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The temperature and magnetic field dependencies of the 1981 nuclear spin-lattice relaxation rate in a-SnF,
indicate the presence of two relaxation mechanisms. At temperatures below 350 K, the relaxation is dominated
by a nuclear spin-rotation interaction modulated by lattice vibrations, as has been seen for Pb and Tl salts. This
19Sn relaxation pathway is less effective in SnF, than it is for 207pp, 29371, and 2T relaxation in some Pb
and TI salts but it is more effective than '''Cd and ''*Cd relaxation in some Cd salts. Above 350 K, there is
an additional contribution to the observed relaxation rate. The most likely candidate for this thermally activated
contribution is the modulation of the '"*Sn-'°F dipolar interaction by fluoride-ion motion.
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I. INTRODUCTION

27ph nuclear spin-lattice relaxation in Pb(NOs),,"2
PbMo00,,2? PbCl,,> PbTiOs,* and 2**T1 and/or 2°*TI nuclear
spin-lattice relaxation in TINO5,> TIC1O,,° and TINO, (Ref.
7) have been shown to arise from the Raman scattering of
phonons by the Pb or TI nuclei.® The mechanism was pro-
posed for solid '*Xe by Fitzgerald er al.® and expanded by
Vega et al.® Treated semiclassically, the mechanism involves
the random modulation of a local magnetic spin-rotation
field caused by the relative rotational motions of neighboring
atoms participating in lattice vibrations. Whereas the usual
mechanism of spin-rotation relaxation involves modulation
of a well-defined angular momentum of a molecule or an
atomic group by collisions in a gas,'® angular momentum is
not a meaningful parameter for the solid materials under in-
vestigation here. Instead, the nuclear spin-rotation interaction
responsible for the relaxation in these spin-% metal salts is
characterized by the modulation of the relative angular ve-
locity. The modulation of the angular velocity and the inter-
atomic distance of an atom pair gives rise to a Raman
mechanism. The Raman process, though well known for spin
relaxation of quadrupolar nuclei (spin /> %),“’12 was unex-
pected for spin-% nuclei.’3

To understand this unusual and unexpected relaxation
pathway for heavy spin-% nuclei better, we have investigated
other heavy spln—1 systems. This mechanism is not domlnant
(i.e., not observable) for '''Cd and '*Cd (both spin-3 L) spin-
lattice relaxation in CdMoO, (Ref. 14) or in Cdl,.! 18 In the
present work, we report measurements of the ''°Sn (spin-%)
spin-lattice relaxation rate constant R in SnF, between 238
and 420 K. (R=1/T,, where T, is the nuclear spin-lattice
relaxation time.) The Raman nuclear spin-rotation relaxation
pathway is dominant at the lower end of the temperature
range but at higher temperatures an additional thermally ac-
tivated ''”Sn relaxation mechanism appears. While we can-
not, unequivocally, specify the physical origin of the relax-
ation, fluoride-ion motion that modulates the 195y 1R
nuclear spin-spin dipolar interaction seems the most likely
candidate.
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PACS number(s): 66.30.Dn, 76.60.—k, 61.72.Hh, 82.56.Na

Stannous fluoride, SnF,, exists in three forms: «-SnF,
which is the thermodynamically stable form below 423 K,
B-SnF, which is metastable below 340 K, and y-SnF, which
is stable between 423 and 483 K.'6 The kinetics of transfor-
mation among these phases is complex, involving changes
over a range of temperatures and conditions'” that may affect
the relaxation of tin nuclei at temperatures in this regime.
The crystal is monoclinic, with space group C2/c, containing
16 SnF, units per unit cell.'®!® There are two inequivalent tin
atoms and four inequivalent fluorine atoms in the unit cell as
shown in Fig. 1. The structure is often described as contain-
ing four SnyFg tetramers, but this description is somewhat
artificial. Within the four tetramers Sn-F distances range
from 0.205 to 0.228 nm.

