
PHYSICAL REVIEW B VOLUME 48, NUMBER 16 15 OCTOBER 1993-II

Ferromagnetic properties of potassium clusters incorporated into zeolite LTA
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Ferromagnetic properties are reported for K clusters incorporated into the a cage (supercage) of zeol-
0

ite LTA. In LTA, a cages are arrayed in a simple cubic structure with a lattice constant of 12.3 A. The
average 4s-electron number per cluster, n, is systematically changed from 0.8 to 7.3 by controlling the K
loading density. Ferromagnetism is observed for 2—3&n &6—7. The magnetization shows a peak at
n -5, and the average magnetic moment amounts to 0.24p& per cluster at 100 Oe and 1.7 K. The Curie
temperature is n dependent and less than 7 K. Magnetic properties are basically interpreted in terms of
the model of itinerant electron ferromagnetism. Narrow energy bands due to the electron transfer be-
tween adjacent clusters play an important role in the construction of a model. The magnetic properties
exhibit spin-glass and reentrant spin-glass phenomena depending on the K loading density.

I. INTRODUCTION

Magnetism is one of the extremely important
quantum-mechanical phenomena in correlated electron
systems. In particular, the possible existence of a fer-
romagnetic or antiferromagnetic ground state in new sub-
stances has been one of the more fascinating subjects.
The Hubbard Hamiltonian, due to its simplicity, allows
for ease of comprehension of correlated electrons with a
localized nature. Many reports have predicted a magnet-
ic phase diagram as functions of the intersite transfer en-
ergy, the on-site Coulomb repulsion energy, and the elec-
tron occupation. Usually, control of the number of occu-
pying electrons in a wide range is difficult in actual ma-
terials, because of the occurrence of structural phase
transition.

Zeolite crystal includes well-defined cages or channels
specific to its type. New material designs have been ex-
pected to exist in the zeolite space. ' If we incorporate
clusters into arrayed cages in zeolite, clusters will interact
with each other through windows between cages, and
macroscopic phenomena can be expected. In LTA,
which is a type of zeolite, the a cage (supercage) is sur-
rounded by eight P cages (sodalite cages). The ct cages
with an inner diameter of —11 A are arrayed in a simple

0
cubic structure with a lattice constant of 12.3 A. They
are connected by shared windows with an inner diameter

0
of -5 A. In an ideal Na-form LTA, 12 Na ions are dis-
tributed in the space of the framework. The chemical
formula is given as Na»A1»Si»04, .

The Na4 + paramagnetic cluster has been observed in
the Na-form FAU, so-called NaY, from ESR measure-
ment. Various kinds of alkali-metal clusters have been
investigated in FAU, ' SOD (sodalite), ' ' and
LTA. ' A metallic state has been elucidated by ESR
measurement of FAU containing high-density alkali met-
al. Optical measurements have been reported for Na
clusters incorporated into the Na-form FAU, Na-form
LTA, ' and Na-form SOD, ' and for K clusters incor-
porated into K-form LTA. ' ' In Cs clusters, the temper-
ature dependence of the ESR signal has been discussed

from the viewpoint of the intercluster electron correla-
tion. ' '"

In a previous paper, we incorporated cationic K clus-
ters into K-form LTA at the average guest K atom num-
ber of about four per cluster, and reported ferromagne-
tism. ' The K-density dependence of ferromagnetic
properties has been reported briefIy. ' In the present pa-
per, the K-density dependence of ferromagnetic proper-
ties is reported in detail. Ferromagnetism is observed for
2 —3 & n & 6—7, where n is the average 4s electron number
per cluster. Magnetic properties are interpreted in terms
of the model of weak ferromagnetism of itinerant elec-
trons. It is elucidated from optical measurement that
narrow energy bands are realized in K-loaded K-form
LTA due to the intercluster electron transfer between 1s
or 1p molecular orbitals of the clusters. These narrow
energy bands play an important role in the ferromagnetic
model. Ferromagnetism is observed under the condition
of a partly filled 1p energy band. We briefly discuss the
occurrence of ferromagnetism from viewpoint of the
band degeneracy. The magnetic properties show spin-
glass and re-entrant spin-glass phenomena.

