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Antiferromagnetic ordering of magnetic moments due to cavity trapped electrons
in sodium electrosodalite: A zero-fielduSR study
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The long-range magnetic ordering of Na clusters with spinS=1/2 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 By,.). The temperature dependenBg(T) exhibits critical behavior near the ‘Metemperature
Tn=(50.30.2) K. The critical exponen{8=(0.36+0.1) 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 belguis ascribed partly to muons in domains which are
not magnetically ordered and partly to muons forming a bound state with an unpaired electron.
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[. INTRODUCTION tems can also be regarded as the mineral sodalite where cen-
tral cage anions are replaced by electrons. They are therefore
Zeolites are crystalline nanoporous alumosilicates with aaamed sodium electrosodalit8ES, following the notation
wide variety of structures and compositions. The main interused in Ref. 3.
est lies in their utility for adsorption and molecular separa- In the case of SES an almost complete loading with an
tion processes and, as a consequence of their pore geometRycenter density of 14 1071 cm™3 can be obtained, making
as shape-selective catalyStsurthermore, their periodic ar- it a unique model system to study interactions betwEen
rangement of pores and cages has always been fascinating@enters arranged on a bcc lattice with a lattice constant of
a base structure that should permit the manufacturing 08.875 A. In most magnetic oxides the unpaired electrons
regular arrays of nanosized clusters with tailored )
properties—for example, for information technology. e v & Si
The sodalite structure is the simplest zeolite structure with ’ ’
a framework built by an alternating network of corner-
sharing AlQ, and SiQ tetrahedra, forming truncated octahe-
dral cages @ or sodalite cagesordered in a body-centered-
cubic lattice (Fig. 1). The unit cell contains twg3 cages
joined through single four- and six-ring windows. In anhy-
drous sodium sodalite three sodium cations inside gach
cage compensate for the negative charge of the framework,
leading to the chemical compositigiNag],[ SigAlgO,4] per
unit cell. When exposed to sodium vapor at elevated tem-
peratures, one excess sodium atom per cage is absorbed and
ionized, forming a[ (Na*),e ]=Na,®" ionic cluster (four
equivalent alkali cations in a tetrahedral geometry sharing
one electron? This type of defect is commonly referred to as
the F center, adopted from ionic solids where it denotes an FiG. 1. Body-centered-cubic lattice &F centers in a sodalite
anionic vacancy binding one electron. An increasing concenmatrix. Four sodium ions arranged tetrahedrally insidg aage
tration of suchF centers changes the color from white to share one electron. The framework is built of corner-sharing,AlO
blue, purple, and finally to black, leading to the notationand SiQ tetrahedra; the oxygen atoms between the Al and Si atoms
“black sodalite” for highly sodium doped samples. Such sys-are omitted for clarity.
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occupyd or f orbitals of transition-metal or rare-earth atoms. mean lifetime of7,=2.197 us the muon decays into two

In others, such as organic magnets, they possess the loweutrinos and a positron. The angular distribution of the de-
symmetry of some often quite extended molecular orbitalscay positron is anisotropic with respect to the muon spin at
Therefore, SES is an attractive compound for model studiethe moment of decayP(t) is obtained from measurements

of magnetic interactions: the electrons occupy sites of tetrasf the time between muon implantation and detection of its
hedral symmetry of mostlg charactef, imposed by the co- decay positron under a fixed direction for each individual
ordination to the four equivalent sodium ions. muon and averaging over a muon ensemble of typicalfy 10

An antiferromagnetic phase transition in SES with @Ne muons. The positron count rate in a detector is given by
temperatureTy=48(2) K was deduced from the tempera-
ture dependence of the paramagnetic shifé @l in magic
angle spinning nuclear magnetic resonaMé&S NMR), dc N(t)= NOeXF{
magnetic susceptibility measurements, and electron para-
magnetic resonance studiea. Curie-Weiss behavior for the where N, is a normalization constant anilg is a time-
magnetic susceptibility was found at temperatures above 6Mdependent background.

