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The thermoelectric power (S) of M3Cso (M = K, Rb) alkali intercalated fullerides is theoretically investigated
by considering the Mott expression within parabolic band approximation to reveal the electron diffusive thermo-
electric power (S3f). We follow the Fermi energy as electron parameter and S& discerned linear temperature
dependence. S infers a change in slope above transition temperature and becomes almost linear above 70 K for
M3Cego alkali intercalated fullerides. As a next step, the phonon drag thermoelectric power (Sg;ag) is computed
within relaxation time approximation when thermoelectric power is limited by scattering of phonons from defects,
grain boundaries, phonons and electrons as carriers. It is noticed that the Sg}rlag of K3Cgp is anomalous and it
is an artifact of strong phonon—electron and —phonon scattering mechanism. The thermoelectric power within
relaxation time approximation has been taken into account ignoring a possible energy dependence of the scattering
rates. Behaviour of S(T) is determined by competition among the several operating scattering mechanisms for the
heat carriers and a balance between carrier diffusion and phonon drag contributions in M3Cgo (M = K, Rb) alkali

intercalated fullerides.

DOI: 10.12693/APhysPolA.123.752
PACS: 74.70.Wz, 74.25.fg, 74.25.Kc

1. Introduction

Among non-cuprate superconductors, organic materi-
als as alkali metal intercalated fullerides M3Cgo (M = K,
Rb, Cs) have been focused since the trace of superconduc-
tivity was obtained [1]. The unusual normal state trans-
port properties of alkali metal-intercalated-fullerides are
vital giving clues to the basic mechanism responsible for
superconductivity [2]. The pristine Cgp, the most sta-
ble fullerene considered as an atom-like building block
of fulleride solids is an insulator, and by doping with
alkali metal atoms M3Cgo (which opt for a face-centered-
-cubic structure) superconductivity in intercalated com-
pounds will appear in limited conditions. The parent
Ceo has potential applications in molecular- as well opto-
-electronics. By suitable doping of alkali atoms as K,
Rb or Cs pristine Cgg is engineered as superconducting,
metallic, semiconducting, and insulating. Among these
materials are the M3Cgg fullerides with M standing for K,
Rb or Cs with a superconducting transition temperature
T. =~ 40 K (Rb3Cgp) at ambient pressure. These tran-
sition temperatures are the second highest among non-
-cuprate superconductors. Alkali metal intercalated Cgg
continues to generate excitement due to the conducting
polymeric phase in MCgq [3].

Aromatic organic materials such as made of large or-
ganic molecules exhibit a characteristic separation of en-
ergy scales as well separation of the length scales. Usu-
ally, the covalent bonds within the molecules are dis-
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tinctly stronger than the inter-molecular binding, and
fullerides with molecular character are members of a
larger family of organic conductors. Due to the strong
C—C bonds, the electron—phonon interaction is expected
to play a vital role. In Cgp, the intermolecular bind-
ing forces are weaker as compared to the chemical bonds
within the molecule, and it is safe to consider Cgg
molecule as a rigid body. The pristine Cgp, with 60
atoms documents 174 vibrational modes. Henceforth,
the phonon spectrum has a wide frequency region in
alkali-metal-doped fullerenes. Usually, the vibrational
spectrum is classified into two regions. One of them
belongs to the rotation of Cgy molecule and the inter-
molecular vibrations. The intermolecular vibrations and
soccer ball vibrations (restricted rotations) are low en-
ergy vibrations ranging from 10-100 cm~!. The others
are the intramolecular vibrations span a large frequency
range ~ 250 cm~! to 1600 cm~! [4]. The electronic
structure of alkali-metal-doped fullerenes in the normal
state is important for understanding the mechanism of
superconductivity. The experimental technique as NMR
measurements [5], photoemission measurements [6] and
infrared reflectivity measurements [7] reports the band-
width ranging from 0.2 to 1.2 €V.

The structure and large size of organic molecule as
Cgo favors the hopping of carriers for conduction. For
Cgo molecule, the separation of the energy scales between
inter- and intramolecular bindings as well the similar en-
ergy range of vibrational and electronic excitations as the
collective excitations offers great challenges to the elec-
trical and thermal transport. Doping of alkali metal in
the parent Cg( essentially expands the lattice and causes
an increase in the lattice constant, the result is enhanced
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density of states at the Fermi level. An intermediate
consequence is fairly large electron—phonon interaction
depending upon whether inter- or intramolecular phonon
is the mediating boson. In this regard, the thermoelec-
tric power S(T') is a powerful probe to understand not
only the electronic structure but also shed light on the
electron—phonon interaction. The mass enhancement ef-
fects can increase the thermoelectric power of a metal
at low temperatures [8]. The mass enhancement is pro-
portional to electron—phonon coupling strength and this
correction is normally masked by large phonon-drag ef-
fect. Apart from mass renormalization, the electron cor-
relation effects are important in pristine Cgo and are less
explored in intercalated fullerides as on-ball Coulomb en-
ergy (> 1 €V) is considerably larger than the bandwidth
of typical fullerides.

