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Dynamical study of the transport properties of g-Mo4O» single crystals
by use of the photoinduced transient thermoelectric effect
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The pulsed-laser-induced transient thermoelectric effect (TTE) and the static transport properties
(resistivity, Hall coeKcient, magnetoresistance, and thermopower) of a quasi-two-dimensional g-Mo40»
crystal have been measured over the time range 50 ns —2 ms and temperature range 4.2—300 K. The ob-

served TTE voltages decay exponentially with time, showing relaxation processes with multiple relaxa-
tion times ~; (i = 1—5) for thermal diffusions of photogenerated carriers (electrons and holes), from which

we can evaluate the corresponding carrier mobilities p;. The temperature dependences of both dynamic
and static transport quantities show anomalies around the characteristic temperatures T, &

= 105 K and

T,2=35 K; T, &
is the well-known charge-density-wave (CDW) transition temperature, but for the latter

no definitive x-ray evidence for a CDW transition is reported. However, using our dynamic data and the
existing two-dimensional tight-binding model, together with our proposed nesting model of the Fermi
surfaces and the CDW-related modifications of the electron and hole bands at T, &

and T,2, we have self-

consistently calculated the temperature dependence of the dc transport quantities, in satisfactory agree-
ment with the experiments.

I. INTRODUCTION

Among various molybdenum oxides
Mo03 „(0~x~ 1), the Magneli phase crystal of mono-
clinic g-Mo~O» has a quasi-two-dimensional (Q2D)
structure, whose Fermi surfaces are known to be aniso-
tropic in the b*c' plane elongated along the a * axis, as
predicted by recent band calculations using a two-
dimensional tight-binding (block-band) model. With
such unique structural and electronic properties, this ma-
terial undergoes a metal-semiconductor (or so-called
Peierls) transition at T„=105 K [and, possibly, at
T, z

=35 K (see later)] induced by charge-density-wave
(CDW) instabilities, which are due to nesting of the Fer-
mi surfaces of conduction electrons and holes with a nest-
ing vector Q; only the nesting vector Q=0.23b at T„ is
confirmed by diffuse x-ray scattering, but to our
knowledge there is no clear-cut x-ray evidence at T,2. In
an ideal one-dimensional (1D) system, such a nesting of
the Fermi surface is complete, leading to a "CDW con-
densation' of the conduction carriers or to a "vanishing
or nested" band of the original band that is produced by
the CDW gap opening, while in the Q2D conductors,
such as g-Mo40», a partia1 nesting occurs, which leads
to both vanishing and "remaining" bands (see later).

Various static transport properties of g-Mo40» stud-
ied thus far have shown anomalies near T„and T,2 due
to such conduction carriers in the remaining bands;
excellent reviews on these low-dimensional electronic
properties have recently been given in Ref. 8, and by
Canadell and Whangbo. The latter has predicted that
the possible Fermi surfaces of the remaining bands after
the first CDW formation at T, &

are 2D "ellipselike pock-
ets,"which are further expected to undergo another nest-
ing at T,2, which hereafter is referred to as the second

CDW transition temperature, even though there is no
direct evidence for this nesting vector. However, with
these static data alone, one cannot discuss in detail the
nature of the CDW-related band modifications at T„and

c2
Recently, we have developed a dynamic technique,

called the "transient thermoelectric eFect (TTE)"
method, which enables us to obtain valuable information
about conduction carriers, and have successfully applied
it to various solids, such as semiconductors Si (Ref. 10)
and GaAs, " intercalation compounds M„TiS2 (M=3d
transition metals), ' as well as high-T, oxide supercon-
ductors '" preliminary experiments for q-Mo40» are
reported earlier. ' For a further understanding the
CDW-related transport properties of g-Mo40» in the
present work we have carried through the TTE and static
measurements over a wide temperature range. With
these experimental data, we have successfully performed
self-consistent computer simulations of the static trans-
port quantities by taking into account the possible nest-
ing model of the Fermi surfaces based on the existing
block-band model. ' ' Such an attempt will provide us
with valuable information about the CDW-related elec-
tronic properties of the Q2D carrier system of g-Mo40»
below T„,and T,2 as well.