a-SnF, exhibits thermally activated electrical conductiv-
ity on the order of 1077 S cm™! at room temperature, which
increases to ~10™ S cm™! near the @— 7 phase transition at
423 K. The electronic contribution is less than 3%, so the
conductivity is mediated almost exclusively by F~ ion
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FIG. 1. (Color online) The crystal structure of a-SnF,. There are
two inequivalent Sn sites as indicated (blue and black colored beach
balls online) and there are four inequivalent F sites as indicated
(four different solid colors online). The tetramer SnyFy is indicated
by solid lines. (a) The (010) plane based on Fig. 2 of Ref. 16. (b)
The (100) plane based on Fig. 3 of Ref. 16. The same tetramer is
indicated in both parts. There are four such tetramers in the unit
cell, which is indicated. The structure was taken from the inorganic
structure database (Ref. 19) and the figure was made using
CRYSTALMAKER.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.214302

NEUE et al.

movement.'® Many solid-state fluoride-ion conductors are
based on the incorporation of SnF, in matrices with other
metal fluorides, producing such technologically important
materials as SnF,-PbF, and 2SnF,-NH,F.?’ A recent review
lists the properties of several SnF,-based materials and dis-
cusses the influence of impurities and mechanical defects in
such materials.”! Some F~ ion conductors have been studied
with solid-state nuclear magnetic resonance (NMR)
techniques.?>2” However, to our knowledge, similar studies
of single component SnF, have not yet been done. The
present work on the nuclear spin-lattice relaxation of ''°Sn at
higher temperatures provides an estimate of an effective ac-
tivation energy. Interpreting this activation energy as one that
characterizes F~ ion movement results in general agreement
with conductivity measurements in the literature.'®

II. EXPERIMENTAL PROCEDURE AND RESULTS

The polycrystalline sample of SnF, was purchased from
Sigma-Aldrich and was used as received. The quoted purity
was 99%. Crystallinity and purity of the SnF, were checked
by x-ray powder diffraction. The material is overwhelmingly
well-crystallized @-SnF,, with small traces of a material that
appears to be an oxide. The trace impurities exhibit quite
sharp peaks in the x-ray spectrum, implying that they are in
large associations spatially separated from the a-SnF,. Pre-
sumably, the trace oxide phases are located at the surfaces of
crystals, where they form a passivation layer that prevents
further degradation by air and moisture.?® Moreover, neither
static nor magic angle spinning ''*Sn NMR spectrum shows
any signals that can be identified as the signature of a tin
oxide under the conditions at which relaxation measurements
were performed. We conclude from these facts that the tin in
the a-SnF, in this material relaxes independently of the pres-
ence of this oxidic component.

The temperature dependence of the ''"Sn nuclear spin-
lattice relaxation rate constant R was measured at 74.6 MHz
on a Tecmag Discovery NMR spectrometer in a magnetic
field of 4.695 T. The /2 pulse width was 4.0 us. Measure-
ments of R were also carried out at 111.9 MHz on a Bruker
AVANCE DSX-300 spectrometer having a magnetic field of
7.049 T. The /2 pulse width was 3.0 us.

The '"Sn NMR spectrum, shown in Fig. 2, reflects the
significant chemical-shielding anisotropy in this material.
The spectrum consists of two overlapping powder spectra
corresponding to the two Sn sites (Fig. 1). The spectrum is
referenced to the resonance of neat Sn(CHj), (=0 ppm)
via the absolute frequency determined by comparison to the
frequency of the carbon resonance of Si(CHs), in the same
magnetic field.?’ There are few reported NMR spectra of
solid Sn(II) compounds.>°

In determining nuclear spin-lattice relaxation rate con-
stants R, magnetization-recovery curves at both wg,/27
=74.6 and 111.9 MHz were observed using a saturation-
recovery procedure. Typically, a train of 20 closely spaced
/2 pulses was followed by a variable delay, ¢, after which
the signal was detected with the spin-echo sequence using
spin-temperature alternation. The pulse sequence is*3!
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FIG. 2. The '”Sn NMR spectrum of a polycrystalline sample of
SnF, at 295 K and 74.6 MHz.
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with 74 set to about 5 us, 73 set to about 1 ms, 7 set to
about 20 us, 7, set to start the acquisition at the exact time
of the spin echo (typically about 20 us), and 75 set to about
100 ms. The relaxation was always found to be exponential
within experimental uncertainty and the relaxation was uni-
form across the line shape. The recovery of magnetization in
this saturation-recovery experiment is

M(1) = M()[1 - e™], (1)

where M(t) is the magnetization, M() is the equilibrium
magnetization, and R(=1/T),) is the relaxation rate constant.

