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Recent investigations of the compound NaSn (1:1) have indicated that both fast conduction of
Na™ cations and rapid reorientations of (Sns)*~ anions are present in the high-temperature solid
phase, @-NaSn. We have used *Na and **°Sn nuclear magnetic resonance to separately monitor the
motions of Na and Sn in the low-temperature ordered solid phase, 3-NaSn, where the correlation
times of the motions are much longer. The Na™ motions are evident in T4, Ti,, T2, and T3 (linewidth)
23Na data at magnetic fields of 8.0 and 2.0 T. The Na motions are described by a single time constant
with thermal activation parameters E,/kg = 9700 K and wp(oo) = 1.7 x 10** s™*. Sn motions
are evident in T%, line shape, and stimulated echo data taken at 8.0 T. *'°Sn stimulated echo data
unequivocally show the Sn motion to be reorientations of Sn, tetrahedra; any diffusion of Sn between
tetrahedra is much slower. The combined T> and stimulated echo data for '!°Sn demonstrate that
the Sn, reorientations are thermally activated with E,/kp = 13800 K and wgr(co) = 2.3 x 10*° s71,
The temperature dependence of the '*°Sn T fits an activation energy of 7000 K; the Sn T} is believed
to be due to thermally-activated charge carriers.
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I. INTRODUCTION

The low-temperature solid phase of NaSn (8-NaSn)
has a tetragonal structure with the space group D2)-
I4/acd and is isomorphic with all other 1:1 compounds
of an alkali metal with tin or lead.?! In NaSn, the large
difference in the electronegativities of Na and Sn leads
to the formal transfer of an electron from Na to Sn.
The Sn~ ions are bound into stable (Sng)*~ tetrahe-
dra, which are isoelectronic with the P, tetrahedra in
white phosphorus,? and these Sny molecular units lie on
a body-centered tetragonal lattice.! The Sn, tetrahedra
are separated by Na* ions which lie on two types of sites,
denoted Na(1) and Na(2). The Na(1) sites lie opposite
the face centers of the Sny tetrahedra, forming larger
tetrahedra directed opposite the Sny units. The Na(2)
sites form squares in the (a-b) plane which are concentric
with the Sny4 tetrahedra. Each Na™ ion is shared between
two Sny tetrahedra. The chemical rationalization for this
structure is that it allows all of the atoms to have closed
outer shells, leading to ionic bonding of the Na™ ions to
the (Sng)*~ tetrahedra and covalent bonding within the
Sny units.® This type of bonding, characteristic of Zintl
alloys,* leads to behavior which is very different from
that naively expected of an alloy of two metals. The
high electrical resistivity of NaSn shows that this is a
semiconductor, not a metal.’

In 1928, Hume-Rothery found that the stoichiometric
compound NaSn undergoes a polymorphic phase tran-
sition from B-NaSn (stable below 483°C) to a-NaSn
(stable from 483°C to the congruent melting point at
578°C).6 More recent studies of NaSn have confirmed
the existence of this phase transition and have investi-
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gated the properties of the transition more carefully.5:7
In Ref. 7, the enthalpy vs temperature for NaSn is pre-
sented; both the a-3 and the solid-liquid transitions for
NaSn are evident as nearly vertical risers (discontinuities
in H vs T'). Surprisingly, the entropy change for the -3
transition, AS,_g = 4.95 Jmol~! K~1, is nearly as large
as for melting, ASmei; = 8.48 Jmol~! K—!. Another in-
teresting aspect is that the lattice of a-NaSn has lower
symmetry than 3-NaSn. The structure of a-NaSn is not
known in detail, but the lattice is triclinic.®

Neutron scattering experiments performed on liquid
NaSn (1:1 stoichiometry) indicate that Sn, tetrahedra
survive into the melt, suggesting that the Sn, units
are also present in a-NaSn as well.® Electrical resistiv-
ity measurements on melts of Na;_,Sn, show a strong
maximum?® near z = 0.43, giving further evidence that
Zint] (closed-shell) bonding is present in liquid NaSn and,
undoubtedly, a-NaSn.

