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Sodium clusters formed in the regular nanospace of sodalite (aluminosilicate zeolite) are known to
show antiferromagnetic order without any magnetic elements. The clusters are arrayed in a body centered
cubic structure. We have performed a neutron diffraction study and succeeded in detecting the magnetic
Bragg peaks of the s-electron spins for the first time. The observation of both 001 and 111 magnetic
reflections confirms the antiferromagnetic order with the antiparallel coupling between the nearest
neighbor clusters. The magnetic form factor was examined by analyzing the intensity ratios of the
magnetic and nuclear Bragg peaks. The result is in good agreement with the shape of the s-electron wave
function derived from theoretical studies of the sodium nanoclusters in the cages.
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Magnetic ordering is typically exhibited by d- and
f-electron systems, because the localized features of their
wave functions tend to stabilize the localized magnetic
moments and/or narrow the energy bands. In the past
decades, great effort has been made to find magnetic order-
ing in materials comprising only nonmagnetic elements.
One representative example is purely organic magnets as
p- (or 7r-) electron systems [1-4]. Another is three-
dimensionally arrayed alkali-metal nanoclusters in zeolites
as s-electron systems [5—10]. Zeolites are porous alumino-
silicate crystals possessing regularly arrayed nanospaces
with rich varieties of structure. The alkali-metal clusters
are generated by loading guest alkali atoms, where the s
electrons are shared by several alkali cations and confined
in “cages” formed by the zeolite framework. In some
cases, clusters can be magnetic and the mutual interaction
among the arrayed clusters realizes various kinds of mag-
netic orderings, such as ferromagnetism, antiferromagne-
tism, and ferrimagnetism, depending on the -crystal
structure of the host cage and the species of the guest alkali
element [5—10]. These results demonstrate that s-electron
systems can be magnetic materials when the localized
character and mutual interactions are set appropriately by
confining the s electrons in regular nanospace, although s
electrons usually form delocalized energy bands in bulk
alkali metals and show only Pauli paramagnetism. Thus,
these systems are a new class of magnetic material.
The magnetic ordering has been confirmed by several tools
including microscopic magnetic probes [11-17]. However,
there have been no reports on determining the magnetic
structures of alkali-metal clusters arrayed in zeolites. This
may be due to the large unit cell and a resultant low spin
density. In the present work, we carried out a neutron
diffraction (ND) study on the antiferromagnetic (AFM)
state of sodium clusters arrayed in sodalite crystal possess-
ing the simplest structure among the zeolite family. We
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report the first direct observation of long-range magnetic
ordering of s electrons by ND. The magnetic structure and
the shape of the s-electron wave function in the sodium
cluster are also examined.

As shown in Fig. 1(a), the sodalite framework is built of
oxygen-sharing AlO, and SiO, tetrahedrons, where
cages with an inside diameter of about 7 A are arrayed in
a body—centeored cubic (bcc) structure with a lattice con-
stant of 8.9 A. Two 3 cages are contained in the bcc unit
cell. Adjacent B cages are connected through six-
membered rings. The chemical formula of salt-free soda-
lite, namely, hydrosodalite, is given by Nag(AlSiO,4)sxH,O
per unit cell. Three Na™ ions are accommodated in each 8
cage. By exposing the dehydrated sodalite to sodium vapor,
one Na atom is adsorbed in the 8 cage and an Naffr cluster
is formed [18]. In this cluster, one s electron provided by
the guest Na atom is equivalently shared by four Na™ ions
and confined in the B cage as shown in Fig. 1(b). Srdanov
and co-workers succeeded in forming Naj* clusters in
almost all the B cages, that is, nearly 100% doping with
a chemical formula of Nag(AlSiO,)s, and found AFM
order below the Néel temperature of Ty = 48 K [7]. The
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FIG. 1 (color online). Schematic illustrations of (a) crystal
structure of sodalite, (b) Nai+ cluster formed in the B cage,
and (c) magnetic structure model of Na clusters in sodalite. The
electronic spin in the body center cluster and that in the corner
cluster are coupled in antiparallel in the bcc lattice.

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.109.167208

PRL 109, 167208 (2012)

PHYSICAL REVIEW LETTERS

week ending
19 OCTOBER 2012

magnetic phase transition has also been confirmed by >’ Al-
and Si-NMR [11,12], and by uSR [14]. Several theoreti-
cal studies predicted a magnetic structure where the spin in
the body center cluster and that in the corner cluster are
antiferromagnetically coupled as shown in Fig. 1(c)
[19-22]. However, direct experimental evidence of the
magnetic structure has not yet been obtained, although
the same structure has been implicitly assumed in the
analysis of magnetic susceptibility [11,16].

