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ABSTRACT: Among the three inequivalent fluorides in tysonite CeF;
(F1, F2, and F3 in the ratio of 12:4:2 per unit cell), we show by '°F
solid-state NMR that F1 is solely responsible for the ion conductivity in
Ce;_,Sr,F;_, (x = 0.001) at 0 °C. It is further shown that the observed
conductivity can be explained quantitatively by using the Nernst—
Einstein relation with the FI—F1 exchange rate (ca. 6 X 10° s7')
estimated from lineshape analysis with the carrier—F1 concentration. As
for an alternative method to obtain the hopping rate of a carrier, we
adopt the AC impedance method, for which the identity of the “carrier”

is rather elusive. The observed AC impedance gives the carrier hopping A

rate of 3.5 X 107 s™', which is ca. 60 times of the F1—F1 exchange rate
determined by NMR. The slower F1—F1 hopping rate is ascribed to the
result of the long-time average of the faster carrier hopping rate. For the
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AC impedance analysis, the concentration of the carrier to realize the observed conductivity is much larger than that of the fluoride
ion vacancy introduced by Sr doping. For explanation, we postulate that what influences AC impedance includes not only the

vacancy but also fast-exchanging fluoride ions around the vacancy.

1. INTRODUCTION

Trifluoride with a tysonite structure' ~> such as LaF; and CeF,
is known to exhibit high ionic conductivity of ca. 107* S/cm at
around room temperature with an introduction of a few
percentage of bivalent cation,®™"* such as Sr**. Long-standing
controversies on ionic conduction pathways among the three
crystallographically inequivalent sites in tysonite (F1, F2, and
F3 in the ratio of 12:4:2 per unit cell) have recently been
settled down by usingi F magic angle spinning (MAS) NMR
for LaF;'® and CeF;;'* F1—F1 exchange occurs first, followed
by F1—-F3, and F1—-F2 exchange is most restricted. So far, a
number of solid-state '’F NMR works examined the diffusion
of the fluoride ion in tysonite, some of which will be briefly
touched upon in the following to compare with the results
obtained from the analysis of conductivity.

Schoonman et al."> examined the AC impedance of Ba-
doped LaF;. From the conductivity isotherm, they obtained
the diffusion coefficient of fluoride ion vacancies (D,) in LaF,
at 250 K (D, = 3.7 X 1077 m?/s), which is consistent with the
diffusion coefficient of a fluoride ion (D,,,) calculated from
the activation parameters obtained by analyzing '°F NMR line-
narrowing of LaF;'® (D,.. = 9.2 X 107"7 m?/s). Unfortunately,
no details, such as the mean hopping distance for the vacancy
as well as its frequency or carrier density, which may be
required to deduce D,, were presented.

Roos et al. reported for nominally pure LaF; at 300 K that
the diffusion constant obtained by analyzing the temperature
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dependence of conductivity (D,) is equal to that obtained
from F NMR T, , and T, measurements (D, ~ D, ~ 2.6 X
1077 m?/s)."”'® They further pointed out that the value is
consistent with D, obtained by Lee and Sher'® (D, ~ 2.5 X
107 m*/s) for a single crystal of LaFs. It should be noted,
however, in deducing D, that Roos et al. adopted 0.415 nm
for the mean hopping distance of the fluoride ion according to
their assignment of the fast-moving ion being F2, while Lee
and Sher adopted 0.26 nm, which is the average near-neighbor
F—F distance in LaF;. Hence, the apparent agreement between
the two D,,,, values is questionable.

Breuer et al. obtained D, = 19 X 107'* m?/s for
LagoBag F, at 373 K from the jump rate (1.3 X 10°s™") of F~
ion determined by ’F T, measurement and the average jump
distance of 0.3 nm."” The authors indicated that this value
agrees very well with D, = 0.8 X 107"* m?/s calculated from
conductivity. Unfortunately, however, the authors did not give
the DC conductivity (6,4.) at 373 K nor the concentration of
charge carriers to follow their estimation of D,,.
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Sorokin and Sobolev'® presented a detailed procedure for
analysis of frequency dependence of conductivity (AC
impedance) and applied to various doped tysonite single
crystals. They adopted an empirical universal response
equation for frequency response of conductivity (o(v))
postulated by Almond and co-workers™™>* (hereafter, the
AC impedance method), which may be written as

o(v) = o {1 + (v/1)"} (1)

where v is the modulation frequency of the electric field and a
is a constant (0 < & < 1). Almond and co-workers interpreted
the characteristic frequency v, as the thermally activated carrier
hopping rate (k,, hereafter). Sorokin and Sobolev assumed that
the carrier is the ion vacancy and calculated its mobility by
using the Nernst—Einstein relation