K, with a Weiss temperature in the ran@e~—178(8)- - - The polarization functiorP(t) in general is a superposi-
—210(5) K (depending on the experimental techniquetion of several contributions, depending on how many differ-
used. Subsequent NMR studiesverified these findings, ent muon species are formed or how many different mag-
yielding valuesTy=54(2) K and® = —168(5) K. netic environments exist:

The N& ions are located close to four out of the eight
six-ring windows present in the sodalite cage. The four re- B
maining six-ring windows are coordinated to sodium ions in P(t)_Z 3Gi(t). 2
the neighboring cages. As a consequence the tetrahedral elec-
tron wave functions have no shared corners, a fact that to &he so-called asymmetrieg are proportional to the polar-
large extent suppresses a direct exchange interaétien ization in a given muon state, ar@}(t) denotes the specific
corner of each tetrahedron points towards the triangular bagelaxation functions. Calibration measureme@tgt)=1 are
of a neighboring tetrahedrgnThere is also no direct ex- usually performed on a silver sample, which yields the muon
change interaction to the nearest neighbor through thbeam asymmetrg,=a,q,ncorresponding to 100% polariza-
four-ring windows along the edge of the unit cell. Therefore,tion. In the present worlay,e,,=0.22012).

a superexchange mechanism via the cage atoms is respon-A paramagnetic muon state, i.e., a bound state between
sible for the antiferromagnetic ordering. Local spin densitythe positive muon and an electron named muonitiiu),
approximation(LSDA) band-structure calculations showed may be observed in insulators and semiconductors. The
an energy gap between valence band and conduction bamgrmi contact interaction gives rise to an effective hyperfine
with a magnitude about 0.1 eV, meaning that SES is a Motfield at the muon site which determines the time evolution of
semiconducto?:’ The ground state of a bcc lattice of bare the muon spin governed by the hyperfine Hamiltonkdy
Na,3* clusters is metallic and diamagnetic whereas in the= hS,-A,-S; (hyperfine tensoA,=A,1, A, in frequency
presence of the aluminosilicate framework an antiferromagunits; h denotes Planck’s constanfThe hyperfine coupling
netic semiconducting state is lowest in enétdhe nearest- constanthfc) A, is proportional to the electron-spin density
neighbor coupling constandg,, turned out to be much stron- at the muon. It seems plausible that a paramagnetic state can
ger than the next-nearest-neighbor couplinds,,,”®  also be formed between a positive muon and the electron of
resulting in an antiferromagnetic bcc structure of two simplea negatively chargeB center, simply based on the argument
cubic sublatticesJ,,,/kg corresponds to a critical tempera- of Coulomb attraction. Such a state will further be denoted as
ture of about 50 K. uw@F .

In the present work zero-field muon spin rotatiquSR) The time evolution of the muon-spin polarization of a
experiments have been performed to study the long-rangearamagnetic muon species in a longitudinal applied field is
magnetic ordering of the centers in SES which is reflected given by the sum of a nonprecessing and a precessing term,
in the onset of a precession signal with decreasing temperavhose frequency is determined by the hyperfine coupling
ture. From the secondary beamline€3 and7M3 of the  constantA,, and the applied external magnetic field. In typi-
proton accelerator at the Paul Scherrer Instit@®8&l, Villi- cal cases this frequency is too high to be observed experi-
gen, Switzerlang a beam of almost 100%-polarized muons mentally. However, the easiest way to investigate the exis-
is obtained. When implanted into a sample the muons maintence of such a paramagnetic species is in a longitudinally
tain their spin polarization. Their further fate depends on theapplied magnetic field. The coupling of the muon spin to the
properties of the sample. In general, two different speciesinpaired electron spin and to other spins leads to muon de-
have to be distinguished—namely, muons in paramagnetipolarization in low fields. High longitudinal magnetic fields
states and others in diamagnetic states—depending atecouple these interactions and lock the muon-spin direction
whether or not they are hyperfine coupled to an unpairedo that the full polarization is recovered. The repolarization
electron. behavior is used to estimate the coupling constants and the