Thus, the physical properties of trivalent organic su-
perconductors offer a great challenge to researchers that
is reflected from the electronic structure of the molecules.
Inabe et al. has first reported the thermoelectric power
of single crystal K3Cgo and Rb3Cgp superconductors [9].
Non-linear temperature dependences of S(T') with nega-
tive sign are documented above T, for both K- and Rb-
doped fullerides. The room temperature value of S(T') is
about —11 pV/K indicating metallic nature in the nor-
mal state with electron as sole carriers. The absolute
value of S decreases linearly until dropping discontinu-
ously to zero at T, and a broad hump around 70 K. The
analysis of density of states in K3Cgy reveals that low
frequency phonon modes are significant in normal state
transport and the non-linear behaviour in low tempera-
ture regime (7' < 70 K) is ascribed to phonon drag.

Furthermore, the measured thermoelectric power in
K4Crq thin films also shows a negative S indicating that
charge carriers are electron and roughly linear tempera-
ture dependence below 100 K. For higher temperatures
T > 100 K, S(T) decreases slowly with a deviation from
linearity [10]. Since the conduction band in K4Crq is
half-filled similar to that of K3Cgo, an estimate of band-
width is about 0.5-0.6 eV, consistent with a value of
~ 0.6 eV in K3Cgy. Henceforth, the normal state of
K3Cgp is a metallic state with a bandwidth of =~ 0.6 eV,
the electron—phonon interaction and electron—electron in-
teractions are important for charge transport. Later on,
Sugihara et al. have discussed the possibility of phonon
drag thermopower in doped fullerides [11]. It is concluded
that small but clear deviation from the linear relation
at low temperatures is ascribed to the phonon drag ef-
fect. The broad dip over 100 K and its small magnitude
suggest that the anomaly is not related to the electron—
intramolecular phonon interaction but to the electron—
intermolecular phonon interaction. A visual comparison
of data [12] indicates that the temperature dependence
of the thermopower of superconducting fullerenes is very
similar to that of systems in which mass enhancement
effects have been observable.

The pristine Cgg is diamagnetic and doping with al-
kali atoms discerns the changes in the magnetic origin.
The available experimental data on thermoelectric power
[9-11] and importance of carrier diffusion term with mass
enhancement [12] motivated us to understand the role
of scattering of phonon with defects, grain boundaries,
phonon and electrons for phonon drag thermoelectric
power as well the carrier diffusion contribution. This
improves our understanding of the interplay of scatter-
ing processes between the heat carriers themselves and
between the carriers and the impurities for the expla-
nation of the reported behaviour of the thermoelectric
power S(T). Also it is important to look for the relative
magnitudes of these scattering processes, which lead to
the anomalous behaviour, and this is another motivation
for the present investigation. The results we report here
do indeed shed some very important light on the nature
of phonon and electron as carrier channel of thermoelec-
tric power in alkali metal intercalated fullerides M3Cgg.

In the present study, we begin by outlining the approxi-
mations for the method of calculation, give further details
of the results, and speculate on the reliability of our ap-
proach to the problem of S(7T') in alkali metal intercalated
fullerides. In Sect. 2 we give details about the scattering
rates within the relaxation time approximation to esti-
mate the phonon drag thermoelectric power (Sg}rlag) in-
corporating the scattering of phonons with defects, elec-
trons as carriers, grain boundaries, and phonon—phonon
interactions, respectively. While obtaining the numeri-
cal results, we place particular emphasis on the acoustic
phonons as a source of Sdﬁag in the model Hamiltonian.
As well the role of carrier diffusion contribution up to
room temperature and zero magnetic field for S(T) is in-
vestigated. We find that the S(7T") behaviour can be well
accounted for, through the use of the Debye model. In
Sect. 3, we give the numerical estimation of various scat-
tering rates for the calculation of diffusion and phonon
drag processes and discuss the results obtained. Section 4
dealt with conclusions where we provide physical descrip-
tions of the numerical results calculated herein for alkali
intercalated M3Cgg.