U= Zegk, a*/6kyT (2)

where Z is valence of carrier (Z = 1 for the present case), ¢, is
the elementary charge, kg is the Boltzmann constant, and a is
the mean hopping distance of the vacancy. The mobility of the
ion vacancy is related to oy as

O4c = eOCv:u (3)

where C, is the concentration of the vacancy. They further
assumed that the vacancy is solely brought about by doping.
Hence C, for La,_,Sr,F;_, is given by

C,=6x/V (4)

where V is the unit cell volume of tysonite. Then, the hopping
distance a was used as an adjustable parameter to realize the
observed DC conductivity. For example, a = 0.55 nm was
obtained for La;_,Sr,F;_, (x = 0.05) at 254.6 K. This value is
much longer than a ~ 0.26 nm adopted by Lee and Sher,'® and
for explanation of this long distance, the authors postulated
F1—F1 exchange between two F1 layers via vacancy at the F2
atom. This is rather confusing as such exchange would lead the
F1-F2 distance to be the hopping distance for the vacancy.
Furthermore, it is widely accepted that the vacancy is at the F1
site.'>**™*° If one adopts a ~ 0.26 nm and use the carrier
density C, as an adjustable parameter, C, becomes ca. 4.5 times
larger than the value given by eq 4.

The AC impedance method is useful as it gives the carrier
hopping rate, which can be compared directly with a motional
rate obtained by an NMR experiment. However, it should be
pointed out that the identity of the characteristic frequency v,
as the hopping rate has been questioned.”® Furthermore,
comparison of the results of NMR and the AC impedance
method is not straightforward, as while '’F NMR directly
observes the fluoride ion, AC impedance is governed by the so-
called “carrier”, whose identity is rather elusive. Moreover, the
characteristic timescale of observation is different not only
between NMR and the AC impedance method but also among
NMR measurements, such as relaxation (T}, T, and T,) and
lineshape measurements. With these reservations in mind, we
adopt the AC impedance method in this work to compare v,
with the rate obtained by NMR.

First, we examine temperature dependence of conductivity
and obtain the carrier hopping rate k, in Ce;_,Sr,F;_, (x =
0.001) at 0 °C by the AC impedance method. The diffusion
coefficient D, is evaluated with the mean hopping distance a
being the average F1—F1 nearest-neighbor distance of 0.26
nm. Then, the conductivity o is elucidated by using eqs 2 and
3, with the carrier density C, as an adjustable parameter.

Furthermore, we examine C, for the Ce,_,Sr,F;_, (x = 0,
0.005, and 0.01) samples similarly to examine x dependence of
C, and the identity of the “carrier” viewed from the AC
impedance is discussed.

Second, we extend our "’F-NMR study'* of Sr-doped CeF,
to estimate motional frequency of fluoride ions. We show for
Ce,_,Sr,F5_, (x = 0.001) at around room temperature that,
while the F2 and F3 lineshapes are almost identical to those of
nondoped “pristine” CeF;, the apparent F1 signal intensity is
different from that in pristine CeF;, and its intensity decreases
appreciably. The F1—F1 exchanging rate kg in Ce;_,Sr,F;_, (x
= 0.001) at 0 °C is estimated from the observed reduction of
the F1 signal, and the diffusion coefficient is evaluated with the
hopping distance a of 0.26 nm. We show that the conductivity
o is consistent with the calculated one using eqs 2 and 3,
considering F1 is the carrier. In other words, ion conduction in
Ce,_,Sr,F5_, (x = 0.001) at 0 °C is solely governed by the F1
exchange motion from the point of view of '’F NMR.

