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Evidence for a bcc lattice of centers in sodium-electro-sodalite (SES), synthesized by exposing
dehydrated sodalite to sodium vapor, is presented. A high electron spin density in SES produces
isotropic contact shifts in nuclear magnetic resonance (NMR) spectra of the framework nuclei whose
magnitude is a discrete function of local electron density. Strong exchange coupling between unpaired
electrons gives rise to an antiferromagnetic phase transition in SEg at 48 + 2 K, providing the
first example of anv-electron antiferromagnet. [S0031-9007(98)05448-9]

PACS numbers: 75.30.Hx, 61.72.Ji, 76.60.—k

Magnetic measurements on isolatéd centers have viated hereafter as SES. The origin of thecenter elec-
been extensively pursued in the past, yet little is knowrtron wave function in SES coincides with the center of
about properties of an ensemble of interactihgenters. the sodalite cage but a fraction of electron density extends
This is because the density &f centers in ionic solids beyond the cage boundaries. This gives rise to a strong
seldom exceeds0'® cm3, where they are still separated exchange coupling between unpaired electrons, which cul-
by 100 A on average. Previous attempts to incre#@se minates in an antiferromagnetic transition at 48 K. Evi-
center density by exposing ionic solids to visible lightdence for this was found in temperature-dependent NMR,
and/or thermal neutrons led to a concoction of loosel\EPR, and static susceptibility measurements presented be-
bound[F] center aggregates, the remaining “unreactedlow. We emphasize that unpaired electrons inNacen-

F centers, and colloidal metallic particles. The electronters have predominantly am character [10], therefore
paramagnetic resonance (EPR) studies of such solids haweaking SES, to the best of our knowledge, the first ex-
proven difficult to interpret, while NMR measurements ample of ans-electron antiferromagnet.

are generally not possible for reasons of sensitivity [1]. The sodalite framework is built of regularly alternat-
As we show below, such a restriction does not apply tang oxygen-sharing AlQ and SiQ tetrahedra with Si
certain zeolites, where a large density of ionic clustersand Al atoms occupying apexes of a truncated octahe-
analogous toF centers in ionic solids, can be formed. dron (see Fig. 1), often called the sodalite cage. For a
These centers were first detected in zeoliteexposed typical sodalite, these cages contain four alkali cations
to high energy radiation [2] but were also discovered insurrounding a negative central anion in a tetrahedral ge-
zeolites exposed to alkali vapor [3]. The second metho@metry. Defect cages with a missing central anion are
produces a much higher density &f centers yielding potential nests for NA™ centers that easily form in halo-
solids with unusual [4] and often controversial [5,6] gen sodalites exposed to high energy radiation [11]. In
physical properties. Some conflicting data are, in partthis study, suchF centers were prepared via sodium dop-
due to the structural complexity of commonly used large4ing of a particular sodalite [12], hereafter called sodium-
pore zeolites where alkali clusters of various sizes andodalite, whose cages contain only three sodium cations
electric charges can form [7]. In this report, we restrictand no central anion. Sodium-sodalite, like other zeo-
our attention to a model system consisting of a simpldites, readily absorbs water but is also capable of absorb-
sodalite lattice [8] built of uniform cages that host justing and ionizing an excess sodium atom. When exposed
one type of ionic cluster. Sodalite cages are present ito sodium vapor, white sodium-sodalite turns blue, then
several important but structurally more complex zeolitespurple, and eventually black [13]. The color change is
hence, the results are of general interest. due to formation of Ng@* clusters made of three exist-