II. EXPERIMENTAL TECHNIQUES

The g-Mo40» crystals were grown by a chemical va-
por transport technique. The dc electrical resistivity,
Hall effect, magnetoresistance using a potentiometric
method, and TTE measurements were made along the b
axis of the cleaved crystals (typically 2 XO. 5 X 0. 1 mm )
over the temperature range 4.2 —300 K. The experimen-
tal setup and measuring principle of TTE are described
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normal state rises drastically to a positive value of about
100 pV within a short period ( —50 ns), followed by ex-
ponential decays over the time range of about 50 ps with
the characteristic relaxation times ~j and ~z to a constant
negative value ( —3 pV). The decay curves of observed
TTE voltages at time t, V(t), can be well expressed in the
exponential form,

V(t)= Vo+Xa;exp( —t /r; ),
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FIG. 1. Decay curves of the TTE voltages at (a) 200 K
(dashed line), (b) 50 K (chain line), and (c) 4.2 K (solid line),
where only the time range up to 10 ps is shown. The inset
shows a pulsed laser irradiation through a slit (0.8 mm) upon
one end of a crystal.

elsewhere. ' ' A pulsed laser (laser power: —1 I) pro-
duced by a Nd-doped glass laser source with a wave-
length of 1.06 pm (=1.17 eV) and pulsewidth of 25 ns
was irradiated normal to one end of a crystal through a
slit of about 0.8 mm, as schematically shown in the inset
of Fig. 1. Electrical contacts to both ends of the crystal
were soldered by an indium metal. The laser-induced
TTE voltage was detected over the wide time ranges 50
ns to 2 ms by a digital storage oscilloscope through a
homemade preamplifier, whose output signal was fed to a
computer for record and numerical analysis.

The laser intensity I at the sample position (illuminated
area: about 0.8X0.5 mm ) was controlled by an optical
lens system and checked by a commercial fast-response
joulemeter (Genetic Inc. , Model ED-200). In the present
experiments we have employed relatively weak laser in-
tensity I=0.15—0.46 mJ/cm to avoid a thermal heating
or bolometric effect of the laser light on the crystal. In
fact, a rough evaluation of the photogenerated tempera-
ture rise AT under these laser illuminations using stan-
dard heat transport calculations shows that the values of
4T are at most within a few Kelvin degrees, and the heat
is dissipated within a short period ( —100 ns) through a
sample holder. Thus the observed decay curves of TTE
voltages are primarily due to a thermal diffusion process
of photogenerated carriers drifting along its concentra-
tion gradient in the sample.

where Vo is a constant value at t ~ ~, a; is the relaxation
amplitude, and w; is the relaxation time for the ith relaxa-
tion process (or carrier type). Here it is interesting to
note that the observed Hall coefficient R~ of this materi-
al is positive (see Fig. 3), but the static thermoelectric
power S is negative over the wide temperature range
10—300 K and at liquid He temperatures it shows a sign
reversal from negative to positive or vice versa with vary-
ing temperature (see Fig. 8). In view of these static data,
the observed decay profile at the normal state is due to a
thermal diffusion of conduction electrons. The induced
TTE voltage at the first CDW state ( T,z & T & t„) is neg-
ative, which decays with other relaxation times ~3 and ~4

approaching zero at t ~~; in this case the decay process
is regarded as due to a thermal diffusion of conduction
holes. Furthermore, in the second CDW state (T & T,z)
the additional relaxation time ~5 is observable, which is
due to electrons.

In Fig. 2 is shown the temperature dependence of each
relaxation time r, (i =1—5) plotted in semilogarithmic
scales. We note that the relaxation time w& is observed
over the whole temperature range, while ~z is observable
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III. EXPERIMENTAL RESULTS

Figure 1 shows the typical decay curves of the TTE
signals at (a) T =200 K ( T )T„;normal state), (b) T=50
K (T,~ & T& T„; first CDW state), and (c) T=4.2 K
( T & T,z,

' second CDW state) for i)-Mo„O». Immediately
after the laser-light irradiation, the TTE voltage V at the
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FIG. 2. Temperature dependence of the observed relaxation
time v; (i = 1 —5).
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only at high temperatures T& 100 K, and that both z&

and ~z show anomalies near T„. The relaxation times ~3
and ~4 are observable below T„, while ~5 is detectable
only below T,2. In Secs. V and VI, we shall evaluate the
carrier mobilities self-consistently using these observed
relaxation times.

Figure 3 shows the temperature dependences of (a) the
observed electrical resistivity p and (b) Hall coefficient
RH measured at the magnetic field B=2 T, indicated by
open circles; solid, dashed, chain, and dotted lines are the
calculated curves (see later). These transport quantities
exhibit characteristic behaviors at two distinct tempera-
tures T„(=105 K) and T,2 ( =35 K). In particular, we
should note that at low temperatures (T(T,2) RH is in-

creased by four orders of magnitudes larger than that at
the normal state (T) T„); as mentioned above, RH is
positive, while the static thermopower S is negative over
the wide temperature range.

All of these experimental results indicate that there ex-
ist multiple conduction carriers of both electrons and
holes in g-Mo40&] ~ With regard to the details of CDW-
related electronic properties of this material system, how-
ever, much less can be drawn from these "static transport
data" alone. To our knowledge, none has given detailed
(in particular, quantitative) analyses of these properties
thus far. In the present work, therefore, we have at-
tempted to carry out computer simulations of the static
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transport quantities using our "dynamic" TTE measure-
ments, based on available theoretical predictions about
the band and nesting models. ' ' Since this material sys-
tem consists of multiple carriers and their Fermi surfaces
(which further undergo nesting after the CDW forma-
tion) that are not simple, a large number of parameters
must necessarily be involved in the calculations. Howev-
er, all these parameters can be determined self-
consistently to reproduce all the experimental data.