The time evolution of the muon-spin polarizati®t) in  fraction of muons involved.
both paramagnetic or diamagnetic states is governed by the A diamagnetic muon statéin this work denoted as
magnetic interactions of the muon spin in the sample. With g™ @d) is characterized by a zero net electron-spin density
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1200 X 10" 243 T 1). This corresponds to a loading level of al-
most 99%. [For a fully loaded sample wes
3.5+ -
- =0eVS(S+1) ug=1.73 ug.] Allowing an offset of yx
x (high-temperature limjt the values change slightly t®
=—152(1) K andu.¢=1.66ug (corresponding to a loading
254 level of 96%).
] 3001 In our experiment 280 mg SES were sealed in 10
2.0 X 1.5 mn? polyethylene plastic bag under helium atmo-
1 o T o P o sphere and mounted in a helium flow cryostat of one of the
151 . e PSI facility spectrometer@OLLY in area7E3 and GPS in
T ., areamM3). The earth magnetic field was compensated to a
residual value of less than 1 mG, and the temperature stabil-
ity during the measurements was better than 0.01 K. Analysis
o s 100 ik _ 200 | 260 300 of the data was performed in the time domain, fitting the
T recorded histograms simultaneously to E3). by use of the
FIG. 2. Magnetic susceptibility of SES measured in 50000 G.least-squares method provided by fp8R data analysis pro-
The inset shows the result of a fit ofylfo a Curie-Weiss law in the gramMINFIT which is based on theinuiT function minimi-
paramagnetic phase. The antiferromagnetic ordering is indicated kyation library*?
a shoulder near 50 K; the low-temperature upturn is assigned to

impurity spins (0.008g per formula unit, determined by magneti-
zation measurements at 2.K
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Ill. RESULTS AND DISCUSSION

at the muon site. Such states comprise bare positive muons A. Muon states in the SES paramagnetic phase

or negatively charged muonium (M as well as muonium  Transverse-field muon-spin rotation experiments have
undergoing fast electron-spin exchange with an ensemble Qfgen performed above the' &leemperature in the tempera-
unpolarized electrons, as in metals or in semiconductors 3f, e range 55-200 K. At an applied fieRlof 7, 100, 3000

high temperatures. In this case, transverse magnetic fiel&lr 6000 G a single precession signal froat @d with a
components with respect to the muon spin lead to Larmofrequencyvﬂ= 7,B (7, =13.55 MHz/kG is the muon gyro-

precession and transverse .f'eld. variations cause spin re.lafsﬁagnetic ratipwas observed. The muon-spin polarization in
ation due to dephasing which is described by a relaxatior)

function G(t). For a static Gaussian field distribution, such this dlamagr)etlc _SIgnaI accounts for only about 70% of th.e
as, for example, originating from a large number of dipolef.u" polarization, independent of temperature and magnetic
field sources, the relaxation function is also Gaus$ialf. field value. ) . ) i

the spin relaxation is due to a dipole-dipole interaction with ANy Paramagnetic muon species with a hyperfine cou-
dilute disordered magnetic momerits, equivalently, mag- pling only between the muon and electron spins would lead
netic holes in a magnetically ordered struciurehere only a to a precession signal with a frequency of about 10 MHz at 7

small perturbation of the local field occurs, its form is G, independent of the muon hyperfine coupling constant,
Lorentziantt which was not detected in the present experiment. Because