In this Letter, a magnetic study of an ordered zeolite-ing sodium ions and an excess sodium atom absorbed by
supported bcc lattice of centers is presented. The par- the sodalite cage. A recent structural study showed that
ticular type of F centers consists of an unpaired electronexposure of sodium-sodalite to sodium vapor at 650 K
trapped by four equivalent sodium ions forming a;Nfa  proceeds by inclusion of just one sodium atom per so-
ionic cluster [2]. The supporting lattice belongs to thedalite cage: N&AISiO4)s + 2Na = Nag(AlSiO4)s. The
well-known mineral sodalite in which the central cageresulting SES lattice is cubi@P43n,a, = 8.881 A) and
anion, such as Cl, has been replaced by an unpairedcontains3 X 10*>' unpaired electrons per cnseparated
electron [9]. Following the common nomenclature, wefrom each other by precisely 0.768(2) nm [14]. Face-
name this unusual latticeodium-electro-sodaliteabbre-  sharing sodalite cages are stacked in a close-packed bcc
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Eq. (1). This statement is strictly true for isotopes of
the given element because electron probability density
|W(0)|> depends on the atomic number. Nevertheless,
in a special case such as sodalite, practically identical
paramagnetic shifts of’ Al and *°Si nuclear resonances
are expected, in agreement with experiment [17]. Sodalite
belongs to a special case because its framework Si and
Al atoms are crystallographically equivalent and nearly
isoelectronic.

The sodalite?’ Al magic angle spinning (MAS) NMR
spectra above 140 K were recorded on a Bruker MSL-
400 spectrometer, while the low-temperature data were
collected by using a wide bore CXP-360 spectrometer.
The?*Na MAS NMR spectra were obtained on a modified
GN300 spectrometer. TREAI NMR spectrum of a cubic
sodalite consists of a single resonance, shown in Fig. 1(a),

\J\ 2 ) which varies insignificantly(67 = 6 ppm) within the
S M members of the halogen-sodalite series [18]. As shown in
] Fig. 1(b), this resonance is shifted to 140 ppm in SES, due

180 160 140 120 100 80  60[PPM] mainly to the presence of unpaired electrons. Frsite
symmetry of the framework Al reflects the fact that there
are four equivalent sodalite cages around each Al site.
Consequently, aluminum nuclei in SES can be exposed

FIG. 1.~ (a) ’Al MAS NMR spectrum of a typical halogen 4 gjactron density from up to four neareBt centers.

sodalite. Inset: schematic of sodium-bromo-sodalite cag hi . . f dditi | h
Apexes of the truncated octahedron are occupied by regulat%r IS gives rise to four additional resonances whose

alternating aluminum and silicon atoms bridged by an oxygerParamagnetic shifts, assuming noninteracting electrons,
atom. (b)?’Al MAS NMR spectrum of SES. The observed should be a linear function of the quantized increase in
resonances are labeled according to the numbeF aknters  the |ocal electron density:

around an aluminum site. Inset: cage of sodium-sodalite and

b) 3

that of sodium-electro-sodalite (SES), with the corresponding (AB/B)contact = C|¥a1(0)]* = Cnpp. (2)
unit cell constants,. Note that the sodalite unit cell takes up ) ) )
the volume of two sodalite cages. Here, C is a constant at given temperatut®,;(0)|* is

the electron probability density at the aluminum nucleus,

superlattice, for unpaired electrons in SES give rise to & IS an integer between 0 and 4, apgd is the electron
bee spin lattice. density contribution from a singl& center. Except for
When observed, NMR resonances of paramagnetiéurface cages, all aluminum nuclei in fglly d_o_ped _SES
solids are always displaced with respect to the resonanc@s€ exposed to the same electron density giving rise to
in diamagnetic materials of similar kind. For localized the strong resonance at 140 ppm in Fig. 1(b). Aluminum
electrons, paramagnetic shifts may be due to isotropi@l©ms from the surface and undoped sodalite cages are
Fermi contact interaction and/or dipole pseudocontacE*P0sed to electron density from either three or two
interaction. The dipolar shift in cubic SES vanishesN€arestt’ centers, giving rise to weak resonances at 133

because-like electrons associated with tetrahedralhta and 120 ppm, respectively. The relative intensities of
centers have only an isotropictensor [10]. This leaves these resonances indicate that no more than 4% of such
the Fermi contact interaction as the only source of th&ades were present in this particular sample. Because

observed shifts [15] whose magnitude is governed by [16 f the large difference in the lattice constants between
ES and its precursor, cages with,N@a centers tend to