IV. NESTING AND BAND MODELS

First it should be noted that the temperature range,
over which each relaxation time is observable, is limited;
the relaxation time ~& is observable over the whole tem-
perature range and w2 is detected down to near T„,while

r3 and r& come into play in the CDW states ( T (T, ~
) and

r5 solely below T,2 (Fig. 2). Taking into account the sign
of the Hall coefficient, static thermopower, as well as
TTE voltages, we have already made a tentative assign-
ment of each relaxation time r, (i = 1 —5) to each carrier
type. '

Now, before computer simulations, we shall consider a
possible nesting model and a band scheme of g-Mo40»
based on the block-band model by Canadell and co-
workers. ' ' Figure 4(a) shows the schematic 2D Fermi
surfaces of combined electron and hole pockets in the ex-
tended Brillouin-zone scheme proposed by them. Here,
the electron pockets locate around the I point (which
hereafter we denote by the e band) and along the Z-M
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FIG. 3. (a) Temperature dependence of the observed electri-
cal resistivity p (open circles) and the calculated curves using
Eqs. (6), (11), and (12) with the nesting parameters P, =0.70 and

Pi, =0.78 (solid lines; best-fit values), P, =0.70 and Ph =1.00
(dashed line), and P, =0.50 and P„=0.78 (chain line); the dot-
ted line is the theoretical one according to Eq. (11) alone (see
text). (b) Temperature dependence of the observed Hall
coefficient R~ measured at the magnetic field B =2 T.

FIG. 4. (a) Schematic representation of two-dimensional
electron (shaded area) and hole (dotted area) Fermi surfaces in
the extended Brillouin-zone scheme for g-Mo40» at the normal
state (T) T, i) based on the block-band model by Canadell and
co-workers (Refs. 1 and 9); dashed straight lines show the "hid-
den" 1D Fermi surfaces proposed by Whangbo and co-workers
(Refs. 9 and 16) and arrows indicate the nesting vector Q for the
first CDW transition. (b) Proposed remaining electron and hole
Fermi surfaces after the first CDW transition ( T(T,&), where
arrows show the expected nesting vector Q' ( =2Q) for the
second CDW transition at T = T,2,

' dotted circles show the hole
h3 or h4 band (see text).
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direction (e, and e2 bands, corresponding to our TTE
data, ~, and rz, respectively), while the hole pockets situ-
ate around the Y point (h band) and the Z point (Z pock-
et). In the normal state ( T)T„), the carrier transport is
mostly due to the e-band electrons and the h-band holes.
The block-band model predicts that nesting of the Fermi
surfaces occurs along the b* axis with the magnitude
Q=0.25b*. Furthermore, Canadell and co-workers '
have proposed a concept of "hidden Fermi surface nest-
ing" to explain the general CDW instabilities in low-
dimensional metals, according to which real Fermi sur-
faces of CDW materials are composed of metallic 2D
Fermi surfaces, such as described above (e and h bands),
and several "hidden" 1D Fermi surfaces, as illustrated in
Fig. 4(a) by dashed straight lines, where there are four
parallel lines along the I -M direction and those along the
Y-M direction, and two parallel lines along the I -Z
direction.

According to their model of nesting at T„, the "V-
shaped" portions in each "heart-shaped" hole surface (h
band) are nested by the nesting vector Q, and the remain-
ing portions of the hole surfaces, except for those parallel
to the I -Z direction, are also nested to the appropriate
portions of the electron surface (e band) by Q. This nest-
ing is the most likely reason for the electronic instability
at T„as confirmed by x-ray diffuse scattering. Since the
nesting in a Q2D system is incomplete, some portions of
the Fermi surfaces remain unnested, leading to remaining
bands lying along the I -Z direction, as indicated by solid
lines in Fig. 4(b). In order to understand our TTE data,
furthermore, we propose here additional hole pockets,
which are supposed to locate somewhere near the Y and
Z points, as indicated by dotted circles. In Fig. 4(b), we
denote the electron pocket by the "e, band, " correspond-
ing to the relaxation time ~&, and the hole pockets by the
"h3 and h4 bands, " corresponding to ~3 and ~4, respec-
tively; at present we cannot give a definite assignment of
the h 3 and h4 bands to either of the dotted circles located
at different points. As shown later, the other electron
pocket (denoted by the e4 band) and hole pocket (denoted

by the h z band) also play an important role in the dc
transport (see Sec. V), whose Fermi surfaces are expected
to be strongly anisotropic (cylindrical shapes elongated
along the a * direction), even though the TTE signals cor-

responding to these e4 and h2 bands are undetected,
probably because their relaxation amplitudes are too
small.

