" is experimentally known.4’ Here we assume, for simplicity,
that the e-band lies at the zone center [shaded region] and the h-band at
the zone edges [open region], and that their nesting vectors are equal and
point towards b'-axis; we denote the nesting vector by &1 below T.; and
Q> below Te.o, as indicated by arrows. Below the first CDW transition
temperature T¢i1, through an intraband nesting of the electron and/or hole

Fermi surface by @1 (indicated by solid arrows) or an interband nesting
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(broken arrows), each band splits into two bands; only the Fermi surfacecs
of the remaining bands are shown in Fig. 17. The second CDW transition
takes place below T.2 by nesting the separated hole Fermi surfaces by an
amount of Q,2, resulting in further splitting into hole bands. We should
note that the hole Fermi surfaces in the temperature range T¢»<T<T.: are

strongly anisotropic (see inset of Fig 1).
5. Conclusion

Present studies on the CDW related transport phenomena in the quasi-
two-dimentional n-Mos0;; can be summarized as follows:

1) The temperature dependences of the resistivity, Hall coefficient, Hall
mobility, and thermoelectric power of n-Mos0;; have shown that these
electronic properties are strongly anisotropic in the bc-plane,
indicating the anisotropic Fermi surfaces of the conduction carriers.

2) The Hall coefficient Ry is positive over the entire temperature range
studied, while the thermoelectric power S is $1most negative, except
at low temperatures. These results indicate that the conduction
carriers in this material system are both "electrons" and "holes".

3) The effect of hydrostatic pressure on the electrical resistivity has
shown that the first CDW transitionltemperature Teyr is increased with
pressure, which is considered as due to enhanced electron-phonon
interactions. On the other hand, the second CDW transition tempera-
ture To» is decreased by applied pressure, which indicates that the
pressure suppresses the CDW nesting of the Fermi surfaces.

4) From the analysis of the observed p(P)-T curves, we have estimated the
CDW gap energies A1 (T) and A2 (T). The temperature dependence of these

gap energies can be fitted to a universal curve, in good agreement
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with other experimental and theoretical results.

Below T.2, we have found Shubnikov-de Haas oscillations in both the
magnetoresistance and Hall voltage. The fast Fourier transform
analysis of these oscillations gives the three main frequencies at
ambient pressure (f =4.5, 7.5, 16 T), which are also found to be
pressure dependent, suggesting that the Fermi surfaces of electron
and/or holes are very much pressure sensitive. The extremal cross
sections of the Fermi surfaces are estimated to be about 0.05-0.15 %
of the first Brillouin zone area.

Computer simulations of the magnetic field dependence of the Hall
coefficient have shown that the carrier systems can be represented by
three-carrier model consisting of two types of electron bands (with
carrier concentrations n;1=1.7x10'8, n2=2.8x10'7 cm 3, and carrier
mobilities i =4.2x104, w=1.7x10% cm?2/Vs), and one type of hole band
(n3=6.1x10'% cm % and ws=5.9%x10* cm?/Vs).

Based on these experimental data, we have proposed a possible nesting
model and a band scheme of this unique material of quasi-two-
dimensional system. In order to clarify such a picture, more detailed

experimental and theoretical works will be needed.
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Figure Captions
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Fig. 4.
Eig., 5.
| S
Bt e

Temperature dependence of the electrical resistivity ps and pc
along (a) b-axis (sample No. bl with ppr (0)=80 pQ cm; squares)
and (b) c-axis (sample No. cl with pcr (0)=140 u} cm; circles)
of monoclinic n-Mos011. The inset shows the resistivity ratio
pe/py . The arrows indicate the CDW transition temperatures Tci
and Teo .

Temperature dependence of the Hall coefficient Ry at 2.0 T for
the samples shown in Fig. 1

Temperature dependence of the Hall mobilities uw (=Ra/p) for the
samples shown in Fig. 1.