(AB/B)conact = ~(Ao/gpyn)Xe(T). (1) bunch during the doping, yielding a large SES surface
A is the hyperfine coupling constanty is the Bohr in a partially doped sample. In such cases, thal
magneton, andyy is the nuclear magnetogyric ratio. spectra contain resonances at 133 and 120 ppm that may
Magnetic susceptibilityy.(7) can be expressed by the be comparable to [17] or stronger [14] in intensity than
Curie-Weiss lawy,.(T) = C/(T — ©), whereC is the the one at 140 ppm. Such a sample may also contain
Curie constantT is the absolute temperature, afdis  an additional broad resonance at around 100 ppm that
the Weiss temperature. The absence of strong spinningelongs to the Al atoms exposed to electron density
sidebands in the NMR spectra of SES is consistent withrom a single F center. It is interesting to note that
small or vanishing dipolar contribution. We also notealuminum paramagnetic shifts do not increase linearly
that NMR contact shifts should be independent of nucleawith the number of the surrounding centers as would
properties, since substitution for the hyperfine couplingbe expected for noninteracting electrons. We attribute
constantd, = %,U,oge,u,g’y/vh|‘1’(0)|2 eliminatesyy from such behavior to Coulomb repulsion between localized
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electrons that increases nonlinearly with an increase c
the local electron density.

In cubic sodalite, there is only one sodium crystal- a)
lographic site, thus giving rise to a singléNa NMR
resonance at around O ppm. By substituting= 2.8 mT J
for a typical value of sodium hyperfine coupling constant ﬁ
in Na,>™, the?*Na NMR resonance in SES should be ex-
pected at around0* ppm. As in the recent NMR study 1000 500 0
of sodium-doped zeolit&’ [19], no such resonance has
been found in SES. This is presumably due to a fas
electron-mediated spin-lattice relaxation rate that may se b) .
verely broaden the sodium resonance. Nevertheless, ti X 350K
absence of’Na resonance at around 0 ppm in Fig. 2(a) ——Iw—r/ e ?ggﬁ
confirms that each sodium ion is exposed to a substanti 150 110 70 [ppm]
electron density. The sodium Knight shift at 1123 ppm
is due to excess metallic sodium at the sodalite surfac
which can be removed by careful redistillation. In such a
sample, the Knight shift resonance is replaced by a wea
and temperature-independent sodium resonance at arou
50 ppm that quickly vanishes from the NMR spectrum
after the sample is exposed to air [see Fig. 2(a)]. The
same procedure leaves th&Al spectrum of SES practi-
cally unchanged, showing that Na centers inside the
sodalite crystallites are air resistant. From this, it fol-
lows that the temperature-independent 50 ppm resonanc
which was also observed in sodium-doped zedtitf 9],
belongs to a certain diamagnetic sodium species on thc
zeolite surfacethat may form during zeolite exposure to FIG. 2. (a)®*Na MAS NMR spectra of SES with excess of
sodium vapor. metal sodium at the surface (top), after removal of the metallic

As shown in Fig. 2(b), the paramagnetic shift of thelayer (middle), and after sample exposure to air (bottom). Note

that sodium atoms inside SES cages do not contribute to the

27 . . . _ - - -
Al NMR resonance of SES increases with lowering tem above spectra and that Na centers in sodalite remain stable

perature, as expected from Eq. (1). This trend persistg; many days in air. (bf’Al MAS NMR spectra of SES
down to 50 K, where the NMR resonance linewidth be-at selected temperatures. Spinning sidebands are denoted with

gins to increase rapidly while the magnitude of the paraan asterisk. (c) Inverse paramagnetic shifts of the maki

magnetic shift stops increasing. Such behavior ‘”dicateﬁ?i@a&%erie”s uSItEcﬁ‘ %Se ?e;lé?(;tjqounar%fstf‘eitrqgetLaéucr:elj'rieTCveeizg&}g\;t
change in the electronic structure induced by a magnetlfr‘] the 60—350 K region. Data between 30 and 160 K are from

phase transition whose type was established by the maghe static NMR measurements, while those between 160 and
netic susceptibility measurements shown in Fig. 3. Be350 K were obtained by using an MAS probe. Measurements

cause of the polycrystalline nature of the sample, stronffom several SES samples were combined.