On the other hand, the nesting vector at another tran-
sition temperature T,2 (where anomalies in various trans-
port quantities are also observed) has not been confirmed
by x-ray diffraction. This is probably because the weak
satellites of x-ray diffuse scattering below T,2, if any, will

superimpose on the first satellites produced by nesting
with the vector Q at T, i, provided that the magnitude of
the second nesting vector is Q'=2Q (indicated by ar-
rows), as readily expected from Fig. 4(b). Even though
there is no x-ray evidence, we assume here that the
second CDW transition occurs at T,2 by nesting of the
anisotropic e~ and h2 bands with Q', leading again to the
nested and unnested (remaining) bands, as shown later
(Fig. 5).

Based on the above nesting model modified slightly
from the one by Canadell and Whangbo, we propose the
possible band scheme, as illustrated schematically in Fig.
5 (see also Table I): (a) In the normal state (T)T„), the
holes in the h band around the Y point are filled up to the
Fermi energy EF and the electrons in the e band around
the 1" point are up to EF, just like a semimetal. These
mobile electrons and holes with different carrier concen-
trations and mobilities contribute to the dc transport.
The electrons in the e, and e2 bands along the Z-M
direction are responsible for the observed TTE signals
with the relaxation times ~, and ~2, respectively, but their
contribution to dc transport is extremely small, because
their carrier concentrations n, and n2 are very low com-
pared with those of the e and h bands (n and p, respec-
tively) (see Table II). (b) In the first CDW state
(T„(T (T,z}, the e band will split into the "nested" e3
band with the first CDW gap energy b, &(T) and the
remaining e4 band, while the h band splits similarly into
the nested hi band with b, i(T) and the remaining h2, h3,
and, h4 bands; the observed relaxation times w3 and ~4 are
due to the holes of the h3 and h4 bands, respectively,
which may have small anisotropic (ellipsoidal} Fermi sur-
faces with large effective masses along the a ' axis. These
electrons and holes in the remaining bands are responsi-
ble for dc conduction, while in the nested e3 and h,
bands only thermally excited carriers will contribute. (c)

TABLE I. Electron and hole bands (see Fig. 5) with carrier concentration and mobility, indicated by
parentheses below, which contribute to the dc transport in the normal and CDW states of q-Mo40&l
{see text).

(a) Normal state
(T) T„)

h band (p, pg )

e band (n, p, )

e& band (n&, p&)
e2 band (n2, p2)

(b) First CDW state
( Tc2 (T & Tc [ )

h, band [p, (T),pz]
h2 band (p2, pz)
h 3 band (p3 p3 )

h4 band (p4, p4)
e, band [n3(T),p, ]
e4 band (n4, p, )

e& band (n&, p&)

(c) Second CDW state
(T(T„)

h, band [p, (T),p, t, ]
h3 band (p3, p3)
h4 band (p4, p4)

e5 band (n5, p5)
e6 band [n6(T),p, ]
e& band (n l, p&)
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relaxation times ~„~3,~4, and ~z, respectively.
Here we assume that in the CDW states, the remaining

e4 and hz bands have Q2D cylindrical Fermi surfaces
[Fig. 5(b)], while the e&, h3, h4, and e~ bands have small
ellipsoidal Fermi surfaces elongated along the a * axis.

For numerical calculations of the dc transport quanti-
ties, we specify a carrier density and a mobility for each
band by a simplified expression as listed in Table I; e.g. ,
(p, ph ) for the h band and (n. ,p, , ) for the e band. For sim-
plicity, we assume that carrier mobilities in the Q2D
nested and remaining bands are the same as those of the
original bands. Moreover, the carrier mobility p; of the
ith band (i =1—5) of the remaining electron or hole
bands is evaluated from the observed relaxation times ~;,
and other quantities are determined semiempirically and
self-consistently, as described later.

V. TRANSPORT QUANTITIES

'I!

e5- e6-band

+a~ 4...,./
E -- 6——6————————— -6———-I--

~,(T)"Pggjg/A
h5-band

FIG. 5. Proposed band scheme for electrons and holes in

g-Mo40», ' (a) normal state (T) T, &), (b) first CDW state
( T„&T & T„),and (c) second CDW state ( T & T„) (see text).