For a spatially isotropic distribution of local fields in a in @ semiconductor like SES the formation of a paramagnetic
sample, one-third of the muon spins does not experience @uon species would be expected, the decoupling method in a
transverse field component and, hence, will not precesdongitudinal field was applied in order to find the reason for
However, relaxation will occur due to field fluctuations per- the missing polarization. Despite the lack of suitable calibra-
pendicular to the initial muon-spin direction. Therefore, thetion measurements, which are essential for a quantitative
corresponding polarization function consists of two terms: aanalysis of such dats,the increase of asymmetry with in-
damped precession signal plus a purely relaxing signal ofreasing longitudinal magnetic fieldFig. 3 clearly proves

half the amplitude of the precession signal. that a considerable fraction of muons form a paramagnetic
species akin to muonium with a muon hfc of about 2000
Il. EXPERIMENTAL AND DATA ANALYSIS MHz. Moreover, the steep increase in the low-field range up

to 200 G is typical for the decoupling of the muon spin from

The powder sample of black sodalite studied in this worknuclear dipole moments, meaning that this is not a plain
has been prepared as described in Ref. 3. The level of loagnuon-electron bound state, but a system which is coupled to
ing was determined by dc susceptibility)( measurements  the spins of the surrounding nuclet®la,?Al, 2°Si). This
(Fig. 2 in a superconducting quantum interference devicexplains the absence of a precession signal in low transverse
(SQUID) magnetometer. For a net composition magnetic fields, where the nuclear hyperfine interaction
Na,SizAl;0;, the fit of the susceptibility to a Curie-Weiss (NHFI) leads to multiple line splitting with vanishing polar-
law above 73 K yields a Weiss temperatur® jzation in the individual signals. As outlined above it seems
=—-162(1) K and an effective magnetic moment oty  reasonable to assume this state to be a muon bound @ the
=1.7lug per B cage (Bohr magneton uz=9.274 center of a8 cage (u™ @F 7).
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FIG. 3. Repolarization curve obtained at 50.4(aramagnetic

phaseg; the dotted curve serves to guide the eye. The decrease of the Fl_G' 5. Temperature dependence of the local mggn.etic ﬁgw
asymmetry above 3500 G is inherent to the spectrometer. (obtained from the precession frequeneyd the static field inho-
mogeneity({ (AB)?)*2 (obtained from the damping rate) at the

muon site for a diamagnetic muon specjegs@d in SES. The
dashed line represents the results from a fiBgf to Eq. (4); the

At temperatures below®K a precession signal shows up dotted line serves to guide the eye.
in the time dependence of the muon decay asymmegity
(Fig. 4). This demonstrates the onset of long-range magnetic — 4 At _ — o222 ~Tt
ordering which leads to coherent muon-spin precession. The P(t)=a e Tcod2mv,t=¢)+age e &)
negative Weiss temperature obtained from SQUID measure-
ments(Fig. 2) identifies the type of ordering as antiferromag- An ansatz with a 2:1 ratio of the polarization contained
netic. in an oscillating and a purely relaxing signdG,(t)

The data are analyzed using a polarization functgh) =ay[ 2/3exp(-At)cos (2mv,t—¢)+ 1/3 expA't]),  which
consisting of an exponentially damped oscillation and twoshould be used in the case of a fully magnetically ordered
terms describing pure relaxatida slowly relaxing term of ~powder sample with statistically oriented magnetic domains,
Gaussian line shape and a fast relaxing term of Lorentziaresults in significantly highex? values. The main contribu-
line shapg This three-component polarization function tion (more than 90% at the lowest temperatirés the
yields the best results in the temperature range 7—49.5 K: Gaussian ralaxation signal corresponds to the 1/3 signal frac-
tion of muon spins experiencing the well-defined local field
which leads to the precession signal. The exponential damp-

B. Time dependence of the muon-spin polarization below

0:00 50 K ing of the precession signélelaxation rate\) is typical for
-0.05 . . . :
_0_10//// dilute disordered systems of perturbing magnetic monténts
which in the present case is realized by undopedages
(acting as “magnetic holeg; other magnetic impurities, or

_8:8(5) /\_/—/ 43K lattice distortions.
2010 Above 49.5 K, where the oscillation is rather weak, only

the sum of an exponentially damped oscillation and a Gauss-
0.00 ian relaxation is used. Due to the high correlation of the

