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Antiferromagnetic ordering of magnetic moments due to cavity trapped electrons
in sodium electrosodalite: A zero-fieldµSR study
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The long-range magnetic ordering of Na4
31 clusters with spinS51/2 on a body-centered-cubic lattice in

sodium electrosodalite has been studied in zero applied magnetic field by positive muons as local magnetic
probes. An experimental determination of the temperature dependence of the magnetic order parameter of an
s-electron antiferromagnet is presented. The order parameter is measured via the local magnetic field at the
muon site (Bloc). The temperature dependenceBloc(T) exhibits critical behavior near the Ne´el temperature
TN5(50.360.2) K. The critical exponentb5(0.3660.1) is close to the predicted value for a three-
dimensional Heisenberg system. The precession signal is ascribed to muons in a diamagnetic state. A fraction
of muons not contributing to the precession signal belowTN is ascribed partly to muons in domains which are
not magnetically ordered and partly to muons forming a bound state with an unpaired electron.

DOI: 10.1103/PhysRevB.66.144429 PACS number~s!: 75.50.Ee, 75.40.Cx
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I. INTRODUCTION

Zeolites are crystalline nanoporous alumosilicates wit
wide variety of structures and compositions. The main in
est lies in their utility for adsorption and molecular sepa
tion processes and, as a consequence of their pore geom
as shape-selective catalysts.1 Furthermore, their periodic ar
rangement of pores and cages has always been fascinati
a base structure that should permit the manufacturing
regular arrays of nanosized clusters with tailor
properties—for example, for information technology.

The sodalite structure is the simplest zeolite structure w
a framework built by an alternating network of corne
sharing AlO4 and SiO4 tetrahedra, forming truncated octah
dral cages (b or sodalite cages! ordered in a body-centered
cubic lattice ~Fig. 1!. The unit cell contains twob cages
joined through single four- and six-ring windows. In anh
drous sodium sodalite three sodium cations inside eacb
cage compensate for the negative charge of the framew
leading to the chemical composition@Na3#2@Si6Al6O24# per
unit cell. When exposed to sodium vapor at elevated te
peratures, one excess sodium atom per cage is absorbe
ionized, forming a@(Na1)4e2#[Na4

31 ionic cluster~four
equivalent alkali cations in a tetrahedral geometry shar
one electron!.2 This type of defect is commonly referred to a
the F center, adopted from ionic solids where it denotes
anionic vacancy binding one electron. An increasing conc
tration of suchF centers changes the color from white
blue, purple, and finally to black, leading to the notati
‘‘black sodalite’’ for highly sodium doped samples. Such sy
0163-1829/2002/66~14!/144429~6!/$20.00 66 1444
a
r-
-
try,

as
of

h

rk,

-
and

g

n
n-

-

tems can also be regarded as the mineral sodalite where
tral cage anions are replaced by electrons. They are there
named sodium electrosodalite~SES!, following the notation
used in Ref. 3.

In the case of SES an almost complete loading with
F-center density of 1.431021 cm23 can be obtained, making
it a unique model system to study interactions betweenF
centers arranged on a bcc lattice with a lattice constan
8.875 Å. In most magnetic oxides the unpaired electro

FIG. 1. Body-centered-cubic lattice ofF centers in a sodalite
matrix. Four sodium ions arranged tetrahedrally inside ab cage
share one electron. The framework is built of corner-sharing A4

and SiO4 tetrahedra; the oxygen atoms between the Al and Si ato
are omitted for clarity.
©2002 The American Physical Society29-1
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occupyd or f orbitals of transition-metal or rare-earth atom
In others, such as organic magnets, they possess the
symmetry of some often quite extended molecular orbit
Therefore, SES is an attractive compound for model stud
of magnetic interactions: the electrons occupy sites of te
hedral symmetry of mostlys character,4 imposed by the co-
ordination to the four equivalent sodium ions.