II. EXPERIMENTAL PROCEDURES

Present powder particles of LTA were cubic with an
average size of 4 pm. Na form LTA powder was
transformed into the K form by ion exchange. Accord-
ing to the results of atomic absorption spectrometry
(AAS), the chemical formula is given as
K,DNaHA1&2Si»O48. This zeolite is abbreviated as K-
LTA(1) hereafter.

The K+ ion positions in K-LTA dehydrated at 300'C
have been elucidated by x-ray structural analysis. ' '

Major K+ ions are located near the center of six-
membered ring. The K+ ion position in present K-
LTA(1), however, may differ slightly from their results,
because of a higher dehydration temperature, 550'C.
The position of K+ ions may be changed by the loading
of K atoms.

The dehydrated K-LTA(1) powder was sealed in a
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quartz glass tube together with a distilled K source and a
small amount of helium gas for heat exchange. Potassi-
um was successively adsorbed into zeolite cage through
the vapor phase. The loading density of K was estimated
from analysis of both of optical reAection spectrum and
AAS. The maximum K density was determined to be
7.3 atoms per a cage from AAS. This value means that
the space of the a cage is almost filled with K atoms.

The spectrum of the reAection R plus the transmission
T of a zeolite powder particle was obtained from that of
the diffuse reAection r by the equation R + T
=4r /(1+ r) .

The ac magnetic susceptibility g was measured using
the Hartshorn inductance bridge. The value was cali-
brated with MnSO~ (NH4)2SO4 6H20. The strength and
frequency of the modulation magnetic field were +78
mOe and 405 Hz, respectively. The external dc magnetic
field was applied parallel to the modulation field. The
magnetic susceptibility of zeolite powder without guest K
atoms is less than 10 emu/cm over the measured tem-
perature range. The magnetization was obtained from
the integration of g with respect to the external dc mag-
netic field.

III. EXPERIMENTAL RESULTS

A. K-density dependence of optical reNection spectra

In Fig. 1, reflection spectra of K-loaded K-LTA(1)
with various loading densities are shown by solid curves.
Dotted curves indicate the region where the transmission
T cannot be neglected. The loading density increases in
the order of curves a —j, and is saturated in curve j.

0..8 I I I $
I

I I I I
I

5 I I I
I

I I I l
I I I I I

K/K-LTA(1)

Hereafter, we refer to marks a —j as respective sample la-
bels. Average electron numbers per cluster are estimated
to be 0.8, 1.5, 2.4, 3.2, 4.1, 4.7, 5.4, 6.0, 6.6, and 7.3 in
samples a —j, respectively, from the reAection spectrum
analysis and AAS.

In K-loaded K-LTA, narrow energy bands are expect-
ed due to the intercluster electron transfer between 1s, 1p,
or 1d molecular orbitals of K clusters in adjacent a cages.
Spectra are well interpreted in terms of the optical excita-
tion of electrons distributed in the energy bands. In the
most dilute sample a, bands B

&
and B2 appear due to the

1s-1p interband transition. With increasing the loading
density, bands B

&
and B2 gradually disappear and bands

between 0.7 and 0.9 eV become dominant. These bands
disappear in saturated sample j. At higher loading densi-
ties, the band at 1.5 eV increases with increase in loading
density. This band is assigned to the lp-1d interband
transition. Band P appears around 2 eV in sample c and
increases to become the largest one with increase in load-
ing density. The origin of band P is assigned to the sur-
face plasmonlike state. The spectra in Fig. 1 indicate
that 1s and 1p bands are successively occupied by 4s elec-
trons with increasing K-loading density.

An oscillator at zero frequency has been found in the
reAection spectra. This is reminiscent of the metallic
state of arrayed clusters. If the Fermi energy crosses the
1s or 1p band with a finite density of state, such a Drude-
like oscillator is possible at zero frequency.