47K . .
-0.05 /\/\/\/\ asymmetries and the relaxation rates, only the frequency
-0.10 could be determined reliably at these temperatures.
0.00 45 K C. Local magnetic field at the muon site
-0.05 . : . .
010 NW\/ The observed precession signal belbyyis attributed to a

diamagnetic muon specigs’ @d. It cannot be due to the
GG 40 K paramagnetiq_f_@F‘ species si_nce in this case the low-
-0.05 temperature limit of the precession frequency would corre-
_o.1o/\/\N\M spond to an internal field of approximately 1 G. In such a
low field the NHFI of the surrounding nuclei of the sodalite
framework €7Al, 2Na) would lead to unresolved multiple

0.00 . - . ; !
.0.05 7K line s.pllttmg, thus. preventing the observation of a single
-0.10 long-lived precession signal.

For ™ @d the local field at the muon site is obtained by
t (us) Bioc=v,/7v, - The t(_amperature.de;_)end_enc.eBQjC as a mea-
sure of the sublattice magnetization is displayed in Fig. 5.
FIG. 4. Zero-fielduSR spectra of SES below the &léempera-  These data are fitted by a function which describes the criti-
ture. The polarization was fitted to E(R). cal behavior near the phase transition with a critical exponent

asymmetry
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B and takes into account the suppression of the order param- (a) 0.06-

eter nealT=0 by low-energy magnon excitations, phenom- . EE
enologically represented by an additional expon&nt 0.05 E
Bio(T) =Bioc O)[ 1~ (T/Ty) ). 4) " oorl kS

From this fit the Nel temperatureTy=50.3(2) K is ob- E
tained with a high accuracy. The critical exponeft o8\
=0.36(1) agrees with the theoretically predicted value of
from 0.3674) (Ref. 14 to 0.383) (Ref. 15 for a three- (b) 0-08+
dimensional Heisenberg systed=2.6(1) is in reasonable I E
agreement with the theoretical value of 2 for a cubic sytém. , 0087 i
In the low-temperature limit the local magnetic field at the « 1 E
muon site iB,(0)=92.0(2) G. From the relaxation rake 0.04+ E E ]
the field inhomogeneitywidth of the Lorentzian field distri- { Emge
bution) is obtained vig (AB,0)?)=N/(27y,,). Its value is 0.24+——F——F—T———
only about 4% ofB|,. at T=7 K. The field inhomogeneity (¢) 0.07-
increases to a value of about 37% at 49.5 K and reaches the .
value of the local fieldextrapolated valiyeat 49.9 K(Fig. 0.06+
5). This reflects the breakdown of magnetic order near the o 0.05_' + ________ { ,,,,,,,,,,,,,,,, 1 iiiiiiiiiiiiiiii }
phase transition. ] T

The local magnetic field sensed by the muon is comprised 0.04
of the dipole fields of localized magnetic momei@ghich T
\{anish at Iattice site§ of cubic symmetrgmd .the. hyperfine 0.03 o 10 20 30 40 50
field (Fermi contact fielglat the muon, which is given by the T(K)
net electron-spin polarization. Calculations of the dipole field
assuming an ordered magnetic moment @fz1(z compo- FIG. 6. Temperature dependence of the asymmetries obtained

nenp at each cage center result in values which are too higffom a fit of the muon-spin polarization to E¢). (a) Lorentzian

to account for the observed precession frequency by at lea§®mponeni, , (b) Gaussian componenis, and(c) fast relaxing

a factor of 2 at any site in the lattice except near the centersMponen@e. The dashed lines are guides to the eye.

of the six-ring windows of the3 cages, where the dipole

field vanishes. One side of such a six-ring window possesses

a coordinated sodium ion, the other side does not, and ther@olume fraction of the paramagnetic domains below 40 K is
fore the positive muon is likely to be pushed out of thegiven by the difference between the total diamagnetic signal
window plane. Here the dipole field has a nonzero value. Ifraction (a_+ag) and 3/2 times the precession sigagl(see
addition a finite Fermi contact field may be present at thisrig. 7) and varies from less than 10% at 10 K to about 20%
site. Alternative sites to host a muon in a locally diamagneticat 40 K. Above 40 K the increase of the total diamagnetic
environment are the doubly occupied nonbonding orbitals okjgnal amplitudea, +ag is attributed to an additional
the oxygen atoms of the aluminosilicate framework. HOW-channel of polarization transfer from the paramagnetic
ever, at this site a Fermi contact field of approximately half,,* @F~ to the diamagnetiqx* @d species. As the indi-
the magnitude and opposite sign with respect to the dipolgidual components attributed to the Gaussian signal of the
field is required to reduce the local field to the observedyojarization cannot be separated, the relaxation rate
value. (~0.3—0.5 us ! below Ty) is regarded as a phenomeno-