A. Relaxation times and carrier mobilities

As discussed earlier, ' the photoinduced TTE is essen-
tially due to thermal diffusion process of conduction car-
riers from a high- to low-temperature region (or along a
carrier concentration gradient) of a crystal, where the
conduction carriers belong to their respective bands (Fig.
5). As found experimentally, the photoinduced TTE volt-
ages decay exponentially with characteristic relaxation
times ~;, for which the theoretical analysis of the trans-
port equation gives the following relation

In the second CDW state (T (T,z), the e4 band will be
further decomposed into the remaining e~ band (which is
responsible for the observed r~) and the nested e6 band
with the second CDW gap energy b,2(T); similarly, the
hole h2 band is completely nested into the h~ band with
62(T). Thus the only remaining bands below T,z are the
e„h3, h4, and e5 bands, corresponding to the observed

z, =L, /2D, ,

where L, and D; are a diffusion length and a diffusion
coefficient for the ith carrier pocket, respectively.

Since the electron and hole systems of g-Mo40» are
degenerate, the relationship between D, and carrier mo-
bility p, is expressed in the modified Einstein relation as

TABLE II. Best-fit values of carrier concentrations, Fermi energies, and nesting parameters for elec-
tron and hole bands used for numerical calculations (see text).

(a) Normal state
(T) T„)

(b) First CDW state
(T„&T& T„)

(c) Second CDW state
(T& T„)

Band

e band
e& band
e, band
h band
e& band
e3 band
e4 band
hl band
h2 band
h3 band
h4 band
e& band
e& band
e6 band
h3 band
h4 band
h5 band

Concentration
(10 cm ')

n =30
n ) =0.0002
n2-0
p =70
n, =0.0002
n3( T)
n4=9
pl( T)
p2 =15
p3 =0.08
p4 =0.03
n

&
=0.0002

nq =0.12
n6(T)
p3 =0.08
p4 =0.03
p5(T)

Fermi energy
(meV)

EF' =60
EF'I =0.4
EF'2 =0
EF~ = 140
EF', =0.4

EF3 =7.3

EF4
——2.2

EF', =0.4
EF'~ =2.2

EF3 7 3

EF4 =2.2

Nesting
parameter

P, =0.70

Pp =0.78
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p,. =eL, /(2k&r; T)[F &&2(g;)/F&&2(g;)] . (3)

Because we have no available data of L, for g-Mo40»,
we have assumed that each diffusion length L; is indepen-
dent of the type of carriers, and their thermal diffusion
processes are governed by the same scattering mecha-
nism; thus we may put L; =L. Here we use the following
semiempirical relation found for a metallic intercalation
compound, whose carrier concentrations are of compara-
ble order of magnitude to those of g-Mo40&& (10' —10
cm (Ref. 6); L =1.3X10 T'~ /C, where C is a slope
of the p-T curve at high temperatures; in our case we
have C=4.0X10 0 cm/K from Fig. 3(a).

Hereafter for clarity, we specify the physical quantities
for the electron bands by the subscript i ( =1—6) and
those for the hole ones by j ( = 1 —5) (see Table I); howev-
er, the carrier pockets of interest here are those corre-
sponding to the relaxation times ~, —~5, and thus i = 1, 2,
and 5, and j =3 and 4.

Now we write the ratio of the Fermi energy EI';, for the
ith electron pocket with the carrier mobility p;, effective
mass m;*, and electron concentration n; in the CDW
states to that for the original e band EF' as

EF2, /EF =(n, /n )~~ ( 3m,'/
m,
*), (m,*/m, *)~=p, Ip, ,

(4)

where n is the electron concentration and m,* is the
effective mass of the original e band, and y is a parameter
characterizing a scattering mechanism; here we assume
an acoustic-phonon scattering (y= —,')." Similarly, the
ratio of the hole Fermi energy EF for the jth hole band
to that for the original h band EF is written by

EF" /EP =(p, /p) ~. (mq" Im*), (mq*/m*)r=p /pq,

D; =(ksp; T/e)[F, )2((; )/F )~2(g;)],

where F,&2(g;) and F,&2(g,. ) are the Fermi integrals
with g, =EF; Ikj3T (EF is the Fermi energy of the ith

pocket). Thus we can evaluate p; from w, using the rela-
tion

the dc transport [Fig. 5(a)]; there are also small e, and e2
bands which, however, will not contribute to the dc
transport because their carrier concentrations n, and n2
are negligibly low compared with n and p (see Table II).
Employing such a two-carrier model for g-Mo40», we
write the basic quantities, such as electrical resistivity p
and Hall coefficient RH, as given below:

p=1 l[e(pp/, + np, )]=1/[epp 1(I+ a, a2)],

RH = [e(S'p~ —n p,')]p'

=(1/ep)(1 —a&az)/( I+aia2)

(6)

since each carrier system is degenerate, where g is a di-
mensionless parameter characterizing a scattering pro-
cess. Here we assume that in the normal state, where the
observed p Tcurve is-linear [Fig. 3(a)], the carrier con-
centrations n and p (and thus the ratio a, ) are tempera-
ture independent and their mobilities p, and p& have the
same temperature dependence, as p„ph o- T ~, where
the exponent y depends on a scattering mechanism.
Thus the ratio a2 is temperature independent; this is the
case for a3 from Eq. (9).