We used a powder specimen of sodalite synthesized by
Tosoh Corporation. Each crystal size is a few micrometers.
The salt-free sodalite powder was heated to 500 °C in a
vacuum for 24 h and fully dehydrated. Dehydrated powder
was sealed in a quartz glass tube with distilled Na metal.
Na was adsorbed into the zeolite at 160 °C for 2 weeks.
The magnetic susceptibility () was measured by a super-
conducting quantum interference device magnetometer
(MPMS-XL, Quantum Design). We confirmed that the
temperature dependence of y was in good agreement
with that in several reported works [7,12,14-16]. For ND
experiments, a powder of 2.2 grams was put in a vanadium-
film cylinder, 15-mm diameter, and sealed in an aluminum
can filled with He gas. This process was performed under a
pure He atmosphere in a glove box and the sample was
never exposed to the air. ND experiments were performed
using the spectrometer PONTA at the JRR-3 reactor at the
Japan Atomic Energy Agency. Pyrolytic graphite (PG)
crystals were used as the monochromator and the analyzer.
The energy of the incident beam was set at 14.7 meV
(wavelength A = 2.36 A). A PG filter was placed before
the sample to remove higher-order contaminations. The
horizontal collimation of the incident and scattered neutron
beam was 80 min.

Figure 2(a) shows a powder ND pattern of Na-loaded
sodalite taken at 4 K. As shown later, the magnetic reflec-
tions are extremely weak, and the ND pattern shown in
Fig. 2(a) is well explained by nuclear reflections. The red
solid curve in Fig. 2(a) shows a Rietveld analysis result
based on the structural parameters reported by Madsen and
co-workers with the space group P43n [20]. A lattice
constant of a = 8.921(7) A, and reliability factors of
pr = 4.98%, R, = 3.53% and S = 1.12 are obtained. A
small peak observed at 26 = 46.4° is due to the 110
reflection of Na metal. This is only 1 wt% of the total
weight of the sample, indicating that a very small amount
of Na metal is adhered to the surface of the crystals. In
order to check the existence of magnetic reflections, we
recorded much higher statistics data at the scattering angle
regions around the 001 and 111 reflections at various
temperatures. These are forbidden in the nuclear reflec-
tions based on the crystal structure. Figure 2(b) shows ND
data around the 001 reflection taken at 4 and 56 K, corre-
sponding to below and above T, respectively. Figure 2(c)
represents the difference plot between them, namely,
I, x—1Is6x- The 001 reflection is clearly observed at low
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FIG. 2 (color online). (a) Powder ND pattern of Na-loaded
sodalite taken at 4 K. The counting time for each datum point
was 30 sec. The red solid curve shows a Rietveld analysis result
with considering only nuclear reflections by utilizing RIETAN-
2000 [26]. The magnetic reflections are too weak to be observed
in the data. (b) ND data at the scattering angle region around the
001 reflection at temperatures below and above 7'y. The counting
time for each datum point was 5 min. The inset shows the data
for the 111 reflection. The counting time for each datum point
was 30 min. (c) Difference plot for the 001 reflection between
the data taken at 4 and 56 K. The horizontal bar indicates the
angular resolution in the present experimental setup.

temperature, where the intensity is nearly three orders of
magnitude weaker than that of the 110 nuclear reflection.
This is not due to higher-order (e.g., A/2) contaminations
of the incident neutron beam because the relative intensity
of the 001 peak was not reduced when we added a PG filter
after the sample. We evaluated the total count of scattered
neutrons at 13.7° = 26 = 17.0°, and this is plotted as a
function of temperature in Fig. 3. The count is almost
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constant at high temperature, but suddenly increases below
about 50 K, which coincides well with T. The solid
curve in Fig. 3 shows the calculation result using a phe-
nomenological equation of the order parameter, I(T) =
I1(0)[1 — (T/Ty)]*® with a constant background. The
Néel temperature Ty = 48 = 3 K and the exponent 8 =
0.37 = 0.06 were obtained. The value of 8 is typical for a
three-dimensional (3D) Heisenberg system. Similar values
were also reported in wSR studies [14]. These results
indicate that the observed 001 peak at low temperature is
a magnetic reflection originating from the AFM order of s
electrons confined in the sodalite cages.

As seen in Fig. 2(c), the 001 reflection peak has a rather
long tail. The difference plot is well reproduced by a
Lorentzian function, as shown by the solid curve. The
horizontal bar in Fig. 2(c) indicates the angular resolution
of our experimental setup. The peak width of the difference
plot is almost the same as the resolution. Therefore, antifer-
romagnetism in Na-loaded sodalite can be regarded as a
long-range ordering. As shown in the inset of Fig. 2(b), the
111 reflection is also weakly observed at 20 =~ 26.5° below
Ty. This is also regarded as a magnetic reflection because it
is forbidden as a nuclear reflection based on the crystal
structure. The simultaneous observation of 001 and 111
magnetic Bragg peaks strongly supports the simple mag-
netic structure shown in Fig. 1(c) with the propagation
vector of (0,0,1) [23]. AFM resonance studies suggest a
very weak magnetic anisotropy [16,17]. However, we can-
not determine the magnetic easy axis in our powder ND
experiment because the crystal has a cubic symmetry.