The occurrence of a-NaSn just below the melting tem-
perature and the large a-{ transition entropy suggest
a-NaSn is dynamically disordered. Because Sny units
are present, a-NaSn may be an orientationally disordered
(rotor) phase. The presence of the Nat ions suggests a-
NaSn may be a superionic conductor, that is, the Na
may be translationally delocalized. In fact, neutron scat-
tering finds® that both Sny4 rotations and Na diffusion
occur in a-NaSn. The single phase transition to the dis-
ordered phase and the single time constant for the mo-
tions suggest that the two motions are highly coupled,
one possibly driving the other. A paddlewheel model of
the motion, similar to that described!® for Li;SOy,, has
been proposed.®
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The focus of our work is 3-NaSn, where correlation
times are long enough that NMR provides detailed in-
sight. We believe motions in 3-NaSn include precur-
sors to the motions of the disordered phase, a-NaSn.
In particular, **°Sn NMR monitors reorientations of Sng
subunits and 2Na NMR is sensitive to translational dif-
fusion of Na™ cations.

II. EXPERIMENT

The NaSn samples used here are from a batch pre-
pared at Argonne and used in previous experiments.%”
The powder samples were transported in sealed Pyrex
tubes under an inert atmosphere, transferred in a nitro-
gen glovebox to quartz tubes, evacuated and backfilled
with argon, and then sealed. In order to use a horizon-
tal solenoidal rf coil for the high-field experiments, the
quartz tubes were sealed short (~ 2 cm) using a massive
copper flame shield to protect the sample.

The NMR experiments were performed with a super-
heterodyne pulsed spectrometer. For the high-field ex-
periments an 8.0 T superconducting magnet was used.
The resonance frequencies of 23Na and '1°Sn, the nuclei
of interest, are 90.11 MHz and 126.86 MHz, respectively.
For the low-field (2.0 T) 2*Na work at 22.49 MHz a water
cooled electromagnet equipped with °F field regulation
was used.

Separate high-temperature furnaces were used for the
low-field and high-field NMR measurements. Sheathed
thermocouple wire (type E, nonmagnetic) serves as
heater resistance windings. The thermocouple wires are
naturally bifilar, providing nearly noninductive heaters.
The heaters are insulated with ceramic blankets to im-
prove temperature homogeneity. The high-field furnace
fits into a water jacket to prevent heat transfer to the
magnet, while air cooling at the base is sufficient for the
low-field furnace. The NMR probes are transmission line
designs,!?12 enabling the use of conventional air variable
capacitors for tuning and matching the resonant circuit.
The capacitors are mounted in an aluminum box outside
the magnet, at room temperature. Each NMR probe is
equipped with a sheathed type-FE thermocouple for mon-
itoring sample temperature. Both furnaces are evacuated
and backfilled with argon to prevent oxidation of the cop-
per components of the probes.

For the high-field probe, the effective m/2 pulse times
for 23Na were 9 us (this refers to nutation of the central
transition only, a true nutational angle!® of 7/4) using
a 50 W rf amplifier. For 1°Sn NMR, 600 W resulted in
9 ps m/2 pulses. In the low-field probe, the w/2 pulse
time for 23Na was 3.5 us with 25 W of power.

III. RESULTS AND DISCUSSION
A. 23Na spectra

For a correct understanding of relaxation of a
quadrupolar spin such as 23Na, it is crucial to determine
the approximate magnitude of the static quadrupole in-
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teraction and whether the rf pulses perturb all 27 transi-
tions or only the central transition. Thus the ?>Na spec-
trum of 8-NaSn was examined.