In the present K cluster system, a weak potential fiuc-
tuation for electrons may be expected due to the statisti-
cal fluctuation in the distribution of guest K+ ions. If the
transfer energy between clusters is much larger than the
potential fIuctuation, the localized state will appear at the
tail energy region of the band. As discussed in Sec. IV B,
the localized state plays an important role in the expected
mechanism of the spin-glass phenomenon. In the follow-
ing ferromagnetic properties, however, the potential Auc-
tuation is less important.

B. K-density dependence
of ac magnetic susceptibility
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FIG. 1. Reflection spectra in K-loaded K-LTA(1) at room
temperature (RT) (solid curves). The dotted curve indicates the
region where the transmission component cannot be neglected.
The K density increases in the order of curves a —j.

The temperature dependence of ac magnetic suscepti-
bility y in K-loaded K-LTA(1) powder is shown in Fig. 2
in the logarithmic scale. In Fig. 3, y is given in the linear
scale. Labels a —j in these figures refer to those in Fig. 1.

For reference, the calculated susceptibility of the spin
A'/2 paramagnetic cluster assumed in each a cage is
shown by the dotted curves in Fig. 2. If the K cluster has
no interaction with adjacent ones, the susceptibility is in-
versely proportional to the temperature, i.e., the Curie
law. The Curie constant is proportional to the number
density of K cluster and J(J+1),where J is the angular
momentum quantum number of cluster. In the dotted
curves, the number density and J are 5.3X10 crn and
—,', respectively.

In sample a in Fig. 2, y shows the paramagnetic value
given by the dotted curve below 7 K, but the temperature
dependence deviates from the Curie law. Above 7 K, y
falls to a value much smaller than the dotted curve.
Hence, the temperature dependence follows neither Curie
law nor Curie-Weiss (CW) law. With increasing loading
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density, g at lower temperatures grows by several orders
of magnitude, and shows ferromagnetic values of the or-
der of 0.1 emu/cm in samples d and e. At higher tem-
peratures, y decreases to values smaller than the dotted
curve. In samples e —g in Fig. 3, g reaches the saturation
value at lower temperatures, because of a demagnetizing
field. Zeolite powder particles used in the present experi-
ment have a cubic shape. If we assume the demagnetiz-
ing factor of a spherical particle, —,', the saturation value
of y is 3/4m. Compensated susceptibility is given by
g/(1 —4m&/3). The compensation is significant above
-0.01 emu/cm .

With increasing loading density in Fig. 2(b), the slope
at higher temperatures shifts to lower temperatures;
moreover, the ferromagnetic region shifts to the lower
temperature region. In samples f h, y app—roaches the
paramagnetic value of ~ 10 emu/cm at higher tem-

010

peratures. In sample i, y gives paramagnetic values
throughout the given temperature range. In sample j, y
is larger than in sample i.

In curves e —g in Fig. 3, g decreases slightly at lower
temperatures. This behavior is discussed from the
viewpoint of the reentrant spin-glass phenomenon in Sec.
IV B. As shown later in Sec. III D, g decreases with time
by a few percent just after removal of the applied dc mag-
netic field H in samples e-g. This result is assigned to
the slow dynamics of the spin-glass phenomenon, and is
discussed in Sec. IV B.

The reciprocal plot of g is given in Fig. 4 in the range
0—4X10 cm /emu. This range is considerably smaller
than that usually plotted. Labels b —j refer to those in
the previous figures. The dotted line shows the calculat-
ed susceptibility of the spin A'/2 paramagnetic cluster as-
sumed in each a cage; namely, each cluster is assumed to
have a localized magnetic moment of 1.73p~. In samples
e —i, the CW law seems to be satisfied. An effective mag-
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FIG. 2. Temperature dependence of ac magnetic susceptibili-
ty in K-loaded K-LTA(1) for (a) lower and (b) higher K densi-
ties. Labels a —j are the same as in Fig. 1. The dotted curve in-
dicates the calculated susceptibility of spin A/2 paramagnetic
clusters assumed in each a cage.
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FIG. 3. Temperature dependence of ac magnetic susceptibili-
ty in K-loaded K-LTA(1) in a linear scale for (a) lower and (b)
higher K densities. Labels b —j are same as in Figs. 1 and 2.
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FIG. 4. Temperature dependence of the reciprocal of ac
magnetic susceptibility in K-loaded K-LTA(1). The dotted line
indicates the reciprocal of calculated susceptibility in indepen-
dent magnetic moment with a localized spin A/2 in each o. cage.