local fields add to the external magnetic field in a random

way, which broadens the NMR resonance below the criti-

cal temperature. According to Eg. (1), the magnitude obility that is also noticeable in the magnetic susceptibility
the paramagnetic shift is linearly proportional to the mag-data in Fig. 3(b). It is also evident that SES EPR reso-
netic susceptibility of unpaired electrons. Indeed, the renance in Fig. 3 vanishes below 50 K, while an obvious
ciprocal values of the shift as a function of temperaturekink appears at that point in the magnetic susceptibility.
plotted in Fig. 2(c), can be fitted to the Curie-Weiss lawAfter correcting for the low-temperature Curie tail caused
yielding® = —178 = 8 K. Such a value of impliesa by uncompensated surface spins, magnetic susceptibility
strong antiferromagnetic exchange interaction in the parasf SES gives a textbook example of an antiferromagnetic
magnetic phase consistent with the absence of thé'Na phase transition in a polycrystalline sample. From the
hyperfine structure in the EPR spectra of SES in Fig. 3(a)data shown in the inset of Fig. 3, the maximum in the
The latter are directly compared with the EPR spectrausceptibility ym.x Was found a5 + 2 K and the criti-

of «, a’-dipheny}B-pichrylhydrazyl (DPPH), a paramag- cal temperature [20] to bEy = 48 = 2 K. The estimate
netic organic solid widely used as an EPR frequency stamf experimental uncertainty in the Néel temperature was
dard. While both solids suffer from the loss of hyperfinebased on the temperature interval (1 K) between the mea-
structure due to exchange narrowing, the SES line intensurements and the fact that powder, rather than single crys-
sities above 60 K are obviously far from the DPPH Curietal, susceptibility was measured. The least-squares fit of
behavior. Instead, SES shows almost Pauli-like susceptintegrated EPR intensities to the Curie-Weiss law yields
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state at room temperature. This is supported by the ex-
istance of a 0.7 eV optical gap in SES [23] and the
fact that no dc conductivity has been found in a pressed
polycrystalline sample. Perhaps most convincing are the
quantized NMR shifts in SES that are clearly inconsis-
tent with itinerant electrons. We also note, at the end,
that a metal-insulator dilemma has been present in the
theoretical papers concerning SES, among which the cal-
culations of Monnieret al. [24] appear closest to our ex-
perimental data.

We thank D. Margolese, |. Heinmaa, and M. Feuerstein
for help with NMR data acquisition and J. Allen,

37 D. Markgraber, and L. van Willen for many valuable
i .. discussions. This work was supported by the following
a TNT »[Tmax agencies: NSF (DMR-9520970), ACS (PRF No. 30230),
3 40 5'0 60 70 BOT K] and ONR. G.E. thanks the Deutsche Forschungsgemein-

schaft and the Max-Buchner-Forschungsstiftung for
support.

Xe [emu/mol]x103
N

-—
1
3]
£1
3]
£
9]
a
£
9]
£
£
13
£
7]
a
£
-7}

0 100 200 TIK]

[1] H. Seidel and H.C. Wolf, inPhysics of Color Centers,
edited by W.B. Fowler (Academic, New York, 1968),

FIG. 3. (a) Temperature-dependent EPR spectra of SES and p. 537
that of DPPH obtained simultaneously on an X-band ESP-3OO[2] P' H Kasai J. Chem. Phy43, 3322 (1965)