2. The model

We shall use the well-known Mott formula within
parabolic band approximation to estimate the contribu-
tion of electrons towards thermoelectric power. The low
temperature carrier diffusion thermoelectric power [9] is

- 2k3T [Olno(e)
gdiff py — _ T B 1
) = TgRE | 2T )
with o(w) [= ne?7(e)/m]| is the energy dependence of

electrical conductivity in the relaxation time approxima-
tion. Here, n (m) is the density (mass) of carriers and
7 — the relaxation time. We clarify that this expression
is true within parabolic band approximation and not the
relaxation time approximation alone. For the sake of sim-
plicity, it is sufficient to neglect the energy dependence
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in 7(e) taking 7(¢) = 7(ep), for three-dimensional model
Eq. (1) becomes

w2 ki T @)
6‘6|€F .

Keeping in mind that 7 = A\/vp, the method point to
the scattering of carriers by impurities is dominant for
constant relaxation times. Such a procedure has found
success in explaining previous data on high temperature
superconductors on a wide temperature range [13]. For
the carrier diffusion thermopower given by Eq. (2), a lin-
ear variation with temperature is predicted. However,
the magnitude and sign depends on how the conductiv-
ity changes with electron energy at the Fermi surface.
Quite generally, the conductivity is expected to enhance
with increasing energy of the electrons. In the present
investigations, it is assumed that the common relaxation
time exists for scattering in both the temperature gradi-
ent and in an electric field in turn, it requires the elastic
scattering (7' > wp). Besides, there is no restriction on
the shape of the Fermi surface in the present case of al-
kali metal doped fullerides as kgT'/eF is small and hence
the carrier diffusion power as defined in Eq. (2) is valid.

In the next step, in order to assess the role of phonons
for thermoelectric power, we develop a model Hamil-
tonian where the low energy intermolecular vibrations
(phonons) in K3Cgq are described in the Debye model and
the electrons as charge carriers are treated in an isotropic
BCS-like model. It is common practice to interpret the
transport data with a Debye model. As in the Debye
model, the summation over the phonon modes can be re-
placed by the introduction of one effective phonon branch
with linear dispersion. Since the true phonon spectrum
differs from a Debye model, one cannot get a perfect fit of
electrical, thermal and thermoelectrical properties with
a single Debye temperature for all temperatures. Usu-
ally the Debye temperature is constant at higher tem-
peratures. Furthermore instead of considering the entire
frequency spectrum, only that narrow frequency interval
is considered that contributes most to the heat transport
and these phonons possess an energy comparable with
the thermal energy kpT.

The charge carriers are quasiparticles in a periodic
crystal, and hence have a well-defined dispersion rela-
tion eg. The alkali-metal-doped fullerides although, are
impure crystals, where the excitations may not be quasi-
particles at all, but for which the physical properties are
qualitatively the same. The phonon inelastic scattering
events are assumed to be independent and scattering of
phonon with various scattering sources is additive. The
Debye model with acoustic phonon is valid for K3Cgg
(Rb3Cgp) as the temperature domain of interest lies well
below the effective Debye temperature 0p =~ 185 K [14].

We shall use the isotropic BCS-like model with inter-
molecular acoustic phonon to derive qualitative results
for thermoelectric power. The attractive interaction in
BCS theory is in between electrons essential for pairing
and is brought about indirectly by the interaction be-
tween the electrons and the vibrating crystal lattice i.e.,

ST = -

the phonons (intermolecular acoustic). A pair of the elec-
trons then becomes correlated. The deformation of the
lattice causes another electron, with opposite spin, to
move into the region of higher positive charge density. It
requires only that the potential be attractive, regardless
of its origin. Further, some attraction between electrons
can overcome the Coulomb repulsion.
The model Hamiltonian is [15]:

H = Zspa ap+2wqbqb + Z

P1,p2

no1Y/2
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q1,92
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Herein, the initial two terms are carrier (electron),
and phonon excitation, the third and fourth terms rep-
resent, carrier—impurity and carrier—phonon interactions,
respectively. The fifth term is phonon—impurity interac-
tion and last term stands for the phonon—phonon inter-
action. The symbols appear in Eq. (3) are: ¢, the carrier
free energy, a (a™) and b (bT) are the creation (anni-
hilation) operators for phonon and electron, ¢ is cou-
pling parameter of electron and impurity potential, D,
is deformation-potential constant, p is ionic mass density,
wyq is acoustic phonon frequency of a wave vector g, R is
relative ionic-mass difference [(M" — M)/M"|, M (M")
symbolizes for Cgo (K), number of cells is n and R; stands
for the position of defects due to substitutions.

The validity of Eq. (3) presupposes that heat transport
is a random process because otherwise the flux would not
be determined by the gradient of temperature but rather
by the temperature difference. Herein, we have con-
sidered the ensemble of phonons with inelastic phonon—
phonon collision maintaining the local equilibrium imply-
ing that the temperature can be defined locally.