netic moment is estimated to be on the order of pz per
cluster. The curves in a wide range, however, are not
simple. In sample g, for example, the temperature (T, )

dependence near the Curie temperature ( T, ) approxi-
mates that given by the function y ' ~ ( T, —T, ) for
T, )T„where T, =4. 1 K. This temperature dependence
is expected near T, according to the self-consistent renor-
malization (SCR) theory of spin fluctuations in itinerant
electron ferromagnetism. '

In other curves b —d and j, the curvature widely devi-
ates from the CW law as well as the temperature depen-
dence in the SCR theory. As stated later, these samples
are in the spin-glass state. A deviation from the Curie-
Weiss law has been observed in the spin-glass susceptibili-
ty in AuFe alloy.

The systematic estimation of the Curie temperatures in
all samples is so dificult that we plot the temperature at
which y=0. 1, 0.01, and 0.001 emu/crn as a function of
the average electron concentration per cluster in Fig. 5.
In this figure, sample labels b —h and j are shown in the
corresponding places. The maximum temperature is ob-
served at the electron concentration of 3—4 per cluster.

C. K-density dependence of magnetization

In Fig. 6, the external dc magnetic field (H) depen-
dence of the magnetization (M) at 1.7 K is shown for
samples b-h and j. The values of M in samples a and i
are negligible in this scale, and the data are not shown
here. The magnetization values in samples a, b, and i are
given in Fig. 7 in a fine scale. Except for sample h, M in-
creases rapidly at H less than -5 Oe, and gradually in-
creases above -5 Oe. In sample h, M continues to in-
crease with H in the range given in the figure.

In the previous paper, ' a weak hysteresis of M with
respect to H has been observed. In the present ferromag-

b c d e f g h

netic samples, the hysteresis is hardly observed. A weak
hysteresis is observed only in saturated sample j. Gen-
erally, the strength of coercive force depends on magnetic
anisotropy and/or defect content. The present samples
were sufficiently annealed such that the uniformity is
better than that in the previous samples.

The values of g or M in samples a, b, and j are not fer-
romagnetic, but are very sensitive to K. Usually, suscep-
tibility of paramagnetic moment depends on H in the
scale of 10 Oe at these temperatures. As discussed in
Sec. IV B, the K sensitivity in samples a, b, and J is inter-
preted in terms of the spin-glass model: inhomogeneous-
ly distributed ferromagnetic regions show a magnetic
correlation between them due to the Ruderman-Kittel-
Kasuya- Yosida-like (RKKY) interaction.

The magnetization M at 100 Oe and 1.7 K is plotted in
Fig. 8 as a function of the electron concentration per
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FIG. 6. Magnetic-field dependence of magnetization in K-
loaded K-LTA(1). Sample labels b —h and j are shown in the
figure.
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FIG. 5. Temperature at which g=0. 1, 0.01, and 0.001
emu/cm as a function of the electron concentration per cluster.
Sample labels b —h and j are shown in the figure.



FERRQMAG NETIC PROPERTIES OF POTASSIUM CLUSTERS ~ ~ ~ 12 257

0.010 I
'

I
'

I
'

I I
'

I " lt

0.005

0
~ M

0.000
~ W

V

C4)

-0.005

-0.010
-40 -20 20

FI (Oe)
FIG. 7.G. 7. Magnetic-field de e- e ependence of ma ng

e -LTA(1).

