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Solar power generation is a key method for generating
electronic power. Several researchers have attempted to
achieve higher performance of the solar cells and more
effective materials for use in cells. The discovery of
conjugated polymers, such as Polythiophene (PT) and
its derivatives, attracted much attention owing to their
chemical and thermal stability as well as their potential
use as an absorbing solar spectrum material (active layer)
in solar cells. The most necessary property of these ac-
tive layers is their ability to transfer the charge carrier
resulting from the absorption of solar spectrum. In par-
ticular, Poly(3-hexylthiophene)/P3HT has considerable
research interest, because it shows the highest hole mo-
bility among the series of Poly(3-alkylthiophene).1) In our
previous muon Spin Relaxation (µSR) study, the charge
carrier mobility in P3HT was found to change from
one-dimensional to a three-dimensional model, which is
strongly dependent on their molecular structure and tem-
perature.2,3)

Recently, the so-called hybrid (organic-inorganic) so-
lar cell was developed owing to the combined advantage
between organic material (P3HT) and inorganic mate-
rial such as ZnO, which ensures better performance for
practical application. ZnO is inorganic material with
high electron mobility and can be easily prepared as elec-
tron acceptor to dissociate excitons formed in conjugated
polymer as the active material of solar cells. ZnO can be
prepared as a nanoparticle that can resolve the problem
of small diffusion range of P3HT.4) The existence of ZnO
in active layer will support charge transfer from P3HT
to electrode of solar cell because the conduction band
of ZnO is lower than that of low unoccupied molecular
orbital (LUMO) of P3HT.
We studied the microscopic intrinsic charge carrier dy-

namics in active material of P3HT:ZnO along and per-
pendicular to the chain by using the longitudinal field
(LF) µSR method. We found that the charge carrier
mobility changes from intrachain to interchain diffusion
above 25 K for P3HT:ZnO. We also have measured charge
carrier dynamics of P3HT:ZnO with light irradiation.
Figure 1 shows the asymmetry data of P3HT:ZnO at 10,
15, 25, and 300 K for various longitudinal magnetic field
values with (red data) and without (black data) light ir-
radiation. We found small changes of asymmetry when
light irradiation on condition and off condition, however
we cannot observe significant effect probably due to low
intensity of light irradiation.
Figure 2 show the longitudinal-field dependence of re-

laxation rate λ1 of P3HT:ZnO nanoparticles at 10, 15,
25, and 300 K. Without light irradiation, for the low-
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Fig. 1. The asymmetry data of P3HT:ZnO at 10, 15, 25, and

300 K for various longitudinal magnetic field values.
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Fig. 2. The longitudinal-field HLF dependence of relaxation

rate λ1 of P3HT:ZnO nanoparticles at 10, 15, 25, and

300 K.

est temperature of 10 K, λ ∼ H−0.5 is clearly displayed
indicating one-dimensional intra-chain diffusion. In con-
trast, for the same temperature, light irradiation dis-
played λ ∼ C −H0.5 curve, indicating three-dimensional
inter-chain diffusion. Thus, it is clearly seen that with
light irradiation, temperature crossover occurred from
one-dimensional to three-dimensional at the lower tem-
perature of 10 K compared to that in a previous result
at 25 K.5)
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Superconducting gap symmetry in organic superconductor
λ-(BETS)2GaCl4 studied by µSR with DFT
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The superconducting gap symmetry determination in
λ-(BETS)2GaCl4 has been intriguing, since the super-
conducting state of this organic superconductor may
be linked to that of the isostructural compound, λ-
(BETS)2FeCl4, showing a field-induced superconductiv-
ity in the fields > 17 T.1) We have performed trans-
verse field µSR in fields of 150 Oe down to 0.3 K at
ISIS Muon Facility in the UK. The temperature de-
pendence of superfluid density was best described by
the s+d-wave with a dominant s-wave component.2)

Motivated by the µSR result, we have performed the
first-principles electronic structure calculations with the
generalized-gradient approximation on the basis of the
density functional theory (DFT). The VASP software
package adopting the plane-wave basis set with cutoff
energies of 500 meV was used. The ground state charge
densities were computed using 4 × 4 × 4 k-point sam-
pling and crystal structure information from Ref. 3)
was used. Furthermore, we constructed maximally lo-
calized Wannier orbitals on BETS dimers to make the
tight-binding energy band (dimer model) reproduce the
band structure of DFT based on the experimental crys-
tal data. The calculation was done by using the HOKU-
SAI RIKEN supercomputer.

Figure 1 shows the DFT band energy of λ-
(BETS)2GaCl4. Since the system has four BETS
molecules or two BETS dimers, contributing to the elec-
tronic properties, in one unit cell, there exist two bands
close to the Fermi level. Those two bands were well re-
produced by the dimer model with the parameter trans-
fer integral, in the unit of meV, as follows: tc = 64, td1
= 52, td2 = 13, td3 = 76, td4 = 64, te = −17. Accord-
ingly, the Fermi surface was consisting of an open sheet
and a closed pocket as shown in the bottom right panel
of Fig. 1.

The superconducting gap was then calculated by us-
ing the Random Phase Approximation (RPA) method
following the extended Hubbard model,

H=
∑
⟨i,j⟩

tijc
†
iσcjσ+

∑
i

Uni↑ni↓+
∑

⟨i,j⟩,σ,σ′

Vijniσnjσ, (1)

where t is the transfer integral, and U and V are
intra- and inter-dimer interactions. We assumed a spin-
fluctuation-mediated superconductor in the spin singlet
channel. U = 0.2 eV was introduced in the calculation
in order to investigate the low-energy interaction on the
BETS dimer.4) The result is shown in Fig. 2 showing
that the red colored area is the result from RPA. More-
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Fig. 1. DFT band structures of λ-(BETS)2GaCl4. The tight-binding

band structure using a dimer model with parameter inter-dimer

transfer integral tc− te is shown as a broken line. The upper right

panel shows a 2 × 2 molecular arrangement of the a-c conducting

plane. The grey ellipse represents a BETS dimer and c–e repre-

sents inter-dimer transfer integral. The bottom right panel is the

Fermi surface.
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Fig. 2. Superconducting gap function from the band indexes 1 and

2, which are bands from the open sheet and closed pocket Fermi

surface, respectively. The red and blue colored areas denote the

RPA result and fitting result, respectively.

over, the pairing symmetry from RPA was then fitted
to a linear combination of defined pairing symmetries in
the k-space, with the basis functions as follows:

isotropic s-wave: fs0(kx, ky) = 1
extended s-wave: fs1(kx, ky) = 2[cos(kx) + cos(ky)]
dx2−y2 -wave: fdx2−y2 (kx, ky)=2[cos(kx)−cos(ky)]. (2)

The fitting result is shown in the blue-colored area of
Fig. 2. We found that there exists a finite dx2−y2-wave
component in conjunction with s-wave components from
the contribution of two bands mentioned above. How-
ever, this mixture symmetry of s+dx2−y2 indicates only
one order parameter since the superconducting gap looks
almost continuous along the Fermi surface, as shown in
Fig. 2. Thus, from the µSR and DFT calculation we
assign a new type of superconducting gap symmetry in
λ-(BETS)2GaCl4, s+ d-wave.
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