In the case of a spin-3/2 nucleus, irradiation of only
the central transition (m = —1/2 <= 1/2) results in an
effective 7/2 pulse length which is half as long as the 7/2
pulse in the case of irradiation of all three transitions (as
in a liquid).!® We experimentally determined the length
of an effective /2 pulse by adjusting the pulse width for
the largest amplitude free induction decay (FID). Using
this method, the length of an effective w/2 pulse for 2*Na
in NaSn at room temperature was found to be 0.7 times
the length of a 7/2 pulse for 2*Na in an aqueous solu-
tion of sodium acetate in the same probe. This demon-
strates that we are irradiating primarily the central tran-
sition in NaSn. We believe that the observed factor is
larger than 0.5 because of rf losses in the weakly con-
ducting NaSn sample. To verify that we were only ob-
serving the central transition, the 23Na satellite spectrum
(m = -3/2 < —1/2 and 1/2 <= 3/2) was measured
at room temperature with a stepped-frequency, spin echo
experiment, the results of which are shown in Fig. 1. This
experiment was performed by stepping the spectrometer
frequency through the broad ?3Na satellite lines and ir-
radiating all of the spins within the rf pulse bandwidth
(7 ps pulses were used). The amplitude of the spin echo
at each frequency was measured to determine the relative
number of spins within the bandwidth, and then plotted
versus frequency to yield a low-resolution (~ 100 kHz per
point) 22Na spectrum. The satellite spectrum depends on
the strength vg and asymmetry 5 (0 < 1 < 1) of the elec-
tric field gradient (EFG) interaction tensor. For vg < 1o
(vo is the Larmor precession frequency) as applies here,
first-order perturbation theory can be used to calculate
the spectrum.!® The overall spectral width is 2vg; from
Fig. 1 one estimates vg ~ 750 kHz. The breadth of the
satellite spectrum of Fig. 1 shows that the rf pulses used
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FIG. 1. The low-resolution >*Na satellite spectrum, shown
as solid squares. The dashed curve is a sum of two simulated
spin-3/2 powder patterns with n = 0.4, v = 827 kHz and
n = 1.0, vg = 900 kHz. The simulated spectrum has been
convoluted with a Gaussian of width 150 kHz in order to com-
pare to the low-resolution experiment. The central transition
is absent from the simulated spectrum.
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in the central transition experiments do in fact nutate pri-
marily the central transition only. For an EFG of axial
symmetry (7 = 0), strong cusps (w™!/2 divergences) are
expected. The relatively featureless spectrum of Fig. 1
rules out the n = 0 case. Instead, for n # 0, weaker loga-
rithmic singularities are predicted, symmetrically about
the Larmor frequency with splitting vg(1-n). The loga-
rithmic divergences are barely apparent as shoulders in
the low-resolution (100 kHz per point) spectrum of Fig. 1.

The field dependence of the central transition width
shows that the observed line is broadened by second-
order quadrupole effects. The width of a central transi-
tion dominated by second-order quadrupole broadening'4
is proportional to 1/(2? /Vo; thus inversely proportional to
vo. For spectra dominated by chemical shift anisotropy
broadening, the linewidth is linear in vy and for spec-
tra dominated by dipolar broadening the linewidth is
independent!® of v5. Room temperature 23Na central
transition line shapes at 2.0 and 8.0 T are shown in Fig. 2.
The 2.0 T sodium spectrum has a width (35.5 kHz) nearly
three times as large as the sodium linewidth (12.9 kHz)
at 8.0 T. This indicates that our observed line shape is a
central transition broadened primarily by the quadrupole
interaction in second order. The discrepancy between
the observed (3) and expected (4) ratio of the linewidths
is due to the field independent contribution from the
dipolar interaction; a reasonable dipolar broadening of
2-3 kHz full width at half maximum (FWHM) accounts
for the effect. The high-field spectrum shows much less
structure than the spectrum at low field because of the
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FIG. 2. *Na NMR spectra: (a) low-field (22.5 MHz) and
(b) high-field (90.11 MHz). The structure in the low-field
spectrum indicates that this is the ?*Na central transition,
broadened by second-order quadrupole effects. The dashed
line is a fit to the data of two superimposed second-order
quadrupole powder patterns with the parameters n = 0.4,
vg = 827 kHz and 5 = 1.0, v = 900 kHz.
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dipolar broadening. The T3 data in Fig. 3 show clearly
that the room temperature spectrum is in the rigid-
lattice limit (no motion) so that dipolar broadening is
expected.