Temperature regulation above room temperature (296 K)
was achieved by blowing heated nitrogen gas over the
sample. Sample temperatures at, or lower than, room tem-
perature (296 K) were achieved using a vortex-tube cooling
device.’> Temperature was measured by monitoring the
chemical-shift difference in the proton spectrum of ethylene
glycol [OH(CH,),OH] (Refs. 33 and 34) or by monitoring
the chemical shift of a static Pb(NO5), sample.®

Figure 3 shows the temperature dependence of the ''°Sn
spin-lattice relaxation rate constant R from 238 to 420 K at
ws,/27m=T4.6 and 111.9 MHz. The data in the lower tem-
perature range are consistent with the Raman mechanism.
We plot R versus 77 in Fig. 3 to indicate that at the lower
temperatures,

R=AT?, (2)

with A independent of magnetic field (i.e., independent of
nuclear Larmor frequency wg,), in agreement with the Ra-
man contribution to the nuclear spin-rotation relaxation
mechanism.® The data extrapolated to low temperature have
an intercept of zero within experimental uncertainty, which
also agrees with the predictions of the model. Fitting the
low-temperature data gives A=(2.21+0.02) X 1077 s7! K72,
and this temperature dependence is shown as the straight line
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FIG. 3. (Color online) The 1195 spin-lattice relaxation rate con-
stant, R, in SnF, as a function of T2 at 74.6 and 111.9 MHz. The
straight line is given by Eq. (2) and the top line is given by Egs. (2)
and (3), both with parameters given in the text.

in Fig. 3. Figure 4 shows the difference R’ =R—AT? for the
high-temperature data, plotted according to an Arrhenius
equation. The linearity suggests that this difference relax-
ation is due to a thermally activated mechanism,

R'=B ( £ ) (3)
=Bexp| - —|.
P\ kr
This relaxation process is frequency dependent, as is evident
from the divergence of the relaxation rate constants at the
highest temperatures. Separate linear least-squares fits (In R’
versus T!) to the two sets of data, shown in Fig. 4, give E
=64+4 kI mol™ and In(B/s™")=14 =1 for 111.9 MHz, and
E=76*3 kJmol™! and In(B/s™")=18=1 for 74.6 MHz.

The fit considering all data together yields FE
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FIG. 4. (Color online) The difference between the observed re-
laxation rates and the AT? term (the straight line in Fig. 3) in Eq.
(2). The straight lines are given by Eq. (3) for the 74.6 MHz data,
the 111.9 MHz data, and both data sets taken as one, with param-
eters given in the text.
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=684 kJmol™! and In(B/s™")=15%=1. All three fits are
shown in Fig. 4. The total temperature dependence R=AT>
+B exp(—E/kT) is shown in Fig. 3, where mean values of
E=70 kI mol™! and In(B/s™") =16 were used to construct the
line. Considering all these fits, we take the apparent activa-
tion energy of the relaxation process to be 70+ 10 kJ mol™".

II1. DISCUSSION

The temperature and magnetic field dependencies of the
11980 spin-lattice relaxation rate constants measured at lower
temperatures in «-SnF, are consistent with a model whereby
the relaxation involves only the nuclear spin-rotation relax-
ation process® and the observed relaxation rate constants at
higher temperatures involve, in addition, a contribution from
a thermally activated process.