An antiferromagnetic phase transition in SES with a N´el
temperatureTN548(2) K was deduced from the temper
ture dependence of the paramagnetic shift of27Al in magic
angle spinning nuclear magnetic resonance~MAS NMR!, dc
magnetic susceptibility measurements, and electron p
magnetic resonance studies.3 A Curie-Weiss behavior for the
magnetic susceptibility was found at temperatures above
K, with a Weiss temperature in the rangeQ'2178(8)•••
2210(5) K ~depending on the experimental techniq
used!. Subsequent NMR studies5 verified these findings
yielding valuesTN554(2) K andQ52168(5) K.

The Na1 ions are located close to four out of the eig
six-ring windows present in the sodalite cage. The four
maining six-ring windows are coordinated to sodium ions
the neighboring cages. As a consequence the tetrahedral
tron wave functions have no shared corners, a fact that
large extent suppresses a direct exchange interaction~the
corner of each tetrahedron points towards the triangular b
of a neighboring tetrahedron!. There is also no direct ex
change interaction to the nearest neighbor through
four-ring windows along the edge of the unit cell. Therefo
a superexchange mechanism via the cage atoms is res
sible for the antiferromagnetic ordering. Local spin dens
approximation~LSDA! band-structure calculations showe
an energy gap between valence band and conduction
with a magnitude about 0.1 eV, meaning that SES is a M
semiconductor.6,7 The ground state of a bcc lattice of ba
Na4

31 clusters is metallic and diamagnetic whereas in
presence of the aluminosilicate framework an antiferrom
netic semiconducting state is lowest in energy.6 The nearest-
neighbor coupling constantsJnn turned out to be much stron
ger than the next-nearest-neighbor couplingsJnnn ,7,8

resulting in an antiferromagnetic bcc structure of two sim
cubic sublattices.Jnn /kB corresponds to a critical tempera
ture of about 50 K.

In the present work zero-field muon spin rotation (mSR)
experiments have been performed to study the long-ra
magnetic ordering of theF centers in SES which is reflecte
in the onset of a precession signal with decreasing temp
ture. From the secondary beamlinespE3 andpM3 of the
proton accelerator at the Paul Scherrer Institute~PSI, Villi-
gen, Switzerland!, a beam of almost 100%-polarized muo
is obtained. When implanted into a sample the muons m
tain their spin polarization. Their further fate depends on
properties of the sample. In general, two different spec
have to be distinguished—namely, muons in paramagn
states and others in diamagnetic states—depending
whether or not they are hyperfine coupled to an unpa
electron.

The time evolution of the muon-spin polarizationP(t) in
both paramagnetic or diamagnetic states is governed by
magnetic interactions of the muon spin in the sample. Wit
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mean lifetime oftm52.197ms the muon decays into two
neutrinos and a positron. The angular distribution of the
cay positron is anisotropic with respect to the muon spin
the moment of decay.P(t) is obtained from measuremen
of the time between muon implantation and detection of
decay positron under a fixed direction for each individu
muon and averaging over a muon ensemble of typically6

muons. The positron count rate in a detector is given by

N~ t !5N0expS 2
t

tm
D @12P~ t !#1bg, ~1!

where N0 is a normalization constant andbg is a time-
independent background.

The polarization functionP(t) in general is a superposi
tion of several contributions, depending on how many diff
ent muon species are formed or how many different m
netic environments exist:

P~ t !5(
i

aiGi~ t !. ~2!

The so-called asymmetriesai are proportional to the polar
ization in a given muon state, andGi(t) denotes the specific
relaxation functions. Calibration measurementsG1(t)[1 are
usually performed on a silver sample, which yields the mu
beam asymmetrya15abeamcorresponding to 100% polariza
tion. In the present workabeam50.220(2).

