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Abstract. Arrayed cationic K clusters including one 4s-electron in each cluster, i.e., Kgil, were incorpo-
rated into a-cages of zeolite LTA with Si/Al = 1.5. Although no magnetic phase transition was observed
regarding the temperature (7') dependence of magnetic susceptibilities originating from the 4s-electron

spins (xspin) between 2 and 300 K, the Xspin —

T curve could be fitted by the sum of magnetic suscepti-

bilities based on the Curie-Weiss law and Pauli paramagnetism. A possible explanation of this behavior
is the existence of a narrow energy band formed out of 1s-cluster orbitals of arrayed K clusters, and the
existence of a finite density of state at the Fermi energy.

PACS. 82.75.Vx
nanoparticles, nanotubes, and nanocrystals

1 Introduction

Since the superconductivity of K atom-doped Cgy crys-
tals [1] was first reported, electronic properties of arrayed
and interacting clusters have for the last decade been the
subject of much interest [2,3]. Si clathrate, whose elec-
tronic structure is based on a Sigy unit [4], also exhibits
superconductivity [2]. In regard to the macroscopic physi-
cal properties of arrayed cluster systems, i.e., magnetism,
electric conductivity and so on, the type of interaction
among the clusters and its magnitude play significant
roles.

Zeolites, which are microporous crystals, can be a host
to stabilize arrayed clusters. Potassium (K) clusters in K-
form zeolite LTA (K12Al12Si12048:K-LTA(1)) exhibit fer-
romagnetism despite their lack of inclusion of magnetic
elements [5]. In LTA, a-cages with an inner diameter of
ca. 1.1 nm are connected, sharing eight-membered rings
(8MR) as shown in Figure 1. These a-cages are arrayed in
a simple cubic structure with a lattice constant of 1.2 nm.
Because loaded guest 4s-electrons are shared with both
loaded and host K ions as seen in the figure, K clusters
are highly cationic and interact with each other through
the 8MR. Further detailed experimental facts have been
elucidated: the arrayed K clusters are a Mott insulator [6],
the adjacent clusters have an antiferromagnetic interac-
tion [6], and local electron-spins of S = 1/2 distributing
degenerated 1p cluster orbitals in each cluster [7,8] ar-
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Fig. 1. Arrayed cationic K clusters in a-cages of K-form LTA.
O atoms existing between Si or Al atoms in the framework are
omitted.

ray antiparallelly with a cant [9] leading to spontaneous
macroscopic magnetization (spin cant ferromagnetism).

In general, zeolites are non-stoichiometric compounds.
A number of years ago, we synthesized K-form zeolite
LTAs with various chemical compositions [10]. We could
stabilize K clusters in the a-cages of these LTAs [11].
The electronic properties of the clusters should be sen-
sitive to the composition of LTA because, as mentioned,
the clusters are cationic. We concluded that K-form LTA
with a Si-to-Al atomic ratio of 1.5 (K-LTA(1.5)) provides
the largest electron transfer energy between the adjacent
clusters [12]. Cluster orbitals of 1s and 1p for the loaded
4s-electrons are formed in the K clusters in K-LTA(1.5) as
well as those in K-LTA(1) [13]. In this article, we report
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the magnetic property of K clusters in K-LTA(1.5) having
one 4s-electron in each cluster.

2 Experimental

The actual chemical composition of K-LTA(1.5) was Kg 1
Hop.4Alg 5S5i14.504s. By adsorbing K atoms into dehydrated
K-LTA(1.5) through the vapor phase, K clusters were in-
corporated into the a-cages [10,11]. The loading density
of K atoms per a-cage was 1+0.1. For reference, a sam-
ple with a loading density of ca. 0.01 atom per a-cage
was prepared. These two samples are described as K1 o/K-
LTA(1.5) and Kg,01/K-LTA(1.5), respectively.

