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Porous crystals of zeolites make it possible to gen-
erate periodically arrayed alkali-metal nanoclusters.
Various kinds of magnetically ordered states have been
observed in these systems, although they do not con-
tain any magnetic elements. Sodalite is a kind of alu-
minosilicate zeolites where the β cages with an inner
diameter of ≅ 7 Å are arrayed in a bcc structure as
shown in Fig. 1 (a). The chemical formula is given by
A3Al3Si3O12 per β cage where A indicates an alkali
cation. By the loading of guest alkali atoms into de-
hydrated sodalite, an A3+

4 cluster is formed in the β
cage as schematically shown in Fig. 1 (b), where an s-
electron is shared by four A+ ions and is confined in
the cage. When Na3+

4 clusters are formed in all the β
cages, antiferromagnetic (AFM) ordering occurs below
the Néel temperature of TN = 48K1–3) because of the
exchange coupling between the adjacent clusters. The
material is assigned to a Mott insulator. When heavier
alkali cations are substituted for Na+, TN systemati-
cally increases: 72, 80, and 90-100K for clusters with
average chemical compositions of K3+

4 , (K3Rb)3+, and
(K1.5Rb2.5)3+, respectively.4,5) However, a recent work
has revealed that Rb3+

4 does not show AFM order-
ing and shows metallic behavior. In the present work,
we investigate in detail the magnetic properties of this
system in the vicinity of the insulator-to-metal (I-M)
transition by utilizing µSR. The experiments were per-
formed at the RIKEN-RAL Muon Facility using the
CHRONUS spectrometer.

Figure 2 (a) shows the zero-field µSR spectra of K-
Rb alloy clusters ((K1.7Rb2.3)3+). At 5K, a muon-spin
precession signal with a large amplitude is clearly ob-
served. This result indicates that the AFM order is
robust in the major volume of the sample even just be-
fore the I-M transition. The internal field at the muon
site is estimated to be 166 Oe. This is stronger than
that in Na3+

4 (92 Oe)2), K3+
4 (142 Oe), and (K3Rb)3+

(155 Oe)4). A systematic increase in the size of the
s-electron wave function in the heavier alkali metals,
which is the origin of the enhancement of AFM ex-
change interaction, is expected to provide a stronger
Fermi contact between muon and s-electron. TN is es-
timated to be ≅ 90 K from the temperature depen-
dence of the internal field. In contrast, the pure Rb
clusters (Rb3+

4 ) only show very slow relaxation even at
2K as shown in Fig. 2 (b). This result confirms that
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a non-magnetic state is realized in the metallic phase
after the I-M transition.
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Fig. 1. Schematic illustrations of (a) the crystal structure

of sodalite and (b) the A3+
4 cluster formed in the β cage,

where A indicates an alkali element.
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Fig. 2. Zero-field µSR spectra of (a) K-Rb alloy clusters

and (b) Rb clusters in sodalite.
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Study of charge carrier transport in active layer P3HT:ZnO:PCBM hybrid 
solar cells measured by muon spin relaxation† 
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Recently, many researchers have been making an effort to 

obtain high performance of solar cells by modifying the 
active material of the solar cell. Conjugated polymers are 
promising active materials. Much attention has been paid to 
polythiophene and its derivatives owing to their chemical 
and thermal stability in addition to their potential to absorb 
the solar spectrum in solar cells. Poly(3-hexylthiophene) 
(P3HT), a derivative of poly(3-alkylthiophene), presents the 
highest hole mobility,1) thus attracting researchers’attention.  

Hybrid solar cells that combine organic and inorganic 
materials have been developed to increase the performance 
of solar cells. P3HT having the highest hole mobility, when 
combined with inorganic materials with the highest electron 
mobility, shows promise for better performance. Zinc oxide 
(ZnO) is an inorganic material that has high electron 
mobility and is easy to prepare. In bulk heterojunction 
systems of solar cells, ZnO behaves as an electron acceptor 
to dissociate excitons formed in P3HT. For practical 
application to solar cells, ZnO nanoparticles are prepared to 
resolve the problem associated with the small diffusion 
range of P3HT.2) Fullerene and its derivative [6,6]-phenyl 
C61 butyric acid methyl ester (PCBM) are well-known 
acceptor materials for polymer solar cells owing to their 
ability to transfer excitons from polymers within 45 fs.3)  

In previous studies, ZF- and longitudinal-field (LF)-μSR 
measurements were performed on samples of P3HT4) and 
P3HT:ZnO.5) For both the samples, it was found that charge 
carrier transport changes from intra-chain to inter-chain 
diffusion. For P3HT:ZnO, one-dimensional intra-chain 
diffusion was observed at low temperatures, while 
three-dimensional inter-chain diffusion was observed at 
high temperatures.5) The addition of PCBM into the 
P3HT:ZnO blend increased the charge transfer from P3HT 
to ZnO and also reduced the aggregation of ZnO 
nanoparticles.  

To clarify the charge carrier dynamics in a bulk ternary 
system of hybrid materials, we measured charge carrier 
transport using LF-SR in the P3HT:ZnO blend by adding a 
fullerene derivative (PCBM). 

Figure 1 shows the LF dependence of the raw asymmetry 
at 15 K and 25 K. The initial asymmetry increases with 
increasing LF field owing to the repolarization of the 
muonium state.6) The raw asymmetries at 15 K and 25 K 
show a clear dependence on field and temperature. 
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Fig. 1. The asymmetry data of P3HT:ZnO:PCBM at 15 K 
and 25 K for various longitudinal magnetic fields. 

 
Figure 2 shows the LF dependence of 1 in 

P3HT:ZnO:PCBM, where 1 is the depolarization rate 
associated with the fast component. At 15K, the relationship 
 ~ H-0.5 is observed clearly, which indicate that one- 
dimensional intra-chain diffusion occurs in this system. 
Compared with the SR data for P3HT that show a 
dimensional crossover at 25K,3) the data for 
P3HT:ZnO:PCBM show the dimensional crossover from 
one-dimensional to three-dimensional apparently at a lower 
temperature. We cannot explain the experimental results 
immediately, but they are likely related to the advantageous 
properties of ZnO nanoparticles that facilitate electron 
transfer. 
 
 
 
 
 
 
 
Fig. 2. The longitudinal-field dependence of the relaxation 
rate 1 of P3HT:ZnO:PCBM at 15 K and 25 K. 
 

With increasing temperature, the charge carrier transfer 
changes from intra-chain to inter-chain diffusion. 
One-dimensional intra-chain diffusion is observed in the 
samples at temperatures below 15K, while 
three-dimensional inter-chain diffusion is observed at 
temperatures above 25 K. 
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