A paramagnetic muon state, i.e., a bound state betw
the positive muon and an electron named muonium~Mu!,
may be observed in insulators and semiconductors.
Fermi contact interaction gives rise to an effective hyperfi
field at the muon site which determines the time evolution
the muon spin governed by the hyperfine HamiltonianHhf
5hSu•Am•Se ~hyperfine tensorAm5Am1, Am in frequency
units; h denotes Planck’s constant!. The hyperfine coupling
constant~hfc! Am is proportional to the electron-spin densi
at the muon. It seems plausible that a paramagnetic state
also be formed between a positive muon and the electro
a negatively chargedF center, simply based on the argume
of Coulomb attraction. Such a state will further be denoted
m1@F2.

The time evolution of the muon-spin polarization of
paramagnetic muon species in a longitudinal applied field
given by the sum of a nonprecessing and a precessing t
whose frequency is determined by the hyperfine coupl
constantAm and the applied external magnetic field. In typ
cal cases this frequency is too high to be observed exp
mentally. However, the easiest way to investigate the e
tence of such a paramagnetic species is in a longitudin
applied magnetic field. The coupling of the muon spin to t
unpaired electron spin and to other spins leads to muon
polarization in low fields. High longitudinal magnetic field
decouple these interactions and lock the muon-spin direc
so that the full polarization is recovered. The repolarizat
behavior is used to estimate the coupling constants and
fraction of muons involved.9

A diamagnetic muon state~in this work denoted as
m1@d) is characterized by a zero net electron-spin den
9-2
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at the muon site. Such states comprise bare positive mu
or negatively charged muonium (Mu2) as well as muonium
undergoing fast electron-spin exchange with an ensembl
unpolarized electrons, as in metals or in semiconductor
high temperatures. In this case, transverse magnetic
components with respect to the muon spin lead to Larm
precession and transverse field variations cause spin re
ation due to dephasing which is described by a relaxa
function G(t). For a static Gaussian field distribution, su
as, for example, originating from a large number of dipo
field sources, the relaxation function is also Gaussian.10 If
the spin relaxation is due to a dipole-dipole interaction w
dilute disordered magnetic moments~or, equivalently, mag-
netic holes in a magnetically ordered structure!, where only a
small perturbation of the local field occurs, its form
Lorentzian.11

For a spatially isotropic distribution of local fields in
sample, one-third of the muon spins does not experienc
transverse field component and, hence, will not prec
However, relaxation will occur due to field fluctuations pe
pendicular to the initial muon-spin direction. Therefore, t
corresponding polarization function consists of two terms
damped precession signal plus a purely relaxing signa
half the amplitude of the precession signal.

II. EXPERIMENTAL AND DATA ANALYSIS

The powder sample of black sodalite studied in this wo
has been prepared as described in Ref. 3. The level of l
ing was determined by dc susceptibility (x) measurements
~Fig. 2! in a superconducting quantum interference dev
~SQUID! magnetometer. For a net compositio
Na4Si3Al3O12 the fit of the susceptibility to a Curie-Weis
law above 73 K yields a Weiss temperatureQ
52162(1) K and an effective magnetic moment ofmeff

51.71mB per b cage ~Bohr magneton mB59.274

FIG. 2. Magnetic susceptibility of SES measured in 50 000
The inset shows the result of a fit of 1/x to a Curie-Weiss law in the
paramagnetic phase. The antiferromagnetic ordering is indicate
a shoulder near 50 K; the low-temperature upturn is assigne
impurity spins (0.008mB per formula unit, determined by magnet
zation measurements at 2 K!.
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310224 J T21). This corresponds to a loading level of a
most 99%. @For a fully loaded sample meff

5geAS(S11) mB51.73mB .] Allowing an offset of x
~high-temperature limit! the values change slightly toQ
52152(1) K andmeff51.66mB ~corresponding to a loading
level of 96%!.