Lastly, the apparent difference in the carrier hopping rate k,
obtained by the AC impedance method and the F1 hopping
rate ky obtained from '"F NMR lineshape is discussed on the
basis of the characteristic timescale of each observation.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. CeF; and SrF, were purchased
from Kojundo Chemical Laboratory Co. Ltd. (99.9%) and
used without further purification. We refer to the as-it-is CeF;
sample as pristine CeF;. The Ce,_Sr,F;_, samples (x = 0,
0.001, 0.00S, and 0.01) were prepared from a mixture of CeF,
and SrF, powders in different ratios. The mixture was ball
milled at room temperature with the rotation speed of 300 rpm
for 3 h. The powders were then uniaxially pressed into pellet at
87 MPa, whose diameter is 12 mm, and additionally pressed by
cold isostatic pressing at 200 MPa. Furthermore, the pellets
were fired at 1000 °C for 1 h in a dry Ar atmosphere. The
powder X-ray diffraction (XRD) patterns for the x = 0.001 and
0.01 samples were shown in ref 14. The XRD patterns for the
other samples are consistent with those for x = 0.001 and 0.01.
The pellet for pristine CeF; for conductivity measurement was
prepared similarly from the as-it-is CeF; sample without
milling—firing. Bach of the pellet Ce,_,Sr,F;_, samples (x = 0,
0.001, 0.00S, and 0.01) was ground in an agate mortar to a
powder for NMR measurement.

2.2. Impedance Measurement. AC impedance measure-
ments were conducted using an impedance analyzer (E4990A,
Keysight Technologies). Both faces of the disk-shaped, fired
Ce,_,Sr,F;_, samples (diameter of ~12 mm and thickness of
~1 mm) were coated with platinum as electrodes using a
magnetron sputtering apparatus (MSP-20TK vacuum device).
These samples were loaded into a cell to measure the AC
impedance under controlled atmospheres at temperatures
between 233 and 353 K (ZF-ST-HG, Qualtec Co. Ltd.). The
applied voltage was fixed at 20 mV, and measurements were
taken within a frequency range of 100 Hz to 100 MHz in a
high-purity Ar. The electrical conductivity evaluated from the
AC impedance could be equated with the ionic conductivity of
the F ions, because it is expected that the ionic transport
number of Ce,_,Sr,F;_, is approximately 1.

2.3. NMR Analysis. The NMR measurements were made
using the OPENCORE spectrometer”’ operating at 4.7 T with
a MAS probe (Agilent Technologies, Inc.) for a 1.6 mm rotor.
The resonance frequency for '’F was 188.4 MHz. The "F
MAS spectra were observed by using the Hahn echo sequence
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under the MAS spinning frequency of 35 kHz with the 7/2 and
7 pulse lengths being 1.15 and 2.25 us, respectively. The pulse
repetition time was 50 ms. The 'F chemical shifts were
calibrated in ppm relative to CCLyF adopting the '°F chemical
shift for neat C¢F¢ (—163 ppm™®) as an external reference. The
temperature calibration experiment was done using *°’Pb
NMR of Pb(NO;,),.”

3. RESULTS AND DISCUSSION

3.1. AC Impedance Measurements. Figure 1 shows
impedance Nyquist plot of Ce;_,Sr,F;_, (x = 0.001) measured

-2x10°}
Bulk

zZ’1Q

Grain boundary

0 2x105 4x10°

Z/Q
Figure 1. Impedance Nyquist plot of Ce,_Sr,F;_, (x = 0.001)
measured at 0 °C. The red line through the observed data (the filled
balls) is the fitted one.

at 0 °C. The choice of this particular sample and the
temperature will be explained in Section 3.2. In Figure 1, two
arcs owing to the bulk and grain boundary resistances were
clearly observed. By using a curve-fitting procedure, each
resistance could be evaluated separately, even if both have
similar time constants. Figure 2 shows the temperature

-7 x=0.001 ©

20 25 30 35 40 45
1000K / T

Figure 2. Temperature dependence of the total (open circle) and the
bulk (filled circle) conductivities for Ce,_,Sr,F;_,; black (x = 0), blue
(x = 0.001), and red (x = 0.01). The straight line through the blue
filled balls is for eye-guidance.