The DC magnetic susceptibilities (xpc) of Ki /K-
LTA(1.5) were measured using a SQUID magnetometer.
An external magnetic field of 1x10* Oe was supplied dur-
ing the measurement of the temperature dependence. In
order to obtain an electron-spin susceptibility (Xspin), We
have to subtract diamagnetic susceptibility (xqia) origi-
nating from a quartz sample glass tube, the LTA frame-
work, and Kt ions from ypc because of a relation of
XDC = Xspin + Xdia-

We measured supplementarily the X-band ESR spec-
tra to obtain xspin. The obtained relative intensities of the
ESR spectra were calibrated by measuring a paramagnetic
CuS04-5H50 standard sample. The temperature depen-
dence of microwave absorption intensities is proportional
to that of xspin. By subtracting temperature-independent
Xdia from xpc, we could obtain Xgpin.

Diffuse reflection spectra were measured and converted
into absorption spectra using the Kubelka-Munk function,
Akm = a/S = (1—71)%/2r, where « is the absorption
coefficient, S the scattering coefficient, and r the diffuse
reflectivity. S roughly corresponds to the reciprocal of an
average crystal size of the powder. K-LTA(1.5) powder
crystals have a cubic shape with an average size of ca.
1 pm.

3 Results and discussion
3.1 Optical properties

Absorption spectrum of K o/K-LTA(1.5) shown in Fig-
ure 2 shows strong absorption around 1.0 eV. Minor ab-
sorption can be observed between 2.0 and 5.0 eV. Because
the absorption of Ko g1 /K-LTA(1.5) at ca. 1.0 eV was as-
signed to an optical transition between 1s and 1p clus-
ter orbitals of cationic K clusters in the a-cage [11], we
can conclude that a cationic K cluster also exists in each
a-cage at Ky o/K-LTA(1.5).

The 4s-electrons of loaded K atoms are distributed in
the 1s cluster orbital of the K clusters. The possibility that
two 4s-electrons occupy the 1s orbital and form a closed
structure (a spin singlet state) is very low, as will be ex-
plained in Section 3.3. Therefore, the local structure of the
K clusters is K™ . Since all the K* sites illustrated in

m+1-
Figure 1 are not completely occupied, m may have some
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Fig. 2. Absorption spectra of Ki.o/K-LTA(1.5) (solid curve)
and Ko.01 /K-LTA(1.5) (dotted curve) at RT. The broken line
region is not transformed correctly into the absorption spec-
trum. The left vertical axis plotted in the absorption coeffi-
cient, «, is for reference.
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Fig. 3. Temperature dependence of X;plin- Closed circles are
obtained from ypc data, and open triangles indicate ESR data.
The inset is the representative ESR spectra at 295 (solid curve)
and 5 K (broken curve) for reference.

degree of distribution over different cages. The lower en-
ergy side (0.3-0.6 eV) of the K;.¢/K-LTA(1.5) spectrum is
magnified 100 times. This area is discussed in Section 3.3.

3.2 Magnetic properties

The dependence of 1/xspin on temperature (T') is plot-
ted in Figure 3. Xspin has an order of 10— ernu/cm3 and
neither a peak nor a cusp can be observed, even if the
sample temperature is lowered to 2 K. This indicates that
the sample is basically paramagnetic in a whole measured
temperature region. As clearly seen, however, we cannot
fit the data by a linear function of the Curie law. This
indicates that the K clusters are not completely isolated
from each other but have finite interaction.

We fit the 1/Xspin — T plot in Figure 3 using a sum
of susceptibilities based on the Curie-Weiss law and Pauli
paramagnetism, which are the models for completely lo-
calized electron-spins and for free electrons, respectively,

Xspin(T) = C/(T - TW) + XPauli, (1)
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where Ty is the Weiss temperature and xpay); is the Pauli
magnetic susceptibility. C is the Curie constant described
as C = NJ(J +1)g?ud/3kp, where N is a density of
the electron-spins, AJ is the total angular momentum,
g is the g-factor, up is the Bohr magneton, and kg is
the Boltzmann constant. The 1/xspin — 1" plot in Figure 3
could be fitted with parameters of Tyy = —3.7 K, xpaui =
1.6x1077 emu/cm?®, and C' = 6.7x107° emu K/cm?. If
all the a-cages are occupied by K clusters with an elec-
tron spin of S = 1/2, the Curie constant is estimated as
3.5x10™* emu K/cm?®. This indicates that ca. 20% of the
a-cages are occupied by K clusters in which a 4s-electron
is distributed in a 1s cluster orbital. As mentioned in Sec-
tion 3.1, however, all a-cages are occupied by the K clus-
ters.