In our experiment 280 mg SES were sealed in a 10310
31.5 mm3 polyethylene plastic bag under helium atm
sphere and mounted in a helium flow cryostat of one of
PSI facility spectrometers~DOLLY in areapE3 and GPS in
areapM3). The earth magnetic field was compensated t
residual value of less than 1 mG, and the temperature sta
ity during the measurements was better than 0.01 K. Anal
of the data was performed in the time domain, fitting t
recorded histograms simultaneously to Eq.~3! by use of the
least-squares method provided by themSR data analysis pro
gramMINFIT which is based on theMINUIT function minimi-
zation library.12

III. RESULTS AND DISCUSSION

A. Muon states in the SES paramagnetic phase

Transverse-field muon-spin rotation experiments ha
been performed above the Ne´el temperature in the tempera
ture range 55–200 K. At an applied fieldB of 7, 100, 3000,
or 6000 G a single precession signal fromm1@d with a
frequencynm5gmB (gm513.55 MHz/kG is the muon gyro-
magnetic ratio! was observed. The muon-spin polarization
this diamagnetic signal accounts for only about 70% of
full polarization, independent of temperature and magne
field value.

Any paramagnetic muon species with a hyperfine c
pling only between the muon and electron spins would le
to a precession signal with a frequency of about 10 MHz a
G, independent of the muon hyperfine coupling consta
which was not detected in the present experiment. Beca
in a semiconductor like SES the formation of a paramagn
muon species would be expected, the decoupling method
longitudinal field was applied in order to find the reason
the missing polarization. Despite the lack of suitable calib
tion measurements, which are essential for a quantita
analysis of such data,13 the increase of asymmetry with in
creasing longitudinal magnetic field~Fig. 3! clearly proves
that a considerable fraction of muons form a paramagn
species akin to muonium with a muon hfc of about 20
MHz. Moreover, the steep increase in the low-field range
to 200 G is typical for the decoupling of the muon spin fro
nuclear dipole moments, meaning that this is not a pl
muon-electron bound state, but a system which is couple
the spins of the surrounding nuclei (23Na,27Al, 29Si). This
explains the absence of a precession signal in low transv
magnetic fields, where the nuclear hyperfine interact
~NHFI! leads to multiple line splitting with vanishing polar
ization in the individual signals. As outlined above it seem
reasonable to assume this state to be a muon bound to tF
center of ab cage (m1@F2).

.
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B. Time dependence of the muon-spin polarization belowTN

At temperatures below 50 K a precession signal shows u
in the time dependence of the muon decay asymmetrya(t)
~Fig. 4!. This demonstrates the onset of long-range magn
ordering which leads to coherent muon-spin precession.
negative Weiss temperature obtained from SQUID meas
ments~Fig. 2! identifies the type of ordering as antiferroma
netic.

The data are analyzed using a polarization functionP(t)
consisting of an exponentially damped oscillation and t
terms describing pure relaxation~a slowly relaxing term of
Gaussian line shape and a fast relaxing term of Lorentz
line shape!. This three-component polarization functio
yields the best results in the temperature range 7–49.5

FIG. 3. Repolarization curve obtained at 50.4 K~paramagnetic
phase!; the dotted curve serves to guide the eye. The decrease o
asymmetry above 3500 G is inherent to the spectrometer.

FIG. 4. Zero-fieldmSR spectra of SES below the Ne´el tempera-
ture. The polarization was fitted to Eq.~3!.
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P~ t !5aLe2ltcos~2pnmt2w!1aGe2s2t2/21aFe
2Gt.

~3!

An ansatz with a 2:1 ratio of the polarization contain
in an oscillating and a purely relaxing signal„G1(t)
5a1@2/3exp(2lt)cos (2pnmt2w )1 1/3 exp(2l8t# …, which
should be used in the case of a fully magnetically orde
powder sample with statistically oriented magnetic domai
results in significantly higherx2 values. The main contribu
tion ~more than 90% at the lowest temperatures! to the
Gaussian ralaxation signal corresponds to the 1/3 signal f
tion of muon spins experiencing the well-defined local fie
which leads to the precession signal. The exponential da
ing of the precession signal~relaxation ratel) is typical for
dilute disordered systems of perturbing magnetic momen11

which in the present case is realized by undopedb cages
~acting as ‘‘magnetic holes’’!, other magnetic impurities, o
lattice distortions.