Dr. J. Haase of Leipzig generously provided us with
a set of theoretical second-order quadrupole broadened
powder pattern spectra for the central transition of a
spin-3/2 nucleus.!® The spectra were for values of 7 be-
tween 0 and 1, in steps of 0.1. Using these theoretical line
shapes we fitted the experimental central transition spec-
trum at 2.0 T to obtain values for n and vg. The spec-
trum could not be fitted with a single powder pattern, not
surprising given the existence of two chemically inequiv-
alent Nat sites in the x-ray-derived structure.! Figure 2
shows a reasonable fit (dashed curve) using a superposi-
tion of two theoretical powder patterns of equal intensi-
ties (areas), with the parameters n = 0.4, v = 827 kHz
and n = 1.0, vg = 900 kHz. The powder patterns were
convoluted with a Gaussian of width 1.5 kHz FWHM to
account for dipolar broadening. Figure 1 shows a simu-
lation of the expected first-order satellite spectrum as a
dashed curve. The simulated spectrum has been broad-
ened by convolution with a Gaussian of width 150 kHz
FWHM, for comparison with the low-resolution experi-
mental spectrum. The agreement with the overall width
is good, confirming the values of vg derived from the
central transition spectrum. The parameters determined
from the 23Na spectra are used below to interpret the
relaxation data in terms of Na motion.

B. Na motion

The second-order quadrupole and dipole interactions
will be modulated by motion of Na atoms.!® The electric
field gradient tensor is different on the two kinds of Na
sites; further, the tensor principal axes are oriented differ-
ently, even on Na sites of the same type. Thus, Na motion
will result in steplike changes in Na NMR frequency. Mo-
tional modulation of the line broadening interactions is
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FIG. 3. High-field **Na (73)~! from central transition
FID’s (essentially the linewidth) as a function of reciprocal
temperature. The observed line narrowing above 420 K im-
plies Na motion with wp = 2 x 10* s~ at 420 K.
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apparent in (T)~!, the decay rate of the FID, and 7} ',
the decay rate of the spin-echo envelope. (T5)~! data at
8.0 T (90.11 MHz) show that the central transition res-
onance line narrows by a factor of 8, beginning at 420 K
(Fig. 3). At the onset of line narrowing, the hopping rate
wp is approximately equal to the static central transition
linewidth;'7 thus wp ~ 2x10* s~! at 420 K. T, ! data at
2.0 T (22.49 MHz), where the second-order quadrupole
interaction dominates, are shown in Fig. 4. There is a
distinct peak in T ! at 430 K which is due to motional
broadening. For wp <« Awgy, (the rigid-lattice width of
the inhomogeneously broadened line), the strong collision
theory applies.!5® That is, an atomic jump of a given
spin during the spin-echo sequence causes that spin to be
fully dephased (phase error A¢ >> 1) and its contribution
to the echo amplitude to become zero. Thus, to within a
numerical factor of order 1,

T;' = wp + (T2)pip (1)

where (T2)511P describes spin-spin decay from other mech-
anisms (e.g., like-spin dipolar). For wp > Awgy, the

theory of line narrowing applies!® and
1 M, - Awgy)? _
T, ' = —=+ (T2)pip = (Do) + (T2)pips (2)
wp wp

to within a factor of order unity. The motional broaden-
ing peak occurs in the intermediate region (wp ~ Awgy)
between the strong collision limit and the line narrowing
limit. In this region the expressions for T; ' in the strong
collision limit and the line narrowing limit are both ap-
proximately correct. Setting wp = Awry, both expres-
sions agree and yield the maximum spin-dephasing rate
(T3 ) o

(Tz—l)max = Awry + (TZ)BIIP' (3)
The observed value for the maximum relaxation rate,
(T5 Y )max = 2 x 10* 571, is in reasonable agreement
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FIG. 4. Low-field 2*Na spin-spin relaxation rate T;; ' from
spin echoes as a function of reciprocal temperature. The peak
in Ty ' at 430 K is a motional broadening peak resulting from
Na jumping. The curve is a guide for the eyes.
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with the predicted value for the maximum rate, Awgy, =
le/2 = 4.6 x 10* s7* [here (T2)p5ip is negligible]. Thus
wp is approximately equal to 4 x 10% s~ at 430 K. The
minimum in T ! near 500 K reflects competition between
T; ! and T; ! in the line narrowing regime.®

Figure 5 shows 2*Na T, ! data for two fields; 8.0 and
2.0 T. The high-field 3-NaSn data show an activated 7} *
mechanism with an activation energy of 9700 K. The
room temperature 7 ! increased after the samples had
been at high temperatures a prolonged time, but 77" 1at
high temperatures remained the same. We believe the
room temperature relaxation is due to impurities lead-
ing to electrons or holes or fixed paramagnetic relaxation
centers. For a spin-3/2 nucleus for which 7, ! relaxation
is due to motional modulation of the quadrupolar inter-
action, Abragam?® gives the relaxation rate