Bruker spectrometer equipped with an Oxford 91000 liquid T T ' ;

helium flow cryostat. Both solids have narrow resonances with [3] J. A. Raboet al., D'S.CUSS' Faraday Soé1, 328 (1966).
sufficiently differentg values g = 2.0014 for SES) vyielding  [4] Y. Nozue, T. Kodaira, and T. Goto, Phys. Rev. Lé8,

well-resolved signals. The widths (FWHM 0.67 G for SES) 3789 (1992). .
of both resonances do not change significantly in the 60—[5] F. Blatter, K. W. Blazey, and A. M. Portis, Phys. Rev. B
300 K region allowing for visual comparison of their relative 44, 2800 (1991).

intensities. The SES resonance abruptly disappears below6] P.A. Anderson and P.P. Edwards, Phys. Re\637155
50 K. (b) Magnetic susceptibility of SES after diamagnetic (1994).

correction (squares) and after subtraction of the paramagnetigﬂ P.P. Edwards, P.A. Anderson, and J.M. Thomas, Acc.
contribution from uncompensated surface spins (crosses). Th Chem. Res29, 23 (1996)

surface spins constitute2% of the total susceptibility at room 8] L Pau.ling Z ,Kristallogr.74 213 (1930)
temperature. Inset: expanded plot of the corrected susceptlblllty9 S- theti o dure f ’ ,k' N .t . dalit
data in the critical region used for determination yaf.,x and [9] Synthe IC procedure for maxing centers In sodaiite
Ty. Data were obtained by using a Quantum Design model by alkali doping is due to R.M. Barrer and J.F. Cole, J.

MDMS-5S SQUID susceptometer. Phys. Chem. Solid29, 1755 (1968).
[10] S.D. McLaughlan and D. J. Marshall, Phys. L&82A, 343
(1970).
® = —190 = 10 K, while the dc magnetic susceptibility [11] B-W. Faughnaret al,, Proc. IEEE6L, 927 (1973).

data give® = —210 = 5 K. The latter is the more reli- [12] \(].glg)sche, S. Luger, and Ch. Bearlocher, Zeolfle867
- ) 1 .

able, given the accuracy of the SQUID method and the 25§z v |. Srdanovet al., J. Phys. Chen6, 9039 (1992).

of the diamagnetic correction by using the sodium-sodalit¢ 4] v.|. Srdanov (unpublished).

precursor. Assuming only nearest neighbor interactionj1s] The evidence for such interaction in zeolites can be found
one obtains-4.3 meV for the exchange coupling constant in an EPR study of B. Xu, X. Chen, and L. Kevan,
J, from J = 3k0®/2z5(S + 1) [21] and ® = —200 K. J. Chem. Soc. Faraday Tra@¥, 3157 (1991).

This value is clearly an overestimate, given the fact that th§l6] K. G. Orrell, in Annual Reports on NMR Spectroscopy,
O /Ty ratio in SES exceeds the maximum theoretical value  edited by G. A. Webb (Academic, London, 1979), Vol. 9.
for a bce lattice [22], which raises a question about thd17] G. Engelhardet al., J. Chem. Soc. Chem. CommuB96

physical significance o obtained from the least-squares 238 (1996). :
fits to the Curie-Weiss law. [18] H.S. Jacobsest al., Zeolites9, 491 (1989).

. . . . [19] H. Nakayamzet al.,J. Am. Chem. Socl16 9777 (1994).
While there is no doubt that SES acquires an antiferro 20] M.E. Fisher, Philos. Mag?, 1731 (1962).

magnetic ground state below 48 K, its picture as a MOt{Zl] A.H. Morish, The Physical Principles of Magnetism
insulator at room temperature is somewhat obscured by "~ (wiley, New York, 1965).

the Pauli-like susceptibility behavior. Even though the[22] j.H. van Vieck, J. Phys. Radiufi®, 262 (1951).

high electron-spin density places SES near the metal23] N. Blakeet al.,J. Chem. Phys104, 8721 (1996).
insulator border, there are no indications of a metallic24] A. Monnieret al., J. Chem. Physl100, 6944 (1994).

2452