The magnetic susceptibility of bulk K metal is insensi-
tive to temperature and has a value of 6x10~" emu/cm?
(Pauli magnetism). Considering this bulk value, our ob-
tained ypau; value seems to be physical, because if the
electron density becomes lower, the value of the Xpauli
usually becomes smaller.

In the case of utilizing K-LTA(1) which exhibits ferro-
magnetism at high K atom loading, the magnetic proper-
ties of K clusters with one 4s-electron in each cluster obey
the Curie-Weiss law [7,14]. This sample exhibits no ferro-
magnetism with Ty ~ 0 K and C' = 5x107° emu K/cm?.
Comparing the Weiss temperatures of K clusters in two
different hosts, we suspect larger antiferromagnetic ex-
change interaction between adjacent clusters on Kj /K-
LTA(1.5). The shallow potential might cause a spill-out
of the 4s-electron wavefunction from the a-cage which in-
duce the finite overlapping of the electron wavefunction
between the neighboring cages.

The magnetization curves of Ky o/K-LTA(1.5) are also
measured at 1.9 and 5.0 K by applying an external mag-
netic field of 0 < H < 7 x 10* Oe as drawn in Figure 4
whose horizontal axis is normalized by temperature. For
reference, the magnetization curve of an isolated electron
spin of S = 1/2 in each a-cage is calculated based on the
Langevin function, M = Nup tanh (ugH /kgT). The ex-
perimental magnetization curve at 1.9 K does not saturate
even if an external magnetic field of 7x10* Oe is applied.
Furthermore, the magnetization of K; o/K-LTA(1.5) is
about ten times smaller than that of the calculation. Con-
sidering all these experimental facts, in the following we
discuss the electronic structure of K; o/K-LTA(1.5).

3.3 Electronic structure of K;,9/K-LTA(1.5)

As described in Section 3.1, the loaded 4s-electrons into
K-LTA(1.5) are distributed in the ls-cluster orbitals of
the K clusters in the a-cage, because only the absorption
band for the 1s—1p photo excitation at 1.0 eV are observed.
This indicates that 4s-electrons are not directly doped into
the LTA framework. The possibility that two 4s-electrons
occupy the 1s cluster orbital can be denied, because the
observation of the motional narrowing on the ESR spec-
trum of Ko 91/K-LTA(1.5) indicates that 4s-electrons are
sufficiently mobile to reduce the repulsive energy between
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Fig. 4. Magnetization curves at 1.9 (closed circles) and 5.0
(open squares) K. The thick solid curve is the Langevin func-
tion with a spin of S = 1/2 in each a-cage.
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Fig. 5. Schematic drawing of 1s and 1p energy bands for ar-
rayed K clusters in K-LTA(1.5). The 1s band is half filled by
the 4s-electrons. Er is the Fermi energy.

the 4s-electrons [12]. Therefore, arrayed K]'{, clusters are
basically the origin of the optical and magnetic behaviors.

We have adopted a model in Section 3.2 in which two
kinds of opposite electronic characters, i.e., localized elec-
tron spin and free electron gas, contribute to the magnetic
properties to analyze the 1/xspin — T" plot shown in Fig-
ure 3. However, only the 4s-electrons, which occupy the
1s cluster orbitals of the K clusters in the a-cages, con-
tribute to the magnetic properties. Therefore, the actual
electronic property of the 4s-electrons might exist at an
intermediate position between these two opposite models.