1 7’[2 ZTD 8TD
1 2
Ty = —(wo)? |1+ —
b 10( ) ( 3 ) (1—{—(4)37'[2, 1+ 4wit}
(4)

where wg is the quadrupolar coupling constant, 7 is the
asymmetry parameter of the quadrupolar interaction ten-
sor, and 7p = 1/wp. A maximum in T; ! is expected for
woTp = 0.6 but is not seen in the high-field data. This
may occur because wp remains smaller than wo (about
10° s71) even at the highest temperatures in 3-NaSn. To
test this, we measured 7, ' at a lower field (2.0 T). In
Fig. 5, the low-field T7 * data reveal a thermally acti-
vated relaxation mechanism with an activation energy of
9700 K and a peak at 720 K, just below the a-3 tran-
sition. Using the relation wo7p = 0.6 at the T, ! maxi-
mum, we determine that wp = 2.5 x 10® s~1 at 720 K.
For worp = 0.6, Eq. (4) reduces to

2 w?
(T7Y).. ~ (0.285) (1 + %) <w—‘j) : (5)
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FIG. 5. ?*Na spin-lattice relaxation rates 7;"' as a func-
tion of reciprocal temperature. High-field data are shown as
circles, low-field data as squares. Both sets of data show a
thermally activated relaxation mechanism with an activation
energy of E,/kp = 9700 K. From the peak in the low-field
data it is determined that wp = 2.5 x 10® s™* at 720 K.
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In order to calculate a value for (7] 1 max We averaged
over the two Na sites (n = 0.4, vg = 827 kHz; n = 1.0,
vg = 900 kHz). Using this method we predict that
(T7Ymax ~ 7.2 x 10% s~ This is in tolerable agree-
ment with the observed value, (T} ')max = 2 x 10% 571,
confirming that this is a quadrupolar T~ ! maximum. We
note that the predicted maximum rates T} ! and T, ! are

both of order wé /wo, a general feature of central transi-

tion resonances.!?

In the limit werp > 1, Eq. (4) reduces to

2 Wl 2\ 1
Tfl———Q(1+%)-§. (6)

_57'D w§

Therefore, on the cold side of the Ty ! maximum, the
ratio of the relaxation rates at the two frequencies should
be 16 due to the wy ? dependence of T, *. The observed
factor is 45. The discrepancy is due to a substantial
temperature gradient (20-30 K) between the sample and
the thermocouple in the high-frequency measurements
(Fig. 5). The temperature offset is also evident in Fig. 5
from the step changes in 7! at T.p at each frequency.
The step in the high-frequency data appears some 30 K
hotter than in the low-frequency data. Shifting the high-
frequency data by 30 K results in the expected factor of
16 frequency dependence.

High-field T;,' data for 2*Na are shown in Fig. 6.

At low temperatures, Tfpl reflects modulation of the
dipole and second-order quadrupole interactions and is
consistent with the same 9700 K activation energy as
T;'. This shows that the same motions that give rise
to Ty ! for T > 500 K occur at a slower rate down to
at least T = 390 K. At higher temperatures Tl';l attains
a plateau value and does not decrease as expected in
spin-1/2 systems.?! We believe this reflects contributions

of the noncentral levels to the observed relaxation. At
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Vo

Relaxation Rate (s'1)

E,/kg = 9700 K

102 [ ] 1
1.5 2.0 2.5 3.0
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FIG. 6. ?’Na rotating-frame spin-lattice relaxation rate
Tl_pl as a function of reciprocal temperature, shown as cir-
cles. T1, was measured at 8 T and yH,/27 = 13.1 kHz. At
low temperatures, Tl_p1 displays the same 9700 K activation
energy seen in T, ' at higher temperatures. High-field 7} *
data are shown for comparison (squares).
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higher temperatures (> 550 K) Tl”ﬂ1 is apparently lim-
ited by ~ 10 T ! and again increases. We can offer no
explanation for the factor of 10.