logical fit parameter only.
D. Coexistence of magnetically ordered 9 P Y

and paramagnetic domains

1.04
The temperature dependence of the asymmediies, o
and ag obtained from fits to Eq(3) is shown in Fig. 6. For 0.8 p"e"
discussion, the polarization calculated from the asymmetries
related toaye,m is shown in Fig. 7. The precession signal 0.6
with asymmetrya, plus a purely relaxing parta) in the Qo
AFM phase is ascribed to muons in a locally diamagnetic 044 : v@d
environment. The rati@, /ag is less than 2 in the entire P
temperature range. The conclusion is that only pagghas 021
to be attributed tqu™ @d in magnetically ordered regions,
.. . . . 0.0 T 1
whereas the remaining part is dued @d in paramagnetic 0 80 100
domains which even persist to the lowest temperatures mea-
sured. Thus, the volume fraction of antiferromagé¢f&M) FIG. 7. Normalized polarization fractiors, ¢/apeam VS tem-

domains is represented by32. With increasing tempera- perature. The volume fractions of the diamagnetic sigaatiferro-
ture the AFM phase volume decreases by about 30%. Theagnetic, AFM; paramagnetic, PMre indicated.
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ters in ionic solids. The long-range antiferromagnetic order-
ing of these clusters is detected in zero applied magnetic
field by the onset of spontaneous muon-spin precession be-
low the Neel temperature. The precession signal is attributed
2 104 E to muons in a diamagnetic state. The temperature depen-
T E ---------- E E dence of the local magnetic field at the muon site, deduced
54 [] from the precession frequency, follows the behavior of the
] sublattice magnetization of a three-dimensional Heisenberg
00 10 20 30 40 50 system. This isotropic interaction is expected for the cubic
T(K) system. From the magnitude of the calculated dipole field the
FIG. 8. Temperature dependence of the fast relaxation rat@10St likely muon site is near thg center of the Six-ring win-
r(T). dows of theB cages. Other possible muon sites are the non-
bonding orbitals of the oxygen atoms of the aluminosilicate
E. Paramagnetic center belowT framework. A coexistence of magnetically ordered and para-
magnetic domains is deduced from a nonprecessing signal
fraction significantly larger than the expected value for an
isotropic field distribution and persists even at the lowest
paramagnetic muon specigs’ @F~ which is detected in tempera_ltures. Near the p_hase .transitipn t_he breakdoyvn of
the longitudinal field repolarization experiments abokg Magdnetic order shows up in an increasing inhomogeneity of
(cf. Sec. Il A. the local field, along with a decrease of the volume fraction
Only 1/2 of the asymmetry of any paramagnetic muonf antiferromagnetic domains. In addition, abolg a para-
state can be detected experimentally. This value may be fufagnetic muon state is identified by the field dependence of
ther reduced by the NHFI and multiple line splitting in en- the muon-spin polarization. We assign this state to a positive
vironments with transverse magnetic field componentsmuon bound to the negatively chargédcenter.
Therefore, the effective asymmetrg (+ ag+ 2ag) accounts
for 90% of the full muon-spin polarization.
At the lowest temperatures the formation probability of ACKNOWLEDGMENTS
u@F~ is about 60%; with increasing temperature it de- . o
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The temperature dependence of the asymnegignd the
relaxation ratel” of the third term in Eq.(3) are shown in
Figs. Gc) and 8, respectively. This signal is attributed to the
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