If the loaded 4s-electrons distribute periodic potential
based on the arrayed K clusters, the energy bands based
on the 1s and 1p cluster orbitals might be formed ideally
as illustrated in Figure 5. As discussed, the optical tran-
sition can be well explained by a model in which the 4s-
electron is confined to a potential whose size is defined by
the size of the a-cage. Therefore, the energy width of the
half-filled 1s band might be very small. On the calculation
of the energy bands of K-LTA(1) including the arrayed K
clusters with one 4s-electron in each cluster, the bands
obtained in a tight-binding approximation using the 1s
and 1p cluster orbitals coincide well to the first-principle
band calculation [15]. The valence band based on the 1s



270

orbital had a width of ca. 10 meV in this calculation. In
the present case, although the chemical composition of the
host K-LTA is slightly different, the energy band regime
shown in Figure 5 seems to be basically adequate. The
1p band at the I'-point is triply degenerated in Figure 5,
but we presently have no information indicating that the
local structure of the K clusters has a cubic symmetry.
Furthermore, the actual potential is not completely peri-
odic because the number of K ions, m, is not the same
for all a-cages as explained. But we cannot estimate the
quantitative influence of the potential fluctuation for the
energy band model.

Considering this band effect, we can understand the
behavior of the 1/xspin — T plot fitted by equation (1). A
finite density of state exists at the Fermi energy, Er, of the
narrow ls band. Namely, the half-filled 1s-band indicates
that the arrayed K clusters act as a metal. This is the
reason that the magnetization curve shows great difficulty
in saturating the magnetization. Evidence of a metallic
state should be also observed in the optical spectrum. For
example, if the 4s-electrons loaded into K-LTA(1.5) act
as free electrons, the bulk plasmon energy hw, can be
estimated as 0.7 eV using the equation

wp = V/4mne?/me, (2)

where n is the density of conduction electrons and m, is
the mass of an electron. As plotted as the magnified area in
Figure 2, however, no Drude term whose energetic position
corresponds to the bulk plasmon energy can be observed.
Because of the narrow 1s-band, the effective mass of the
electron in the 1s band is heavy. If m, in equation (2) is
substituted by an effective mass m}, m} may be larger
than 20m. which gives hw, < 0.2 eV. Or, because the
band regime includes only the Pauli exclusion principle,
the finite interaction between the clusters might induce
a low density of state at the Fermi level by the electron
correlation. Any way, we could not detect the metallic
state in the present optical measurement.

In this discussion, we treated the LTA framework to
act merely as a container of the arrayed K clusters. How-
ever, the large transfer energy between the adjacent K
clusters is produced by the shallow potential in the K
cluster for the 4s-electrons. This indicates that the elec-
tron wave function can be spilled out from the K cluster
and may interact with the LTA framework [16]. In future,
in order to arrive at a definitive conclusion, we have to
investigate the electronic structures in detail based on the
experimental data of the arrayed K clusters in K-LTA(1.5)
with systematic control of the K atom loading density.

Finally, we briefly compare our sample with electro-
sodalite which is also a cluster-arrayed system. (-cages,
whose inner diameter is ca. 0.7 nm, are arrayed in a body
centered cubic structure in sodalite. Sodium and potas-
sium electro sodalite (SOD) exhibit a Mott insulator type
antiferromagnetism whose Néel temperatures are 50.310.2
and 71+2 K| respectively [17,18]. By applying high static
pressure to these compounds, both Néel and Weiss tem-
peratures decrease because of increased interaction be-
tween the clusters [19]. Although the arrangement of the
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clusters in LTA is different from SOD, the increased in-
teraction may weaken the thermal stability on the macro-
scopic ordering of the unpaired electrons.

4 Summary

Arrayed K clusters with one 4s-electron in each cluster
were incorporated into K-LTA(1.5). The 4s-electron dis-
tributes the 1s cluster orbital. The 1/ Xspin — 1" plot can
be fitted by a sum of the magnetic susceptibilities obey-
ing the Curie-Weiss law and Pauli paramagnetism. This
indicates that a finite interaction between the adjacent
K clusters. There may be a finite density of state at the
Fermi energy of the narrow 1s band.

T.K. thanks Dr. Kawaguchi for using his SQUID magneto-
meter.
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