While estimating the phonon drag thermoelectric
power, we work with the Kubo formula [16] following
model Hamiltonian. In alkali metal intercalated fulleride
superconductors, the phonon-drag on electrons has im-
portant consequence on thermoelectric power. As the
carrier concentration is low in M3Cgo (= 102! em™3),
the phonon contribution dominates and the change in
the electron distribution produced by the phonon flow
is expected to be small. We thus suppose that phonon
drag thermoelectric power has contributions from both
the phonons and the carriers. In the continuum approx-
imation the lattice part follows [17]:

drag _ ks e W(Bw)*A(w)(Bw)*
suem) =2 o] [ et tawee)
X = 4)

kg is the Boltzmann constant, e is the charge of carriers,
wp is the Debye frequency and 8 = h/27kgT.
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The relaxation time is inhibited in A(w) and is propor-
tional to the imaginary part of the self-energy Y. The
relaxation times ratio can be calculated to the lowest or-
der of the various interactions in the weak interaction
case. The phonon drag thermoelectric power relaxation
times ratio A(w) follows:

A(w) = [1/7pn-a + 1/Tphgp + 1/7'1thph]_1

X [1/7ph-a +1/Tpn-gb + 1/Tphph + 1/Tpnc] .~ (5)
Usually, doping of alkali metal K (Rb) in the host lat-
tice of Cgp brings about changes in the vibrational spec-
trum. A change in the normal modes of the crystal is ex-
pected depending upon the nature of the doped impurity
in terms of phonon mean free path by various scattering
processes. In a true sense, the influence of temperature
gradient, the phonon distribution deviates as a conse-
quence of scattering with defects, grain boundaries and
phonon themselves. Henceforth, a current generates due
to the deviation of phonon distribution from its equilib-
rium value.

The relaxation times are expressed as

1/7(w) = 2 |ImP(w/vs,w)] . (6)
The inverse addition of relaxation time to obtain the to-
tal relaxation time is appreciable approximation as it ac-
counts for the various processes that are non-interacting
and also for elastic scattering with a random distribution
of the scatterers. The various phonon relaxation times
are defined in terms of transport coefficients as

TP_hl,d (w) = Dpna/kiw*h?, (7)

Tp_hl—gb(w) = Dpngbvs/L, (8)

T;:hl—ph(w) = Dphph (T‘(“Jh/kB)3 ) (9)
and

Tp_hlfc(w) = DphewnF(A), (].0)

vy being the velocity of sound, L is the crystal dimen-
sion, ng is the Fermi—Dirac distribution function and
A is the s-wave energy gap parameter. The notation
Tph-d, Tph-gh, Tph—ph and Tpn—c are the phonon scatter-
ing relaxation time due to substitutional defects, grain
boundaries, phonon and phonon-carrier interactions, re-
spectively. We note that to this order Mathiessen’s rule
holds, namely, that the inverse of the total relaxation
time is the sum of the various contributions for the dif-
ferent scattering channels.

Equation (7) refers for defects; the scattering of
phonons is caused by density of impurities and the differ-
ence in mass of K (Rb) and Cgo. The relative change in
atomic mass, which in turn is the relative change in force
constant, causes thermal conduction and is attributed to
fluctuations in mass difference. Thus, point defect scat-
tering is effective (w? dependence) for short-wavelength
phonons. However, the short-wavelength phonons are
scattered effectively with point defects and most of the
heat is carried by long-wavelength phonons. The grain
boundaries are another plausible cause of phonon diffu-
sion contributing to thermoelectric power. The phonons
can then be scattered by grain boundaries. The grain

boundary scattering is limited by size dependence. The
relaxation time in finite grained materials is influenced
by appreciable size dependence as evident from Eq. (8),
L is the crystal dimension. The normal processes or
momentum conservation does not contribute to conduc-
tion; however, they contribute significantly in an indi-
rect way by distributing momentum among all phonons.
The group velocity associated with optical phonons is
smaller as compared to that of intermolecular acoustic
phonons. Henceforth, all heat is carried out by inter-
molecular acoustic phonons and the contribution of optic
phonon has been neglected.