Above 49.5 K, where the oscillation is rather weak, on
the sum of an exponentially damped oscillation and a Gau
ian relaxation is used. Due to the high correlation of t
asymmetries and the relaxation rates, only the frequencynm
could be determined reliably at these temperatures.

C. Local magnetic field at the muon site

The observed precession signal belowTN is attributed to a
diamagnetic muon speciesm1@d. It cannot be due to the
paramagneticm1@F2 species since in this case the low
temperature limit of the precession frequency would cor
spond to an internal field of approximately 1 G. In such
low field the NHFI of the surrounding nuclei of the sodali
framework (27Al, 23Na) would lead to unresolved multipl
line splitting, thus preventing the observation of a sing
long-lived precession signal.

For m1@d the local field at the muon site is obtained b
Bloc5nm /gm . The temperature dependence ofBloc as a mea-
sure of the sublattice magnetization is displayed in Fig.
These data are fitted by a function which describes the c
cal behavior near the phase transition with a critical expon

he FIG. 5. Temperature dependence of the local magnetic fieldBloc

~obtained from the precession frequency! and the static field inho-
mogeneity^(DB)2&1/2 ~obtained from the damping ratel) at the
muon site for a diamagnetic muon speciesm1@d in SES. The
dashed line represents the results from a fit ofBloc to Eq. ~4!; the
dotted line serves to guide the eye.
9-4
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b and takes into account the suppression of the order pa
eter nearT50 by low-energy magnon excitations, phenom
enologically represented by an additional exponentd:

Bloc~T!5Bloc~0!@12~T/TN!d#b. ~4!

From this fit the Ne´el temperatureTN550.3(2) K is ob-
tained with a high accuracy. The critical exponentb
50.36(1) agrees with the theoretically predicted value
from 0.367~4! ~Ref. 14! to 0.38~3! ~Ref. 15! for a three-
dimensional Heisenberg system.d52.6(1) is in reasonable
agreement with the theoretical value of 2 for a cubic sytem16

In the low-temperature limit the local magnetic field at t
muon site isBloc(0)592.0(2) G. From the relaxation ratel
the field inhomogeneity~width of the Lorentzian field distri-
bution! is obtained viâ (DBloc)

2&1/25l/(2pgm). Its value is
only about 4% ofBloc at T57 K. The field inhomogeneity
increases to a value of about 37% at 49.5 K and reaches
value of the local field~extrapolated value! at 49.9 K ~Fig.
5!. This reflects the breakdown of magnetic order near
phase transition.

The local magnetic field sensed by the muon is compri
of the dipole fields of localized magnetic moments~which
vanish at lattice sites of cubic symmetry! and the hyperfine
field ~Fermi contact field! at the muon, which is given by th
net electron-spin polarization. Calculations of the dipole fi
assuming an ordered magnetic moment of 1mB (z compo-
nent! at each cage center result in values which are too h
to account for the observed precession frequency by at l
a factor of 2 at any site in the lattice except near the cen
of the six-ring windows of theb cages, where the dipol
field vanishes. One side of such a six-ring window posses
a coordinated sodium ion, the other side does not, and th
fore the positive muon is likely to be pushed out of t
window plane. Here the dipole field has a nonzero value
addition a finite Fermi contact field may be present at t
site. Alternative sites to host a muon in a locally diamagne
environment are the doubly occupied nonbonding orbitals
the oxygen atoms of the aluminosilicate framework. Ho
ever, at this site a Fermi contact field of approximately h
the magnitude and opposite sign with respect to the dip
field is required to reduce the local field to the observ
value.