A map of the ?3Na relaxation data is shown in Fig. 7.
The symbols on the figure are taken from the onset of
line narrowing in the high-field (T )~! data, the motional
broadening peak in the low-field 7, ! data, and the peak
in the low-field T ! results. The relaxation map shows
that all of the 23Na relaxation data can be explained by
a single thermally activated motion,

wp = wp(oo) exp (— ,f;T) , (7)

with the parameters E,/kp = 9700 K (the energy that
describes the 77! data) and wp(oo) = 1.7 x 101 s~1,

Although the emphasis of this study has been on -
NaSn, some measurements on «-NaSn were made. Fig-
ure 5 shows that the 23Na 7! is frequency independent,
demonstrating that the Na motion is fast [wp = 75" >
wo; see Eq. (4)]. Thus we have wp > 10° s~! in a-NaSn.
Assuming wé to be the same as in 3-NaSn and assum-
ing the relaxation is entirely quadrupolar, the observed
value of T ! yields wp = 4.4 x 10! s! from Eq. (4).
This estimate of wp is comparable to the 1.9 x 10! g1
obtained from neutron scattering data.® The discrepancy
suggests that wg in a-NaSn may not be the same as in 8-
NaSn and/or the discrepancy may point to the different
definitions of correlation rate in the models employed.
23Na line shapes in o-NaSn are very narrow (~ 700 Hz
FWHM) and display very little structure, indicating that
motions are very rapid in the a phase and nearly com-
pletely average the second-order nuclear quadrupole in-
teraction of the central transition. We did not attempt
to detect the 23Na satellites in the o phase.
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FIG. 7. **Na relaxation map. Na jump rates obtained from
the low-field 7;"! maximum (solid square), low-field T, ' peak
(solid circle), and high-field 7, ™" (solid triangle) are shown.
The solid line obtained from 7, ! data shows that the sodium
relaxation data can be explained by a single activated motion
with E,/kp = 9700 K and wp(oo) = 1.7 x 10%* s71,
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C. Sn motions

The temperature evolution of the 11°Sn (I = 1/2) line
shape is shown in Fig. 8. At room temperature the broad
(105 kHz) Sn line shape is characteristic of a chemical
shift anisotropy powder pattern (some distortion is evi-
dent and is due to incomplete spectral coverage by the rf
pulses). The powder pattern is not uniaxially symmet-
ric indicating that the Sn, tetrahedra or their environ-
ments are distorted. The deviations from exact tetrahe-
dral units are also evident in interatomic distances deter-
mined by x rays.! At high temperatures the 11°Sn reso-
nance line narrows as a result of Sn motion, either reori-
entation of the Sny tetrahedra or Sn diffusion. In order
to investigate the nature and rate of the Sn motions, two-
pulse spin echo and three-pulse stimulated-echo experi-
ments were performed on (3-NaSn, the results of which
are shown in Fig. 9.

Spin echoes (90 °-7-180 °-7-echo) yield a direct mea-
sure of the Sn motion provided the motion rate wgr (R
for reorientations, see below) is much less than the static
linewidth.'%'® Because of the anisotropic chemical shift,
a 119Sn spin changes NMR frequency due to reorienta-
tions of the Sny units or hopping between tetrahedra. If
the spin changes NMR frequency between the initial rf
pulse and the occurrence of the spin-echo, the spin will
be strongly dephased (phase error A¢ > 1). Thus, only

(a) 294 K A B-NaSn
//
//
R ‘tms kHz
(b) 505 K I B-NaSn

(c) 535K

I
/A

—/ \\\-— 8 kHz
o

Frequency

FIG. 8. ''®Snp NMR spectra of NaSn at high-field
(126.9 MHz) at three temperatures. Line narrowing due to Sn
motions is evident in (b). Structure in the a-NaSn spectrum
at 535 K shows that the time averaged Sn environment is not
cubic. Note that the three frequency scales are different.
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FIG. 9. Relaxation rates of ''°Sn in B-NaSn. The cir-
cles are T; ' from spin echoes; 7, ' is nearly independent
of temperature below 440 K due to dipolar coupling. The
squares are (T3 )~ from the FID at high temperatures. Stim-
ulated-echo data are shown as triangles. The line is a fit to
the data and corresponds to an activation energy of 13 800 K.
The stimulated-echo and T;l data extend over four decades
in rate.