The transport coefficients appearing in Egs. (7)—(10)
are defined as:
3TL1R2

107
with n; is the density of impurities or point defects, R is
the relative ionic-mass difference #p the Debye temper-
ature. The above essentially accounts for the density of
real point defects in K(Rb)3Cgp, such as impurities, va-
cancies and interstitials, which should be fairly large in a
weakly bound crystal such as orientationally ordered Cgq
and increases in orientationally disordered K(Rb)3Cgo.
Let the potential exerted on electron as free carriers in
the doped Cgg is due to ionized cage of orientationally or-
dered Cgg. The strength of the electron—phonon scatter-
ing in terms of deformation potential D,, carrier mass m,
ionic mass M and the Fermi energy (ep) is

97 s m \1/2 D?
Do =7 (337) = (12)

Herein, the Thomas—Fermi approximation defines
electron—-acoustic phonon coupling strength D), = —ep/2.
The scattering of phonon by paired electrons coupled
with intermolecular acoustic phonon induces screening
due to carriers. The strength of electron—phonon cou-
pling decreases when the phonon wavelength is of the or-
der of or greater than electron mean free path. Besides,
this scattering mechanism is important at low tempera-
tures. The temperature dependence of the s-wave order
parameter for K(Rb)35Cgp follows:

.- T

- ) (13
with x = 2A(0)/kpT., A(0) is the zero-temperature gap
parameter.

The estimation and numerical computation of the car-
rier diffusion and phonon drag contributions to the ther-
moelectric power of K(Rb)3Cgo by incorporating the ef-

fects of different scattering mechanisms are presented in
the following section.

Dpna = (11)

A = xkgT, tanh (2

3. Results and discussion

Any discussion of the non-cuprate superconductors,
organic materials as alkali metal intercalated fullerides
M;3Cgp necessitates the knowledge of the structural as-
pects, and this is particularly true for the calculations
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reviewed here. Also applying the available information
on the developed theory inevitably entails certain com-
plications and one has to find suitable data that varies
from technique to technique. Special attention is paid
in this approach to address the issue molecular vibra-
tions which are at the origin of the substantial properties
of the alkali intercalated trivalent fullerides K(Rb)3Cgo.
We first elaborate the main findings and motivate them
by simple physical arguments.

We begin our estimation with the carrier diffusion ther-
moelectric power (S¢) which is earlier expressed by
Egs. (1) and (2). While considering the electronic struc-
ture, if all the electrons are free in K(Rb)3Cgg, the es-
timation of the Fermi energy e in the free electron ap-
proximation leads to a value of about 0.36 (0.23) €V,
which is used for the computation of SY . The carrier—
impurity contribution to the thermoelectric power S&ff
is documented in Fig. 1 for K(Rb)3Cgo as functions of
temperature. It is evident from the plot that SU#(T) in-
creases linearly for increasing temperature in K(Rb)3Cgg.
Estimated S& has been subtracted from the experimen-
tal data [9] and the difference (Sqifterence = Sexperimental —
Sd) has been obtained for K(Rb)3Cgg. The difference
Sdifference 18 characterized as phonon drag thermoelectric
power and fitted within the relaxation time approxima-
tion in next step.

The model calculations assumes electrons as carrier for
thermoelectric power and negative behaviour of thermo-
electric power up to room temperature with a value of
12.4 (18.9) pV/K is in good agreement with the room
temperature values in the range 10-20 ¢V /K [9].

The phonon drag thermoelectric power is a powerful
probe to study the nature of carriers and scattering pro-
cess between them in the phonon system with either ab-
sence or presence of a magnetic field. For the actual
calculation of the phonon drag thermoelectric power in
normal state of K(Rb)3Cgp superconductors, more real-
istic values of some physical parameters derived from the
experimental data follow.

Usually, the Debye frequency is characterized as a cut-
-off frequency at the Brillouin zone boundary, and it can
be expressed in terms of the effective value of ionic mass
and the elastic force constant for crystal lattices with
two different kinds of atoms such as K (Rb) and Cg,
which we deal with. The acoustic phonon frequencies
are estimated in an ionic model using a value of effective
ion charge Ze = Te.

The Coulomb interactions among the adjacent ions in
an ionic crystal such as K(Rb)3Cgg are expressed in terms
of inverse-power overlap repulsion as [18]:

1 f
O(r)=—(Ze)? [ = - <L), 14
) =-zo? (- L) (1)
f is the repulsion force parameter between the ion cores.

The elastic force constant x is conveniently derived from
@(r) at the equilibrium interionic distance ry following:

15 O
o Sexpenmenta\ O O
o©
10 diffusion 0 ] o
carrier o O
5t 500 -
O 1 1 1 1 1
50 100 150 200 250 300
T(K)
Fig. 1. Variation of carrier diffusion thermoelectric

power with temperature and compared with experimen-
tal data {Inabe et al. 1992 [9]} for K(Rb)3Cso.