For calculations, we must know the values of the pa-
rameters a„az, and a3. The ratio a3= ~S, /SI, ~

( =EF"/EF') can be rewritten in the following form. Since
the original electron and hole Fermi surfaces are assumed
to be quasi-two-dimensional, their Fermi energies can be
expressed as Eg ~ n Im," and EF ~plmh", and thus a3 is
reduced to

with a, =n /p and a2=p, /pi, (electron charge e )0). On
the other hand, the thermopower S is given similarly by

S=S&(1—a&a2a3)/( ]+a&a2),

with a3=~S, /Sz ~, where S, and Sh are the e-band elec-
tron and h-band hole thermopowers, respectively, which
can be written as

Sq =(vr /3)(keble)(gT/EF),

S, = (sr~/3)(—k le)(/TIE'),

a3=(p«)(phlp, )'"=ai 'a~ '" (10)

where p is the hole concentration in the jth hole pocket
with the effective mass m ', while p is the hole concentra-
tion and m&* the effective mass of the h band.

Since the resistivity p shows a metallic behavior in the
normal state, we use the conventional Bloch-Griineisen
formula

B. Resistivity, Hall coe%cient, and thermopower

The temperature dependences of the resistivity p, Hall
coefficient RH, and thermopower of the g-Mo40» crystal
show drastic changes near T„and T,2; correspondingly,
the total carrier concentration pH (=1/eRH) and the
Hall mobility pH ( = ~RH /p~ ) show similar behaviors. In
this section we shall give functional forms to perform nu-
merical calculations of various transport quantities using
the dynamic data and the proposed band model.

l. Normal state

P=PR+COD(| D/T)
OD/T

X f 4x dx/[exp(x) —1][1—exp( —x )],
0

where pz is a temperature-independent residual resistivi-
ty and OD is a Debye temperature. From Eq. (6), we ob-
tain the carrier mobility pI, and p, for the original h and
e bands as

p, =[epp(1+a, a, )]

As mentioned earlier, in the normal state ( T) T, &
) the

large electron e band and hole h band are responsible for

and

p, =a, [epp(1+a, a, )]
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respectively, which can be evaluated by using Eq. (11) for
p, together with the best-fit parameters pz, OD, C, p, a„
and exp.

2. CDWstates

According to the proposed model, the resistivity po (at
zero magnetic field B=0) and the thermopower S for the
multiple carrier system in the CDW states can be ex-
pressed by the following forms:

po= I/e(Xn; p;+Xp/p/),

S=X(o;S;+o,Si)/cr,

(12)

(13)

where the conductivity of each band is written by
o,. =en, p, ; or oj=ep~pj [o=X(o,+aj)]. The thermo-
power S; for the ith electron pocket and S for the jth
hole pocket are evaluated by Eq. (9) with the Fermi ener-
gies Ez; and EFJ., respectively. Furthermore, taking into
account the fact that the observed Hall coefficient RH de-
pends on a magnetic field B, we write the magnetic-field
dependences of the Hall coefficient RH(B) I and thus the
total carrier concentration pH(B) =1/[eRH(B)] and the
Hall mobility pH(B)=1/[eppH(B)]J and transverse
magnetoresistance by'

RH(B) = I/[epH(B)]=N/(2 +N B ),
'p/po=[3/(2'+N'B') po]/Po ~

with

(14)

(15)

n3(T) =nP, exp[ —b. ,(T)/(ks T)],
p, (T)=pPhexp[ —~, ,(T)/(ks T)],
n6(T) =n(1 f3, )exp[ —62(—T)/(ks T)],
p~(T) =p(1 Ph)exp[ —62(—T)/(ks T)],

(16)

where p, and p, (0&p„p„&1)are regarded as the pa-
rameters representing the "degree of partial nesting" of
the original e and h bands, respectively. Thus we may
write the electron and hole densities of the remaining e4
and h 2 bands in the forms

n4=n(1 —P, ) and p2=p(l P'), —

respectively.
On the other hand, the temperature dependence of the

first CDW gap energy b, &(T) is described by '
b, ,(T)/b, , (0)=a, + [a, +b, (1—T/T„)]'~ (17)

where b, &(0) is the gap energy at T=O, ai and b& are
some constants. Here we use (a, +b, )'~ =3.5 at T=0,
as in a conventional BCS theory for normal superconduc-
tors. The best-fit value of the constants are a, =0.2 and

N=e[ —Xn;p, /(1+@;B )+Xp p /(I+p B )),
A=e[Xn, p, /(1+@;B )+Xp)pj/(1+@,B )].

Here the numbers of thermally excited electrons (i =3
and 6) and holes (j =1 and 5) in the respective nested
band can be expressed by the following expressions:

bi =4.8, which are obtained from the observed b, , (T) T-
curve; similarly, the second CDW gap energy hz(T) is
also determined from the observed b.z(T) T-curve deter-
mined by numerical analysis of the p-T curves.