119Gy spins which have never jumped during the time
27 contribute to the echo; the echo amplitude decays as
exp(—27/Tz), with T; ' = wg. At low temperatures the
dipole interaction will contribute to the observed T’ ! so
that T; ! # wg, as in Eq. (1). The 7, ! data in Fig. 9
show that at low temperatures T ! is nearly temperature
independent and of the magnitude expected for dipole
interactions. The rapid increase in T ! at high temper-
atures indicates T ! is determined by Sn motions; thus
in this region Tz_1 = wp. Because the high-temperature
T, ! data extend only over one decade due to the dipo-
lar background, an accurate activation energy cannot be
extracted from T, ! alone.

In order to measure slower rates of Sn motion
we used the stimulated-echo (90 °-7-90 °-t-90 °-7-echo)
sequence.'® The initial 90° pulse rotates the magneti-
zation into the transverse plane where it is allowed to
precess for a time 7 (dephasing time). The second 90°
pulse stores the magnetization along the z axis, followed
by a waiting time t. The magnetization is then inspected
by rotating it into the transverse plane again with a third
90° pulse; the remaining magnetization forms a stimu-
lated echo at time 7 (rephasing time) after the third 90 °
pulse. In the limit wpT < 1, the Sn atoms have a neg-
ligible probability of reorienting during time 7, i.e., all
Sn frequency changes occur during the longer time in-
terval t. During the waiting interval ¢ the magnetization
is stored along the static field, so spin precession is not
relevant. If any spin jumps during the waiting time ¢
such that its Larmor frequencies during the dephasing
and rephasing times are different, it will not contribute
to the stimulated echo (phase error A¢ > 1, the strong
collision limit).
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The !'9Sn stimulated-echo amplitude as a function of
time t at the temperatures 444 K and 494 K is displayed
in Fig. 10. The figure shows that the magnetization de-
cays from its initial value to a baseline which is nearly 1/4
of the initial magnetization. This is precisely the behav-
ior expected if the Sn motion is reorientation of the Sny
tetrahedra. The 1/4 baseline is due to the fact that there
are four Sn sites (with their four associated frequencies)
on any Sny4 tetrahedron. If the echo decay is due to reori-
entations of the tetrahedra, then when wgt > 1 there is
a 1-in-4 chance that a Sn atom has returned to the same
position (and NMR frequency) that it started with.22 If
the Sn atom has returned to its original frequency then it
still contributes fully to the echo. Hence the baseline of
1/4 is expected for Sn reorientations. The 32 Sn sites per
unit cell in B-NaSn are grouped into 8 tetrahedra, which
are divided into two groups of four tetrahedra related by
translational or inversion symmetry. Thus, any crystal-
lite has eight Sn frequencies and a baseline of 1/8 would
be expected for the stimulated echo for Sn diffusion. The
stimulated-echo data therefore confirm that the Sn mo-
tion is reorientation of intact, nonexchanging Sn, tetra-
hedra. Both the stimulated-echo and high-temperature
T, ! data are in the strong collision limit so both decay
rates equal wg, the reorientation rate for the Sny tetrahe-
dra. The solid line in Fig. 9 is fitted to the two-pulse and
three-pulse echo data and shows that the Sny reorienta-
tions are thermally activated with E,/kp = 13800 K and
wr(00) = 2.3 x 10 s~1. We cannot rule out exchange
of Sn atoms between different tetrahedra at a rate much
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FIG. 10. Stimulated (three-pulse) echo amplitude as a
function of delay time between second and third pulses for
19S5 at 444 K and 494 K. The amplitude decays at long
times to nearly 25% of the initial amplitude. This confirms
that the Sn nuclei jump between four discrete frequencies,
demonstrating that the Sn motion is tetrahedral reorienta-
tion. The lines fit the initial portions of the decays.
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FIG. 11. High-field (8.0 T) ''°Sn spin-lattice relaxation
rate T, as a function of reciprocal temperature. Relaxation
rates for 3-NaSn are given by circles, a-NaSn by squares. The
line drawn is a fit to the 3-NaSn data and represents an acti-
vation energy of 7000 K. The scatter in the low-temperature
T, ! data reflects the differing amounts of impurities.

slower than the reorientations.