(5 e ()

Here, s is the index number of the overlap repulsive
potential. For K(Rb)3Cgo, the acoustic mass M =
[M(K) + M(Cgp)] as 837.3 (979.29) amu. The elastic
force constant x* = 2k for each directional oscillation
mode to get the acoustic phonon frequency as

K* (s—1)1
= f— Z Y . 1
D= Vo TN e 3 (16)

The acoustic mode frequencies are estimated in an
ionic model using a value of effective ion charge Ze = Te.
The Debye temperature for K(Rb)3Cgo is obtained by
taking s = 7 and the bond distance for K{Rb}3Cg : 70 =
10.0 A (a/v/2) [a = 14.28 A] {ro = 10.21 A (a/V/2) [a =
14.45 A|} [14, 19], yielding s = 6.77{6.36} x 10* gm s 2.
For most ionic crystals the index number of the repulsive
potential has been reported to be s = 6-8 [18]. Such pro-
cedure yields the Debye temperature of about 106 (95) K.
The enhanced mass of Rb as compared to reduce the elas-
tic constant and hence the Debye temperature.

The computed values of the Debye temperature are
consistent with normal state resistivity [20], low temper-
ature heat capacity [14] and thermoelectric power data
[9, 11]. We do not claim the process to be rigorous, but a
consistent agreement following spring model with repul-
sive force between K cations and Cgg is obtained to eval-
uate acoustic phonon energy. We note that the present
model has only one free parameter, i.e., the index number
of the repulsive potential. Value of fp differs from tech-
nique to technique and its value also varies from sample
to sample with an average value and standard deviation
Of9D29D2|215 K.
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In alkali metal intercalated fullerides K(Rb)3Cgp, if all
the electrons are free, the electron density n = (4 x 3/a®)
is estimated as 4.12 (3.98) x 10?! cm™3 from the lat-
tice parameter a of 14.28 (14.45) A [14, 19] and the band
structure value of mass as 3 (3.6) me is used [14, 19]. The
electron parameters such as the Fermi velocity and Fermi
wave vector are obtained as 1.91 (1.55) x 107 cm s~! and
0.496 (0.486) A—!, respectively. The length of the sam-
ple is about 3 mm and vy = 2.0 (2.2) x 10° c¢m s™L.
The above corresponds to the weak intermolecular in-
teraction. In the weak coupling limit x is about 3.6 to
4.0 [2]. Herein, we presume that the high-T, aromatic
organic K(Rb)3Cgp superconductors contain the defects,
the phonons, and the BCS-like quasiparticles, interacting
with one another as evident from model Hamiltonian.

While estimating the temperature dependent ther-
moelectric power of K(Rb)3Cgp, we make use of the
transport parameters which characterize the strengths
of the phonon—defects, the phonon-grain boundary, the
phonon—phonon and the phonon-carrier scattering pro-
cess as Dppa = 2.6 (3.1) x 1072 K3, Dppgr =
2.14 (2.5) x 1072, Dpppn = 0.8 (2.3) x 1072 K76 57!
and Dy = 3.4 (5.3), respectively. These are material
dependent fitting parameters for phonon drag thermo-
electric power in the present model. It is instructive to
mention that the electron—phonon interaction is limited
to the coupling of intermolecular acoustic phonons. The
phonon drag term is not related to the intramolecular
phonons because of unusual high energy and is responsi-
ble for superconductivity in alkali-intercalated fullerides.

Fig. 2. Variation of various phonon relaxation times as
a function of £ (= hw/ksT) for T' = 10 K for K(Rb)3Cso.

Now we discuss the relative magnitudes of the various
scattering mechanisms for alkali metal intercalated triva-
lent fullerides K(Rb)5Cgp. A plot of various scattering
phonon relaxation time as a function of ¢ (= hw/kgT) in
terms of frequency at T' = 10, and 35 K from Eqs. (7)—
(10) are shown in Figs. 2 and 3, respectively. It can
be seen that for low value of £, the phonon—electron
scattering is higher while for high value of &, it is the

Fig. 3. Variation of various phonon relaxation times as
a function of £ (= hw/ksT') for T' = 35 K for K(Rb)3Cso.

Fig. 4. Variation of various phonon relaxation times as
a function of € (= hw/ksT) for T = 50 K for K(Rb)3Ceo.

phonon—defect scattering that grows faster. However, at
both small and large value of £, phonon—phonon scatter-
ing process is weaker. As we go above T i.e., with in-
crease in temperature (see Figs. 4, 5 and 6 in the normal
state at T = 50, 150 and 250 K) phonon—electron scat-
tering improves and phonon—phonon scattering becomes
weaker. In the superconducting state T° < T, carriers
are condensed in the Cooper pair and with the increase in
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Fig. 5. Variation of various phonon relaxation times
as a function of & (= fw/kgT) for T = 150 K for
K(Rb)gCeo.

s 4
’
: KC, T=250K
ol
—
< oasf
7}
T
o
=
x 30
—
|
o 15F
L
=
0+
15
30
Fig. 6. Variation of various phonon relaxation times

as a function of § (= hw/ksT) for T = 250 K for
K(Rb)3Cso.

temperature order parameter reduces and concentration
of free carriers increases. In particular, phonon—phonon
umklapp scattering grows faster than phonon—electron
scattering due to large mobility of carriers in the nor-
mal state (T > T¢). In this respect for all temperatures
above T, the phonon—impurity scattering saturates for
higher £ values in K(Rb)3Cgp.