VI. NUMERICAL CALCULATIONS AND DISCUSSIONS

A. Normal state
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FICx. 6. (a) Temperature dependence of the observed Hall
mobility p& (open circles) and the calculated one (solid line) us-
ing Eqs. (6), (7), (11), (12), and (14) with the best-fit parameters
(Table II). (b) Temperature dependence of the carrier mobilities
of electrons (p&, p2, and p5) and of holes (p3 and p4) determined
self-consistently using the observed relaxation times ~; (i = 1 —5)
(Fig. 2); p, and pz are the calculated mobilities for the original e
and h bands, respectively (see text).

(1) The observed p Tc-urve in the normal state shown
in Fig. 3(a) can be well represented by Eq. (11), as indicat-
ed by the solid line, with the best-fit values of
p =(2.0+1.0) X 10 Qcm C=(4.0+0.1)X 10
Qcm/K, and OD=(365+10) K; the evaluated value of
OD is in good agreement with the reported one.

(2) Using this calculated p Tcurv-e and the observed
(temperature-independent) total carrier concentration
pH=3. 5X10 cm, we can evaluate the temperature
dependence of the Hall mobility pH(=1/eppH) as
shown in Fig. 6(a) by solid line, which is in good agree-
ment with the measured results.

(3) In order to calculate the thermopower and to obtain
the carrier concentrations of the e and h bands, we need
the values of independent parameters a, and e2, which
can be evaluated as follows: (i) Taking into account the
sign of the Hall coefficient RH and the thermopower S
[see Eqs. (7)—(10)], we get the inequalities ai&1 and
a2)1. (ii) Since in the unit cell of g-Mo40» there are
four d electrons to form the Q2D e-band electron and h-
band hole Fermi surfaces, ' the sum of the carrier con-
centration (n+p) should not exceed the upper limit of
these d electrons (=1.4X 10 cm, calculated from the
formula unit of g-Mo40ii crystal), and it may be larger
than, say —,', of this value; thus 3.0 X 10 '

cm &(n+p)&1.4X10 cm . (iii) In addition, the
electron and hole Fermi energies (EF' and EF") are es-
timated to be of the order of 100 meV. ' (iv) In order to
satisfy these conditions (i) —(iii) and fit the calculated ST-
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far there has been no available information about the
"degree of nesting" of the Fermi surfaces in 2D material
systems; in this respect, we believe, the present work is of
great significance.

The calculated curves obtained by the above procedure
are shown by solid lines in the respective figures, which
are all in satisfactory agreement with the experimental re-
sults [Figs. 3(a), 6(a), 7(a), and 8]. We have found that, in
particular, the nesting parameters P, and Pi, affect
strongly some physical properties, as shown in Fig. 3(a),
for the resistivity p and in Fig. 8(a) for the thermopower
S, where theoretical curves with diff'erent values of P, and

Pi, are also illustrated by chain or dashed lines for com-
parison; one notices that in the case of equal amount of
nesting of the original electron and hole pockets (P, =Pi, ,
dotted line), the thermopower S shows a linear tempera-
ture dependence over the whole temperature range. On
the other hand, the electrons of the e, band with the ex-
tremely high mobility p, [Fig. 6(b)] are found to inffuence
significantly the transverse magnetoresistance bp/po, as
shown in Fig. 8(b) by dashed and chain lines; the best-fit
value of n, is obtained to be n, =(2+1)X 10' cm

The temperature dependence of the carrier mobilities
determined from the observed relaxation times (Fig. 2) is
shown in Fig. 6(b) for the electron pockets (solid circles)
and hole pockets (open circles). It should be noted that
the observed value of the Hall mobility p~ far below T,z
tends to approach those of p, of the e, band electrons
and p3 (and p4) of the h3 (and h&) band holes, which sug-
gests that at low temperatures both conduction electrons
and holes of these small remaining bands play an impor-
tant role in the dc transport properties of g-Mo40». In
the first CDW state the observed Hall mobility pH lies in
the intermediate region between p, or p&, and p4-T
curves, which indicates that the conduction electrons and
holes of the e4 and h2 bands also contribute to the dc
conduction; note that the mobility of the e4 band is as-
sumed to be equal to p, and that of the h2 band to p&
(Table I).

The experimental (open circles) and theoretical results
(solid line) for the total carrier concentrations pH are il-
lustrated in Fig. 7(a). Except for the behavior near T,2,
the agreement between them is satisfactory. In Fig. 7(b)
are shown the evaluated temperature dependence of car-
rier concentrations of each electron and hole band (see
also Table II). We see that after the first CDW transition
at T„ the carrier concentrations of the original electron e
band and hole h band are changed by 70% (P, =0.70)
and 78% (P~ =0.78) into the nested e3 and h, bands, re-
spectively. Below the second CDW transition tempera-
ture T,2, the carrier densities of these conduction carriers
are reduced drastically; these concentrations can be
neglected at low temperatures, which means that nesting
of the e4 and hz bands is nearly complete below T,2.