From the ratio of the integrated intensity of the 001
magnetic Bragg peak to the 110 nuclear one, the ordered
magnetic moment was evaluated to be 0.72 = 0.02up
(Bohr magneton) at 4 K. However, the value of
0.42 £ 0.15up was evaluated by the same method from
the 111 magnetic Bragg peak. This inconsistency must
be origineted from the scattering vector ¢ dependence of
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FIG. 3 (color online). Temperature dependence of the inte-
grated intensity of the 001 Bragg peak. The solid curve repre-
sents a calculation using a phenomenological equation of the
order parameter.

magnetic form factor f,,, because the magnetic Bragg peak
intensity is proportional to |u - f,,|?, where w is the ordered
magnetic moment. Examining f,, is crucial to understand
the magnetism of this s-electron system because of the
following reasons. In contrast to the atomic orbitals of d
and f electrons in ordinary magnets, the shape of the
s-electron wave function responsible for the magnetic mo-
ment in this system is non-trivial, because the wave function
may be delocalized over a nanometer size in the cluster.
According to the theoretical predictions [22,24], the spatial
distribution of the s-electron wave function plays a key role
in the exchange coupling in this system. This is because the
spatial distribution directly affects the on-site (on-cluster)
Coulomb repulsion energy and also the overlapping between
the wave functions of adjacent clusters.

According to the y — T data above Ty, each 3 cage
accommodates one unpaired electronic spin with s = 1/2
and g =2 [12,14-16]. Moreover, ©SR and AFM reso-
nance studies confirmed that this system is an ideal 3D
Heisenberg type [14,16]. Therefore, it is appropriate to
assume u = lup because a spin fluctuation is expected
to be less in 3D systems. In Fig. 4, the obtained f, for the
001 and 111 reflections are plotted as a function of
q(= 41rsinf/)) by closed circles. The simplest model
describing the electron wave function of the cluster is the
“particle-in-a-spherical-box’model where an electron is
confined in a spherical-well potential [25]. In the sodalite
system, one unpaired electron occupies the 1s ground state
of the cluster in a 8 cage. In this model, the 1s wave

function is given by W¥,,(r) = (1/v2ma)[sin(7r/a)/r].
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FIG. 4 (color online). Magnetic form factor f,, of Na clusters
in sodalite for scattering vector g. The closed circles show
experimental results obtained by 001 and 111 reflections. The
dotted curve represents the form factor of the 1s wave function
calculated by assuming a spherical-well potential with an inside
diameter of 7 A. The solid curve is calculated by using the
maximally localized Wannier orbital reported by Nakamura
et al. [24].
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By assuming the inside diameter of the (B cage as 2a =
7 A, we calculate the form factor, which is plotted by the
dashed curve in Fig. 4. Recently, Nakamura and co-workers
performed ab initio calculations based on the density func-
tional theory and derived a maximally localized Wannier
orbital which corresponds to the s-like electron wave func-
tion confined in a 8 cage [24]. By utilizing the numerical
data of this Wannier orbital, we calculated the form factor,
and this is plotted in Fig. 4 by the solid curve. The calcu-
lation results are in rather good agreement with the experi-
mental ones. It is difficult to choose the one of these two
theoretical models only from the present experimental data.
However, the commonality of these two models is that the
electron wave function is confined in the nanosized cage.
Therefore, it is evident that the s electron responsible for the
magnetic moment under AFM order possesses a wave
function delocalized over a nanometer size in the cluster
and confined in the cage as schematically represented in
Fig. 1(b). This is the first direct information on the spatial
distribution of electron spin in zeolite systems. However, to
more reliably confirm the shape of the wave function,
higher statistics data for the 111 and higher order reflections
is required, because these data are very important for the
estimation of detailed shape of spatial distribution of elec-
tron spin. Their intensities, however, are extremely weak.
This is a challenging future study which should allow
a deeper understanding of the magnetism of s-electron
systems.

In conclusion, we performed ND experiments on
the AFM state of Na clusters incorporated in sodalite
and succeeded in detecting the magnetic Bragg peaks for
the first time. The observed 001 and 111 magnetic peaks
confirm the AFM structure with antiparallel coupling of the
body center and the corner clusters in the bce lattice. The
magnetic form factor coincides well with the s-electron
wave function confined in the Na nanocluster.
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