The '°Sn 7] ! as a function of temperature is shown
in Fig. 11. 77! in the 3 phase displays a thermally ac-
tivated relaxation mechanism at high temperatures with
an activation energy of 7000 K, substantially less than
the activation energy for Sny reorientations. The room
temperature 11°Sn T, ! values varied as the samples were
exposed to high temperatures (see scatter in Fig. 11),
but the high temperature 7, ! remained the same. Be-
cause this is similar to the 23Na T} ! we believe that
the room temperature 11°Sn relaxation is also due to im-
purities. For relaxation due to motional modulation of
chemical shift anisotropy, Abragam?° gives the relaxation

rate
1 3 n? TR
—=(aw)? 1+ 1) (2 8
7~ 1089 ( +3)<1+w§r§ (8)
which has a maximum at wgTrp = 1. Here Aw describes
the frequency shift associated with the largest element

of the traceless chemical shift anisotropy tensor. For
woTr = 1, Eq. (8) reduces to

(B_r320-8) o

Approximating n = 0 (the largest possible error is 33%),
Aw equals 2/3 of the overall room temperature linewidth
(i-e., Aw = 4.4x10° s71) and (7] ") max ~ 40s™ 1. This is
an order of magnitude smaller than the largest observed
T; ! = 500 s~'. Furthermore, the above estimate is for
the mazimum rate, predicted for wg = wp. But using
the reorientation parameters wg(oco) and E,/kp reported
above, the calculated reorientation rate at T,g in the 8
phase is only 2.7 x 107 s~ 1, a factor of 30 smaller than wyq.



From Eq. (8), the predicted 7} ! is 2.5 s™!, two orders
of magnitude smaller than the observed ''°Sn relaxation.
Thus modulation of the chemical shift anisotropy is not
capable of generating the observed '°Sn relaxation. The
mechanism likely to be responsible for this strong 77!
relaxation is electrons and holes generated by thermal
excitation in the semiconductor. The calculated band
gap?'23 for NaSn is 0.3 eV = 3240 K, which would lead
us to expect a smaller activation energy (essentially half
the band gap) than observed for the Sn relaxation. Im-
purities or deviations from 1:1 stoichiometry that act as
dopants are expected to result in an activation energy
smaller than the intrinsic value. We were unable to de-
tect a temperature-dependent Knight shift (within a sen-
sitivity of 30 kHz) that would arise from the thermally
generated carriers. By comparison with the shift and re-
laxation of Sn metal (Korringa relation),24 the 7, ! ob-
served in 8-NaSn at T3 would require a shift of 140 kHz,
in a delocalized electron model. Fixed paramagnetic cen-
ters remain a possible explanation of the observed 7; *.
A second possibility is enhanced relaxation by conduc-
tion electrons (compared to the Knight shift) which has
been described for disordered conductors.?®

Figure 8 shows an a-phase '°Sn line shape obtained
at 535 K. The structure evident in the spectrum shows
that, even averaged over the time scale of 10~ s set by
the linewidth, the Sn sites do not have cubic symmetry.
This supports the neutron scattering data which indicate
that the o phase possesses a triclinic structure.®

IV. CONCLUSIONS

Diffusion of Na* cations and reorientations of (Sny)*~
anions occur in #-NaSn. The rates and activation en-
ergies of the two motions are different, indicating that
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the two motions are not directly correlated. Na mo-
tion, evident in ?*Na 77!, T; %, T;,', and T;~' NMR
measurements, is described by E,/kp = 9700 K and
wp(o0) = 1.7 x 10'* s™. Sn motions, evident in 11°Sn
T2, line shape, and stimulated-echo NMR experiments
are described by E,/kp = 13800 K and wg(oo) =
2.3 x 10'® s71. The baseline of 1/4 in the stimulated-
echo data shows that the Sn motion is reorientation of the
(Sng)*~ tetrahedra and not Sn hopping between tetrahe-
dra.

Sn T; ! relaxation is also thermally activated, with
E,/kp = 7000 K, substantially smaller than the energy
for reorientation. Furthermore, the observed maximum
rate is too large to be explained by motional modulation
of the chemical shift anisotropy. The Sn 7; ! mechanism
is not fully understood, but is believed to be due to ther-
mally activated carriers.
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