The theoretical basis for relaxation by the spin-rotation
process is the connection of the fluctuations of the local
nuclear spin-rotation magnetic field Bj,.(7) to the time de-
pendence (due to random lattice vibrations) of both the an-
gular velocity (7) of a vector connecting the nucleus to a
nearest-neighbor atom and the deviations of the length a
+d(1) of this vector from its equilibrium value a.® The local
field and the angular velocity are related through a propor-
tionality coefficient I" that depends on the interatomic dis-
tance as described by

Blocal = FQ = F()(l - Sd)Q, (4)

where I, is the magnetorotation constant® and the parameter
e is related to the spatial derivative of I' evaluated at the
equilibrium interatomic separation. Simultaneous fluctua-
tions of (¢) and d(r) give rise to a Raman spin-relaxation
process. Using the semiclassical model for relaxation and
assuming a Debye model for the lattice vibrations in these
crystals,® A in Eq. (2) is given by

277\”5}/20282F%k3®D
B Thm?v*

: ()

where k is Boltzmann’s constant, vy is the magnetogyric ratio
of the "”Sn nucleus, ®, is the Debye temperature, m is the
average atomic mass in the solid material, v is the speed of
sound, and the other parameters have been introduced previ-
ously.

The fact that (z) and d(¢) are mainly driven by trans-
verse and longitudinal lattice vibrations, respectively, has
significance for the conventional description of the Raman
nuclear spin-lattice relaxation mechanism as a quantum-
mechanical phonon-scattering process, whereby each spin
flip is accompanied by the creation of one phonon and the
simultaneous annihilation of another phonon. In the model
that leads to the relaxation rate constant given by Eq. (2)
[with Eq. (5)], one of these is a transverse-mode phonon,
whereas the other is a longitudinal-mode phonon.® Other
vibration-mode combinations, such as a transverse mode
causing angular-velocity modulation and another transverse
mode causing modulation of I' through bond-angle fluctua-
tions, also contribute to the relaxation mechanism but were
not considered explicitly. We expect that distance modula-
tions have a more pronounced effect.?
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TABLE 1. Raman relaxation coefficients for various
materials.

10°A 1022A/

Material Nucleus (s7' K2 (s T2K™?) Ref.
CdMoO, ''cd/"*cd <0.01 <0.03 14
Cdl, Medr/Bed <0.01 <0.03 15
a-SnF, 1195 0.221+0.002 022 This work
Xe 12Xe 0.024 0.043 9
TICIO, 2057 0.5" 0.21 6
TINO,4 20371/2057] 1.4/1.4 0.57/0.58 5
TINO, 2057 5¢ 2.1 7
PbTiO; 207pp 0.90¢ 2.9 4
PbCl, 207pp 1.18£0.07 3.8 3
Pb(NO3), 207py, 1.33+0.03 43 1 and 2
PbMoO, 207py, 2.25+0.08 73 3

“Between 60 and 120 K.

"The value of A was estimated by numerical fitting of data points in
Fig. 7 of Ref. 6.

‘Raman relaxation process in addition to a relaxation mechanism
due to NO,- flips. The value of A was estimated by numerical fitting
of a plotted curve in Fig. 1 of Ref. 7.

dThe value of A was computed from Fig. 3 in Ref. 4.

The lack of a known value of I'y for SnF, makes it diffi-
cult to calculate an expected magnitude for the spin-rotation
relaxation rate constant A. However, agreement with the ex-
perimental value of A=2.2X 1077 s™!' K2 may be obtained
by choosing values for the various parameters that are within
the ranges determined for similar compounds. For instance,
®,=200 K, £=30 nm~',3 and v=5X%10* m/s. For I'; we
choose 3 X 1071 T's, which is close to the magnetorotation
constant determined for ''°Sn in SnH, and SnCl, (2.8
X107 and 3.0X107'* Ts, respectively).3® With the
substitutions a=0.22 nm, as discussed in Sec. I, and
m=53 daltons from the f.u., an evaluation of the expression
in Eq. (5) gives A=4X107 s7' K2 This order-of-
magnitude agreement demonstrates that the Raman process
is most probably the dominant nuclear spin-lattice relaxation
mechanism for '°Sn in -SnF, at lower temperatures.