D. Coexistence of magnetically ordered
and paramagnetic domains

The temperature dependence of the asymmetriesaL , aG,
andaF obtained from fits to Eq.~3! is shown in Fig. 6. For
discussion, the polarization calculated from the asymmet
related toabeam is shown in Fig. 7. The precession sign
with asymmetryaL plus a purely relaxing part (aG) in the
AFM phase is ascribed to muons in a locally diamagne
environment. The ratioaL /aG is less than 2 in the entire
temperature range. The conclusion is that only part ofaG has
to be attributed tom1@d in magnetically ordered regions
whereas the remaining part is due tom1@d in paramagnetic
domains which even persist to the lowest temperatures m
sured. Thus, the volume fraction of antiferromagetic~AFM!
domains is represented by 3aL/2. With increasing tempera
ture the AFM phase volume decreases by about 30%.
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volume fraction of the paramagnetic domains below 40 K
given by the difference between the total diamagnetic sig
fraction (aL1aG) and 3/2 times the precession signalaL ~see
Fig. 7! and varies from less than 10% at 10 K to about 20
at 40 K. Above 40 K the increase of the total diamagne
signal amplitude aL1aG is attributed to an additiona
channel of polarization transfer from the paramagne
m1@F2 to the diamagneticm1@d species. As the indi-
vidual components attributed to the Gaussian signal of
polarization cannot be separated, the relaxation rates
('0.320.5 ms21 below TN) is regarded as a phenomen
logical fit parameter only.

FIG. 6. Temperature dependence of the asymmetries obta
from a fit of the muon-spin polarization to Eq.~3!. ~a! Lorentzian
componentaL , ~b! Gaussian componentaG , and ~c! fast relaxing
componentaF . The dashed lines are guides to the eye.

FIG. 7. Normalized polarization fractionsaL,G /abeam vs tem-
perature. The volume fractions of the diamagnetic signal~antiferro-
magnetic, AFM; paramagnetic, PM! are indicated.
9-5
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E. Paramagnetic center belowTN

The temperature dependence of the asymmetryaF and the
relaxation rateG of the third term in Eq.~3! are shown in
Figs. 6~c! and 8, respectively. This signal is attributed to t
paramagnetic muon speciesm1@F2 which is detected in
the longitudinal field repolarization experiments aboveTN
~cf. Sec. III A!.

Only 1/2 of the asymmetry of any paramagnetic mu
state can be detected experimentally. This value may be
ther reduced by the NHFI and multiple line splitting in e
vironments with transverse magnetic field componen
Therefore, the effective asymmetry (aL1aG12aF) accounts
for 90% of the full muon-spin polarization.

At the lowest temperatures the formation probability
m1@F2 is about 60%; with increasing temperature it d
creases to about 50% at 49.5 K~Fig. 7!. This decrease, alon
with the increasing relaxation rateG ~Fig. 8!, suggests a
transition ofm1@F2 to a diamagnetic state, in accordan
with the larger fraction ofm1@d above the Ne´el tempera-
ture.

IV. SUMMARY

Fully loaded sodium electrosodalite represents a mo
system of a bcc lattice of ionic clusters, analogous toF cen-
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FIG. 8. Temperature dependence of the fast relaxation
G(T).
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ters in ionic solids. The long-range antiferromagnetic ord
ing of these clusters is detected in zero applied magn
field by the onset of spontaneous muon-spin precession
low the Néel temperature. The precession signal is attribu
to muons in a diamagnetic state. The temperature dep
dence of the local magnetic field at the muon site, dedu
from the precession frequency, follows the behavior of
sublattice magnetization of a three-dimensional Heisenb
system. This isotropic interaction is expected for the cu
system. From the magnitude of the calculated dipole field
most likely muon site is near the center of the six-ring w
dows of theb cages. Other possible muon sites are the n
bonding orbitals of the oxygen atoms of the aluminosilica
framework. A coexistence of magnetically ordered and pa
magnetic domains is deduced from a nonprecessing si
fraction significantly larger than the expected value for
isotropic field distribution and persists even at the low
temperatures. Near the phase transition the breakdow
magnetic order shows up in an increasing inhomogeneity
the local field, along with a decrease of the volume fract
of antiferromagnetic domains. In addition, aboveTN a para-
magnetic muon state is identified by the field dependenc
the muon-spin polarization. We assign this state to a posi
muon bound to the negatively chargedF center.
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