40

from the CW law. Haw. ence, the present t suggests t

The tern eratup ure dependence of th
1

'
ho F'

or
g p

in te
ps. is impossible to in

amagne ism because a plot of M0 as a

significantly on the
- orma ized H depend

15
e temperature. The m

l f d
perature in Fi . 10

an g is plotted
'g. together with th

p d as a function of t

estimate the Curi
i he reciprocal of . W

de
une temperature from

e

ependences of mag t'agnetization and
rom the temperaturure

g X
7

In sample f, for exam lep, y decreases below 2.7 K '

is e avior is observed in t
in

h
th

in uFe. Howev
s given in Fi . 10.

s a

d d fM'is similar to that observed in AuFe.
a ure

D. Slow dynamics

cluster. T"The magnetization incre
h

e ec-

magnetization in
, an a minimum at 6.6. Th

increases again at 7.3
e

1

T 1

magnetization, 1.17 G is
is magneti atio corres

ent per cluster of 0 24 epg. The
e ater-Paulin lot

's quite
gp o g

isordered transi
'

mag-

In the present sam le
ransition-metal alloys.

ed fr
samp es, the ma netic m

from magnetizatio
moment estimat-

ion is considerabl
ceo y

wn to be smaller than th at estimated

The me magnetic susceptibility in s in-p -gl t i 1

g ' p'''
es e —g is shown in Fi

fth t t' t ft ha er the remo
e normalization tim

ence is significant in the lo
p e e. This phenome

ower K-density

ics Slow dynamics has b
omenon is referred to as slow dynam-

tion A F llo . Th'

'
s as een observed in

slow reconstruct
is phenom

uc ion of a stable ma netic
p menon is caused b hyt e

'
d t' fild

I
'

I I
'

I I
'

I

1.0

I I I I
I

I I 1 I
J

I I

K/K-LTA(1)

1.0—

0

0.5—

OQ
aS

0.8
C0

~ W

0.6

bQ

0.4

0.2

0.0

1

I i I j I

2 3 4 5 6

Electron ~on oncentration per Cluster

s I g I I I

7
0.0

0

H (Oe)

15 20 25

FIG. 8. Magnetiz
LTA 1 as a function of the el

Oe in K-loaded K-
e e ectron concentr tra ion per cluster.

FIG. 9.
p e g of K-loaded K-LTAle

G. 9. Magnetic-field d
' - e ependence off magnetization i

e uric temperatures.



12 258 NOZUE, KODAIRA, OHWASHI, GOTO, AND TERASAKI 48

I I I
(

~ I I I

U
0.8

O

0 6

0 4

3
E

CO
2

0.2

0 0 I I I I I I

0 1 2 3 4 5 6 7 8

Temperature (K)

FIG. 10. Temperature dependences of magnetization and re-
ciprocal of y in samples g and f of K-loaded K-LTA(l).

IV. MSCUSSIQN

A. Ferromagnetism

Ferromagnetism is generally recognized to be the re-
sult of electron correlation. If electrons are completely
localized at each cluster, they will exhibit paramagnetism
and diamagnetism in open and closed shells of localized
electronic states, respectively. Free-electron metals such
as potassium exhibit Pauli paramagnetisrn and Landau di-
amagnetism, but no ferromagnetism at any electron
density. ' Based on the above point of view, the
present K-cluster system is classified as neither a com-
pletely localized electron system nor a free electron met-
al, but as a system with both a localized nature and
itinerancy.
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FIG. 11. Time dependence of magnetic susceptibility p(t) in
samples e —g of K-loaded K-LTA(1). Time t is measured just
after the removal of the external magnetic field. y(t) is normal-
ized by g(to =0.5s).