The experimental value of A for SnF, is almost 1 order of
magnitude smaller than the previously reported values of A
for 2°’Pb relaxation in several lead salts and for ®*T1/2%T]
relaxation in several thallium salts, showing that this mecha-
nism is less efficient for ''”Sn relaxation in SnF, (Table
1).!-79-1516 For completeness, we note that this Raman pro-
cess was not observed for 'Cd/'3Cd relaxation in
CdMoO, and Cdl,, implying that A <10~® s~! K2 for those
two nuclear-spin species. A more direct insight into the rela-
tive efficiencies of the spin-rotation-mediated relaxation
mechanism is obtained when the contribution of the mag-
netic properties of the nuclei is eliminated by division of A
by ¥* (for magnetogyric ratio 7). Comparison of the small
set of values of A/v> reported to date (fourth column in
Table I) suggests that the sizes of the combined contributions
of lattice vibrations and the spin-rotation interaction to the
spin-lattice relaxation in the ionic lattices follow the trend
Cd<Sn<TI<Pb.
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At higher temperatures, R shows a contribution from a
thermally activated process described by a simple Arrhenius
law with an effective activation energy of 70+ 10 kJ mol ™.
This contribution to the observed relaxation rate likely arises
from the dipole-dipole interaction between fixed ''°Sn spins
and mobile '°F spins. In principle, studies over a wide range
of temperatures and NMR frequencies can often uniquely
identify the process responsible for the relaxation. For ex-
ample, NMR spectroscopy,’”3® NMR relaxation,* and field-
gradient diffusion studies*®® in LaF; identify different F sites
in the crystal via anisotropic fluoride-ion dynamics. Mea-
surements of the widths and asymmetries of 19F, R, and R,
maxima (where R, is the spin-lattice relaxation rate constant
in the rotating frame) in BaF, have allowed determination of
parameters that characterize the motion.?>?* Translational
motion in y-TiH, ¢; gives a weak (w'?) frequency depen-
dence to '"H NMR relaxation (in the high-temperature fast-
motion limit) from H* ions hopping among sites in the
lattice.*! Unfortunately, in the present case, the fact that the
temperature range is limited on the low side by the domi-
nance of the Raman mechanism below approximately 350 K
and on the high side by the transition to the y phase at 423 K
limits the information that one can extract from analyzing a
plot of R versus 7. Though we cannot conclusively say that
the high-temperature mechanism is due to fluoride-ion mo-
tion, it seems the most likely candidate.

IV. CONCLUSIONS

9Sn NMR nuclear spin-lattice relaxation in a-SnF, is
affected by two relaxation mechanisms in the range from 238
to 420 K. Below 350 K, relaxation is dominated by the
nuclear spin-rotation Raman mechanism. This interaction is
observed for a wide variety of spin-% containing solids from
12Xe in the van der Waals solid to heavier spin-% nuclei
such as 2Pb and *%T1/?°°T1 and now for '"Sn. This
mechanism is less effective for ''”Sn nuclei than for **’Pb
and *%*T1/?%°T1 by almost 1 order of magnitude but more
effective for ''’Sn than for "''Cd/ 113Cd, where it was not
observed in careful relaxation measurements that indicate its
strength is down by at least another order of magnitude from
119Sn. These observations suggest a strong correlation with
atomic mass but this needs further investigation since the
quantum-mechanical details of the electronic structure may
also play a significant role. Results reported for l09Ag salts
indicate very inefficient relaxation rates at room temperature,
but the temperature dependence of the relaxation rate has not
been reported. To our knowledge no relaxation experiments
have been performed with the spin—% nuclei 183W, 18703, or
195p¢ (see Table 1 of Ref. 8).

At temperatures above 350 K, there is an additional ther-
mally activated contribution to "9Sn relaxation in a-SnF,.
We suggest that this results from the modulation of the un-
like nuclear spin 198n-1F dipolar coupling by the motion of
fluoride ions. The effective NMR activation energy derived
from the temperature dependence of this contribution to the
observed '"Sn spin-lattice relaxation rate is comparable to
activation energies measured in conduction experiments
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where conduction is due to fluoride-ion motion. This high-
temperature motion would be better studied in materials
without a phase transition so a greater range of temperatures
could be investigated.
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