We now qualitatively discuss the phonon drag thermo-
electric power (szlag) in the presence of various scatter-
ing mechanisms for K(Rb)3Cgo (please see Fig. 7). At low
temperatures through T, the quasiparticle excitations
condensed into the ground state of K(Rb)3Cgg and they
cannot scatter phonons. nglag , thus, increases exponen-
tially with temperature in the vicinity of transition tem-
perature of K(Rb)3Cgo. Various scatterings of phonons
contribute to reduce in the thermal conductivity that
leads to increase in thermoelectric power. The individual
effect on thermoelectric power due to different scattering
mechanisms is discerned in Fig. 7 for K(Rb)3Cgo. The
results show that the effect of scatterings on thermoelec-
tric power is additive and the final variation depends on
the relative magnitude of different scattering processes
available. It is worth to mention that S in the supercon-
ducting state of K(Rb)3Cg is zero (T' — 0 K) and that
every non-zero value is an artifact due to the model.
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as function of temperature in presence of various
phonons scattering mechanism. A comparison is be-
ing made with the data obtained from Fig. 1 as
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To ascertain the physical significance of the density
of impurities, we evaluate the transport coefficients Dppnq
appearing in Eqgs. (10)—(11). For K(Rb)3Cgp, we estimate
the product of density of impurities and square of relative
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ionic mass difference, n;R? = 4.12 (4.91) x10~2 from the
value of coefficient Dy,q. Due to the fact that the trans-
port parameter Dppq is determined by the magnitude of
the phonon-impurity interaction, we are able to roughly
estimate the density of impurity scatterers which may
point to the fact that the quasiparticles in the metallic
state are essentially localized. By this way, one can set a
limit to the concentration of impurities if the impurities
as scatterers are of isotope in origin. Herein, we believe
that the density of impurity is constant with respect to
temperature.

It is worth to refer to the work of Erwin and Pick-
ett [21] who work out the lowest order variational so-
lution for the S(T'). Herein, for K(Rb)3Cgo the energy
dependence of scattering rate 1/7 is considered (a) the
electron-phonon coupling strength A (¢) as constant lead-
ing to a hole-like thermoelectric power with positive slope
and linear behaviour and (b) A () = N(e) resulting elec-
tron behaviour up to ~ 200 K and a slow transition to
positive slope thereafter.

The S(T') behavior depends on the competition among
the various scattering mechanisms for the heat carriers
and balance between the electron and phonon competi-
tion. It is worth stressing that the S(7") increases linearly
above 70 K and is well reproduced from the present the-
oretical model, this phenomenon is attributed to short-
ened phonon mean free path as compared to that at low
temperatures. It may be seen that the slope change in
S’s}rlag is much more pronounced than that in S3f be-
low 150 K. The reason for being this change is due to
the fact that the phonon—impurity scattering dominates
and electron-impurity scattering is weaker. Below T
the opening of superconducting gap rapidly reduces the
phonon—electron scattering rate, and the competition in
between phonon—impurity and phonon—electron scatter-
ing mechanism leads to faster change of slope in Sg;ag in
alkali intercalated trivalent fullerides K(Rb)3Cgp.

The reason is further related to the fact that the mean
free path of both electrons and phonons change below Tt
because the scattering of phonons on electrons is re-
duced when electron is condensed in the superconduct-
ing state. Deduced results on temperature dependence
of thermoelectric power of K(Rb)3Cgo from the present
model are consistent qualitatively with the experimental
data [9, 11, 12]. Apart from the qualitative agreement
at low temperature at room temperature the diffusive
thermoelectric power improves on phonon drag thermo-
electric power. The reason for being this is the shorter
mean free path of carriers in the normal state. How-
ever, below T, where the concentration of charge carrier
is decreased by forming a Cooper pair and the phonon
mean free path becomes longer, S& continue to play an
important role even near the room temperature.

It is customary to mention that a change in slope of
S’g}rlag is obtained at about T =~ 6p as in the normal met-
als [8]. Indeed below T =~ 0p the temperature depen-
dence of the phonon drag contribution is attributed to be
a competitive process in which S(7") decreases on lower-

ing the temperature and slightly improves on increasing
temperature is attributed to phonon—phonon scattering.
To an end, a comparison of the computed data, a consis-
tent fit with the reported data was obtained by choosing
a reasonable set of parameters. It is instructive to com-
pare the observation with conventional superconductors
where the thermally excited quasiparticles of the electron
system are dominant carriers of heat; similar situation is
revealed in K(Rb)3Cgp.