From the viewpoint of optical properties, it is conclud-
ed that a K cluster is generated in each a cage and that
1s- and 1p-like molecular orbitals are occupied succes-
sively by 4s electrons of K with increasing K density.
This result can be understood within the zeolite space as
follows. Since the framework of zeolite LTA has a nega-
tive charge, the framework potential repulses electrons.
Host and guest K+ ions distributed in the space of the
framework attract electrons. The average distance be-
tween adjacent K+ ions in LTA is comparable to the
effective diameter of one K atom, —5 A. Hence, the 4s
electron of K atoms can be delocalized in the space of
zeolite. Since the framework acts as a potential barrier to
electrons, the potential well for electrons is realized in 0.
and P cages. In the case of K-form LTA, doped electrons
are confined only in the u cage, because the resultant en-
ergy of the localized state in the o,' cage is lower than that
in the /3 cage. The a cage has six windows with a diame-
ter of 5 A, and these windows are shared with the adja-
cent a cage. The framework potential for electrons may
be lowered at windows because of the weakness of the
framework-repulsive potential. If cations are distributed
near windows, the potential for electrons is lowered fur-
ther. Therefore, an overlap between molecular orbitals in
adjacent a cages is expected at the windows.

If we assume an ideal periodic potential for electrons in
LTA, narrow energy bands originating from 1s and 1p
molecular orbitals are expected according to the analogy
of a tight-binding model. The energy dispersion may
have a large cubic anisotropy, because electrons are
transferred only through windows. As stated later in Sec.
IV B, the potential disorder should be considered in a de-
tailed analysis of experimental results, but we discuss
here the occurrence of ferromagnetism in an ideal model.
The disorder effect is discussed later with respect to the
spin-glass phenomenon.

The ground-state magnetic phase diagram in narrow-
band metals has been calculated by many researchers. If
the Hubbard Hamiltonian is calculated according to the
Hartree-Fock and random-phase approximations, we ob-
tain a result equivalent to the Stoner model. According
to the Stoner model, the ferromagnetic state at 0 K
occurs under the Stoner condition

Up(Ef ) &1,

where U is the Coulomb repulsive energy between two
electrons in the same cluster (site), p(Ef ) is the density of
state at the Fermi energy Ef, and X is the number densi-
ty of clusters (sites). The Stoner model, however, leads to
quite insufhcient results at finite temperatures. An SCR
theory of coupled modes of extended spin Auctuations
has been successfully applied for the improvement of the
theory 2 1 & 22

Equation (l) seems to be easily satisfied in any narrow
energy band. The electron correlation in the narrow
band, however, is known to reduce U to the order of the
bandwidth 8' when U is much larger than O'. In this
sense, U should be replaced by the effective energy U,z.
According to this calculation, no ferromagnetic condition
can be satisfied easily in a simple band structure. How-
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ever, it is concluded from the present experimental re-
sults that the ferromagnetic K-cluster system in LTA
satisfies the condition for the 1p energy band

(2)

Energy

1p
.Ef

1s

Density of State

FIG. 12. Schematic representation of the model of the
itinerant electron ferromagnetism in K-loaded K-LTA(1). The
density of state is shown for up- and down-spin electrons in en-

ergy bands originating from 1s and 1p molecular orbitals of the
K cluster. If the Fermi energy Ef is located at the energy of a
sufBciently high state density for the 1p band, a finite population
difference between up and down spins minimizes the total ener-

gy, resulting in ferromagnetism.

This situation is shown schematically in Fig. 12. The
state densities of 1s and 1p bands are drawn for up- and
down-spin electrons. If the Fermi level is located at the
energy of a sufficiently high density of state, a finite popu-
lation difFerence between up and down spins will reduce
the total energy, which leads to the ferromagnetic ground
state of itinerant electrons. The increase and decrease in
magnetization shown in Fig. 8 may be interpreted in
terms of the increase and decrease in P(Ef ) in the lp
band, respectively.

The temperature dependence of y in sample i in Fig. 2
shows a CW lawlike behavior, but the expected Curie
temperature is less than 0.5 K. In the SCR theory, a CW
lawlike behavior is expected even when the system is crit-
ically unstable with respect to ferromagnetism. '
Hence, the observed dependence of g may be interpreted
in terms of the SCR theory for a slightly ferromagnetic
system.