Temperature dependence of the thermoelectric power S for
1n-Mos0;1 (open circle: No. c2, open square: No. b2, solid
square: No. b3); the value of pr (0) for each sample is listed
in Table 1.

Temperature dependence of the electrical-resistivity py for
sample b4 [por (0)=90 uQ cm] at ambient pressure (open

circles) and different pressures (solid circle: P=0.4, open
square: 0.8, solid square: 1.2 GPa); arrows indicate the CDW
transition transition temperatures Tc: and Tc2.

Transition temperatures (a) Tct1 and (b) T.2 plotted against
hydrostatic pressure P.

Temperature dependence of the best-fit values of gap energies,
(a) A1 (T) ana (b) A2 (T) in Eq. (3) at various pressures P shown

in Fig. 6.
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Fig. 8.
SR
1 L 0 I
|7 B
| R
Fig. 13.

Normalized plots for (a) A1 (T)/keTec1 and (b) A2(T)/keTc2 of the
experimental data shown in Fig. 7 at various pressures as a
function of the reduced temperature T/Tc1 or T/Tc2. The dashed
curve in Fig. 8(b) is the universal curve shown in Fig. 8(a).
Normalized gap energies & (=Ai1 (T)/keTc1, indicated by closed
circles or A2 (T)/keTe2, indicated by open circles) plotted
against reduced temperature t (=1-T/T¢1 or 1-T/Tc.2°) in loga-
rithmic scales; for comparison, the normalized satellite
indicates I/Is of X-ray diffrations for n-Mo:0:1 (open square)?’
and (NbSes)3I (solid square)!?’ are also included. The dashed
curve is the theoretical one according to the Landau theory
expressed by Eq. (5).

Variation of the transverse magnetoresistance Ap/pes for sample
b4 at 4.2 K with increasing (solid lines) and decreasing
(dashed lines) magnetic field at constant pressures P; arrows
indicate the peaks of oscillations.

Variation of the Hall voltage Vu for sample b4 at 4.2 K with
increasing (solid lines) and decreasing (dashed lines) magnetic
field at P=0 and 1.0 GPa; arrows indicate the peaks of oscilla-
tions.

The oscillation component of the Hall voltage for sample b4

at 4.2 K and ambient pressure plotted against the reciprocal
magnetic field obtained by a successive averaging procedure
using Eqs. (6) and (7).

The fast Fourier transformed components of the Shubnikov-de
Haas oscillations in the Hall voltages at various pressures P,

arrows indicate the most probable frequencies fi.
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Fiigis 14
By, LS.,
Fig. 16.
idepse SIS

Fundamental oscillation frequencies f; vs. applied pressure P,
obtained from the analysis of the oscillatory components of the
Ap/pe-H (solid symbols) and Vu-H (open symbols) curves at 4.2 K.
Magnetic field dependence of the Hall coefficient Ry (H) for
sample b4 at 4.2 K. The solid line indicates the

theoretical one calculated using Eqs. (8)-(10) with the
best-fit parameters described in the text. The arrows show the
maxima due to quantum oscillations.

Schematic electron and hole bands for (a) normal state (T>T¢:),
(b) the first CDW state (Tc2<T<T¢1), and (c) the second CDW
state (T<T.2) (see text).

Schematic variation of the Fermi surfaces of electron band
(shaded region) and hole band (open region) due to CDW
transitions for n-Mos0;; with the nesting vectors along the b*-

axis, as indicated by arrows (see text).
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Table 1. Sample characteristics; pvr (0) resistivity along the b-axis, pcr (0)
that along the c-axis of n-Mos011 crystals at ambient pressure and

room temperature, Eri1® and Erz® electron Fermi energies (see text).

Sample No. por (0) pcr (0) Er1® Er2®
(£Q cm) (uQ cm) (eV) (eV)

b1l 80

b2 160 4.5 090

b3 110 2.6 0.32

b4 90

el 140

c2 190 4.1 0.18
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