Finally, it is interesting to note that in this material
system quantum oscillations (Shubnikov —de Haas) in the
transverse magnetoresistance and Hall voltages have been
observed at low temperatures T( T,2,

' the fast-Fourier-
transform analysis reveals that there are three main fre-
quencies f, (=4.5, 7.0, and 16 .T). ' ' According to the

present work, the observed three quantum oscillations are
regarded as due to three different types of carrier pockets.
As described above, the possible carriers responsible for
them are the e i and e~ band electrons, and the h 3 and h 4
band holes.

Using our best-fit values of these carrier concentrations
n, (i = 1 and 5) or p (j=3 and 4) (Table II) we can evalu-
ate the frequency f; according to the following simple re-
lation, with the cross-sectional area A; and wave vector
at the Fermi energy kz,. in the b*c* plane for the ith elec-
tron pocket (the Fermi surface is assumed to be ellip-
soidal shape in the limit of a very large mass along the a *

axis, as mentioned earlier),

f; =hA;/4em =h(vrkz; )/4e7r

where 2k+, =(3m n;)'r; similar relations occur for the
jth hole pocket with p . The calculated values. of f; are
obtained to be f, =0.2, f3=13, f4=8, and f5=17 T for
the et, h3, h4, and e5 bands, respectively. Except for
f, =0.2 T, these values are in approximate agreement
with the observed ones, which suggests that the observed
quantum oscillations 4.5, 7.0, and 16 T are attributed to
the holes in the h4 and h 3 bands, and the electrons in the
e~ band, respectively. The quantum oscillation due to the
e

&
band electrons has not been detected probably because

of its extremely small Fermi surface. In view of these cir-
cumstances, we believe that our computer simulations
based on the proposed nesting model and band scheme
for the multiple carrier system of q-Mo40» are reason-
able.

VII. CONCLUSIONS

Together with the static transport and thermopower
experiments, the photoinduced TTE voltages have been
measured for the Q2D g-Mo40» crystal over the time
range 50 ns —2 ms and temperature range 4.2 —300 K.
The observed decay curves consist of multiple relaxation
processes with the relaxation times r, (i =1—5) for
thermal diffusions of conduction carriers (electrons and
holes), from which their carrier mobilities p, , are evalu-
ated self-consistently.

Based on the experimental results, as well as recent
block-band models, ' ' we have proposed a possible
nesting model of the Fermi surfaces and a band scheme in
the normal and CD& states of g-Mo40», as schematical-
ly shown in Figs. 4 and 5. In this material system, there
exist primarily two types of mobile carriers (electrons in e
band and holes in the h band) in the normal state, whose
anisotropic Fermi surfaces locate around the symmetry
points of the extended Brillouin zone. Due to CDW in-
stabilities, each Fermi surface is subject to incomplete
nesting at the transition temperature T„, leading to van-
ishing (or nested) and remaining bands.

According to these models, we have carried out self-
consistent calculations for the dc transport quantities of
this material consisting of multiple carriers, such as the
resistivity p, Hall coefficient RH, Hall mobility pH, total
carrier concentration p~, thermopower S, and magne-
toresistance hp/po. The simulated curves are all in good
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agreement with the experimental data.
From the present studies, we have found that the ob-

served relaxation times ~, and ~2 are attributed to the
electron e, and e2 bands, respectively, but the electrons
in the e2 band do not contribute to the dc transport
below T„because of very small carrier densities (n2 =0).
Other relaxation times ~3 —~~ are observable solely below
T, &, among which ~3 and ~4 have been assigned to mobile
holes in the h3 and h4 bands, respectively; v.

5 observed
solely below T,2 is due to the remaining electron ez band.

Moreover, our numerical analyses have revealed that
at the first CDW transition, about 70% (f3, =0.70) of the
original electron e band and about 78% (Pt, =0.78) of the
hole h band vanish due to nesting of their Fermi surfaces,
leading to the remaining electron e4 band, and hole h2,
A 3 and h 4 bands, respectively; these bands have very
small ellipsoidal Fermi surfaces with large effective
masses along the a * axis. At the second CDW transition,

the h2 band is nested nearly completely. Ultimately, the
remaining hole h 3, and h4 bands and electron e, and e~
bands contribute to the quantum (Shubnikov —de Haas)
oscillations observed at low temperatures T & T,2, their
estimated frequencies being in reasonable agreement the
observations. More confirmative experiments, as well as
theoretical studies, with respect to the COW-related
band parameters for this Q2D material system are need-
ed.
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