Blazey et al. ' and Blatter, Blazey, and Portis" have
observed the CW law in the temperature dependence of
the ESR signal in Cs clusters incorporated into zeolite
FAU. They have found a negative Curie temperature in
Cs-rich clusters, and expected an antiferromagnetic
correlation between clusters. However, they found no
evidence of the Neel point. Hence, antiferromagnetism is
not conclusive. The ESR spectrum of the clusters is me-
tallic. Their temperature dependence can be interpreted
in terms of the CW lawlike behavior given in the SCR
theory of a metallic system in which the ferromagnetic
condition is not completely satisfied. A similar result ob-

served in Na clusters in FAU (Ref. 12) may be also inter-
preted using the same model. The Curie law observed in
the ESR signal of K clusters incorporated into FAU
(Refs. 8, 10, and 11) at higher K densities can be inter-
preted with the similar model of the system, but in the
critical condition of ferromagnetism.

The ferromagnetic instability of itinerant electrons has
been calculated according to various methods based on
the Hubbard model. In the strong correlation limit
U= oo, a ferromagnetic state (Nagaoka state) in the one-
band Hubbard model has been calculated in the thermo-
dynamic limit. ' The stability of the Nagaoka state has
been investigated by many researchers. Recently, fer-
romagnetism has been found in the degenerate single-
electron ground state. Variational methods, such as
Cxutzwiller's method, have been adopted in order to clari-
fy the magnetic phase diagram. ' Aside from these,
itinerant electron magnetism in the nondegenerated ener-

gy band has been investigated by means of a self-
consistent moment method, fourth-order perturbation
expansion, and Monte Carlo simulations.

In the model given in Fig. 12, the ferromagnetic condi-
tion of Eq. (2) can be easily satisfied at the ls band as well
as the 1p band. No ferromagnetic enhancement, howev-
er, is found at the 1s band in Fig. 8. The on-site Coulomb
energy of the 1s orbital is not so different from that of the
1p orbital, but there is an essential difference in the band
degeneracy. In the case of the degenerate band, an in-
trasite exchange interaction, namely Hund's coupling,
has been expected to play an important role in the stabili-
ty of the ferromagnetic state. ' In the present system,
the degeneracy of the 1p band may play an essential role
in the stability of the ferromagnetic phase.

In the Hubbard model, the antiferromagnetic ground
state may appear at the just half-filled condition, even
when Hund's coupling is significant. In the present ex-
perimental result, however, no antiferromagnetic
behavior appears at the just half-filled condition of the 1p
band, i.e., five electrons per cluster. Resultant properties
may be interpreted qualitatively with the model similar to
that for the Slater-Pauling curves in disordered alloys of
3d transition metals. For detailed discussion, we must
obtain microscopic insight into intercluster interaction.

Here, we roughly estimate relevant parameters appear-
ing in the Hubbard Hamiltonian for reference. We sim-
plify the cluster potential as having an infinite barrier, a
spherical shape, and an inner diameter of 11 A. The
kinetic energies of electrons in 1s and 1p orbitals are cal-
culated to be 1.2 and 2.5 eV, respectively. On-site
Coulomb repulsion energies are roughly estimated as fol-
lows by neglecting the screening effect. The Coulomb en-
ergy between two electrons in the 1s orbital is 4.7 eV, and
that in same 1p orbital, 4.4 eV. The Coulomb energies
between electrons in different 1p orbitals with singlet and
triplet spin configurations are 4.1 and 3.5 eV, respective-
ly. Hence, Hund's coupling energy is 0.6 eV. The
transfer energy between adjacent clusters may be on the
order of 0.1 eV according to the optical spectra.

In Fig. 8, lower K-density samples a and b exhibit
slight magnetization. With increasing K density, the
magnetization increases again in sample j. These magne-
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tizations are ascribed to the spin glass contribution from
the 1p and 1d band tails, as discussed in Sec. IV B.