4. Conclusions

Either carrier diffusion or phonon drag have primar-
ily been the concern of thermal conduction in alkali in-
tercalated trivalent fullerides K(Rb)3Cgo. Any discus-
sion of the non-cuprate superconductors, organic mate-
rials as alkali metal intercalated fullerides M3Cgg rests
on the vital information on the structural aspects. The
developed theory inevitably entails certain complications
due to scattered experimental information and one really
needs to find suitable data for the test of approximations.
Special attention is paid in this approach to address the
issue regarding the molecular vibrations that are at the
origin of the substantial properties of the alkali interca-
lated trivalent fullerides K(Rb)3Cgp.

The thermoelectric power S(T") behaviour is an in-
structive probe to reveal the lattice effects and carrier
diffusion as well the interaction of these excitations with
one another with impurities, grain boundaries and de-
fects. Among various transport probes it brings informa-
tion about available subsystems and the measurements
are fairly simple. The present study intends to con-
tribute towards a thorough understanding of the scat-
tering processes taking place in this fascinating material.
The thermoelectric power behaviour of alkali intercalated
trivalent fullerides K(Rb)3Cgo exhibits nearly 7-linear
dependence above T, a broad peak around 70 K, and
further deviation from T-linear dependence above 200 K.
In order to simulate the actual situation occurring in the
temperature dependent behaviour of S(T) in trivalent
fullerides K(Rb)3Cgo, we consider two channels to S(7T):
carrier diffusion thermoelectric power (S3f) and phonon

. d
drag thermoelectric power (S5;").

The phonon drag thermoelectric power (ngfg) is dis-
cussed within the Debye-type relaxation rate approxima-
tion in terms of the acoustic phonon frequency, a relax-
ation time 7 and the sound velocity. The total phonon
relaxation rate is the sum of terms corresponding to inde-
pendent scattering mechanism, like defects, grain bound-
aries, phonons and holes as carriers dominating in differ-
ent temperature intervals. We have made a careful anal-
ysis taking into account several different processes that
can exist in this material whose interaction can yield the
observed dependence.

The quasiparticles cause an increase of the carrier heat
and a slow increase of the phonon contribution below 7.
The rapid increase in thermoelectric power S(T') is at-
tributed to increase in phonon mean free path due to
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carrier condensation in the superconducting state limited
by various impurity scattering mechanism. The physi-
cal entities in the present scheme that characterize the
strengths of the phonon—defect, phonon—electron, and
phonon—phonon scattering leads to a result that success-
fully retrace the experimental curve.

The anomalous behaviour around 70 K is attributed
to electron—phonon interactions. The model calculations
assume electrons as carriers for thermoelectric power
and negative behaviour of thermoelectric power up to
room temperature with a value of 12.4 (18.9) uV/K is
in good agreement with the room temperature values in
the range 10-20 pV/K. It is known that the satisfactory
explanation of these peculiar properties is constrained
as electron and the lattice contributes to the thermo-
electric power and because both contributions shall be
limited by various scattering mechanisms. Despite of
the limitations and use of material parameters for the
estimation of transport coupling strengths, the present
theoretical model on the thermoelectric power of the
high-T,, aromatic organic fullerides K(Rb)3Cgo consis-
tently reveals the interesting behaviour reported exper-
imentally. Herein, we notice that the intermolecular
acoustic phonons are solely responsible for thermoelec-
tric power behaviour, however electron— intramolecular
phonon interaction is a key for superconductivity.

To conclude, the present model calculations thus lead
to both qualitative and quantitative agreement between
the calculated and experimental results. The thermo-
electric power is one of those important transport entity
which exhibits non-zero values in both the normal and su-
perconducting state, its behavior is determined by com-
petition among the several operating scattering rates for
the heat carriers and a balance between diffusive carriers
and phonon drag contributions with acoustic phonons are
effectively scattered by various scatterers for the thermo-
electric power. Moreover, the scatterings of quasiparti-
cles are constrained by impurities as clearly evidenced in
orientationally disordered trivalent fullerides K(Rb)3Cgo
superconductors. Despite the limitations, the present ap-
proach successfully describes the nearly T-linear depen-
dence above T, a broad peak around 70 K, and fur-
ther deviation from T-linear dependence above 200 K of
thermoelectric power in alkali intercalated trivalent ful-
lerides K(Rb)3Cgo superconductors. Although we have
provided a simple phenomenological explanation of this
effect, there is clearly a need for a good theoretical un-
derstanding of the transport.
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