B. Spin-glass and reentrant spin-glass phenomena

The spin-glass phenomenon is observed frequently in
magnetically inhomogeneous materials, such as alloy con-
taining dilute transition metal. The reentrant spin glass
phenomenon has been observed in materials containing a
dense magnetic element. One typical behavior in the
spin-glass phenomenon is the appearance of a cusp in the
temperature dependence of ac magnetic susceptibility.
The shape of the cusp is very sensitive to the amplitude of
modulation magnetic field. In the reentrant spin glass
phenomenon, ac magnetic susceptibility decreases below
the ferromagnetic temperature. '

As shown in Sec. III C, the magnetization in lower K-
density samples a —c is very sensitive to the external mag-
netic field, but the value of y is not ferromagnetic. The
temperature dependence of g in these samples shows no
cusp in the measured temperature, but the magnetic
properties can be interpreted qualitatively in terms of the
spin glass phenomenon, because of the magnetic proper-
ties mentioned in Sec. III B.

Finally, we speculate on the origin of the present spin-
glass phenomenon. In the electronic system having po-
tential fluctuation, the localized state of electron appears
in the upper and lower tail regions of the energy band,
because of the Anderson localization. In the present K
cluster system, there exists a weak potential disorder for
electrons, as discussed in Sec. IIIA. In the localized
state, an electron moves coherently over several K clus-
ters, but has no long-range coherence. In the extended
state, an electron has a relatively long-range coherence.

When Ef is located in the 1s band region, the localized
state of the 1p band are occupied by electrons below Ef.
A part of shallow localized states may be partly occupied
by electrons, because of the repulsive interaction between
electrons. Here, we assume that electrons in some local-
ized states may have a ferromagnetic correlation giving a
finite magnetic moment. These localized states are
thought to be small ferromagnetic regions constructed of
several K clusters. Hence, at lower K densities, small fer-
romagnetic regions due to the localized state of the 1p
band are expected to be distributed sparsely in the major
paramagnetic region due to the extended state of the 1s
band. If these ferromagnetic regions interact with each
other through electrons in the paramagnetic region,
which is somewhat similar to the RKKY interaction, the

long-range magnetic correlation between them can be ex-
pected. This will result in the spin-glass phenomenon.
With increasing the K density, the size and/or the num-
ber of ferromagnetic region will increase. Hence, the sus-
ceptibility may increase significantly, as observed in the
experiments. The rapid decrease of g above 7 K in sam-
ples a and b in Fig. 2 may be caused by the
paramagnetic-ferromagnetic phase transition of these
small regions.

In higher K-density samples d —g, Ef is located in the
extended state region of the 1p band. The major phase
may satisfy the Stoner condition, and may become fer-
romagnetic below the Curie temperature. The paramag-
netic regions may be disturbed in the ferromagnetic re-
gion due to the potential disorder. Hence, the resultant
ferromagnetic properties may show a reentrant spin-glass
phenomenon at lower temperatures.

In samples h and i, the spin-glass phenomenon is not
observed. This result may be interpreted with the follow-
ing hypothesis. When Ef is located at the energy of ex-
tended state of the 1p band, the upper localized states of
the 1p band are empty of electrons. If lower locahzed
states are fully occupied by electrons in this condition,
they have no magnetic moment. Hence, the resultant
magnetic properties seem to approximate those in homo-
geneous materials. In sample j, small ferromagnetic re-
gions due to the 1d band may be distributed in the
paramagnetic phase. The above interpretations, howev-
er, are so speculative that they should be confirmed in fu-
ture investigations.

V. SUMMARY

K clusters incorporated into K-LTA exhibit fer-
romagnetism at 2 —3(n (6—7, where n is the average
electron concentration per cluster. This result is inter-
preted in terms of the model of itinerant electron fer-
romagnetism in the 1p energy band. Magnetic properties
show spin-glass and re-entrant spin-glass phenomena de-
pending on the K-loading density.
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