dependence of the total electrical conductivity and that for
the inner grain of the CeF; crystalline bulk regions (the bulk
conductivity, oy,y). For clarity, the results for Ce;_,Sr,F;_, (x
= 0.005) and pristine CeF; were not included. For pristine
CeF;, we could not separate bulk and grain boundary
resistances due to large contribution of grain boundaries, and
the observed total conductivity is lower than that of
Ce,_,Sr,F5_, (x = 0) by ca. 3 orders of magnitude for the
temperature range we studied. Even considering the reduction
of the apparent conductivity of pristine CeF; by grain
boundary resistance, the inner grain conductivity of pristine
CeF; is expected to be much lower than that of Ce,_,Sr,F;_,
(x = 0). The enhancement of the conductivity for Sr-nondoped
Ce,_,Sr,F5_, (x = 0) should be attributed to the milling

process, followed by the firing at 1000 °C for 3 h. It is thus
envisaged that the milling—firing process introduces defects to
facilitate F1 motion, which will be examined quantitatively
afterward.

The 6y value for Ce,_,Sr.F;_, (x = 0) at 500 K is ca. 4 X
10™* S/cm, which is comparable to the values of ca. 1 X 107°
S/cm reported previously.”*'"'" From the Arrhenius-type plot
for log(opuT) o« —E,/kT (not shown), we have an activation
energy of ca. 0.4 eV for Ce,_Sr,F,_. (x = 0), which is also
consistent with the reported values.”*'*'* As is well known, Sr
doping improves the conductivity, and the oy value for
Ce,_,Sr.F;_, (x = 0.01) at 300 K becomes 3 X 107* S/cm,
which is also comparable to those reported for Sr-doped
CeF, "1

The apparent reduction of the high-temperature slope in
Figure 2 has also been reported for CeF,%” and LaF, ' >'%303!
Omari et al. suggested that, at the slope change temperature,
the F2/F3 ions starts to be involved in ion exchange.’* The
onset of F2 and F3 motion in LaF; is, for example, suggested
from the observed increase of the relative intensity ratio of the
'F NMR signals, F1/F2 + F3, from 2.0 at 450 K to 2.3 at 490
K.*> Goldman and Shen also reported that ion exchange
between inequivalent sites (F1 and F2 + F3) occurs at 415 K
in LaF,.** For Ce,_,Sr,F,_, (x = 0.001), F2 motion becomes
appreciable as apparent reduction of the '"F NMR signal
intensity of F2 at above 393 K (120 °C)."" Indeed, the
deviation of 6(T) from the linear dependence as designated by
the eye-guiding straight line at the lower temperature region in
Figure 2 occurs at around 393 K for Ce,_,Sr,F;_, (x = 0.001).

Figure 3 shows a projection of the unit cell of CeF;, in which
F1 connections among the first nearest neighbor with the F1—

c
Figure 3. Schematic illustration of F1—F1 connectivity in a unit cell of
CeF;. Red balls are Ce and the three F ions (F1 ~ F3) are designated

by blue, green, and orange, respectively. For simplicity, except for F1—
F1 connection (blue sticks), only Ce-F2 and Ce-F3 bonds are drawn.

F1 distance (0.253 nm) and the second neighbors (0.272 nm)
are drawn together with the Ce—F2 and Ce—F3 bonds. The F1
network along the c-axis shown in Figure 3 is consistent with
the observed anisotropic conductivity in LaFs;'"> below 415 K,
the conductivity in the direction parallel to the c-axis is slightly
better than that in the perpendicular direction. The loss of the
anisotropy in conduction above 415 K associating with the
change of the slope in o(T) is thus attributable to the
participation of F2 and F3 ions into ion conduction. A one-
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dimensional diffusion path along the c-axis has also been
postulated by analysis of probability density functions.®

We show in Figure 4 that, for the concentration range of the
dopant Sr** we studied, ionic conductivity increases almost

1.5

c/104Scm!

0.000 0.002 0.004 0.006 0.008 0.010
X

Figure 4. Sr doping ratio (x) dependence of the total (black) and the
bulk (red) conductivities for Ce,_,Sr,F;_, at 0 °C. The straight line
through the red balls is for eyeguidance.

linearly with x at 0 °C. The linear dependence is envisaged
from the following relation deduced by using eqs 2 and 3 for
ion conduction with assuming vacancies introduced by Sr
doping acting as the carrier,

_ eg C, D,
kT (s)
with the diffusion constant given by
D, = a’k,/6 (6)

Here, we assume that the x dependence of C, is simply
written by using eq 4 as

C,(x) =C°+ 6x/V (7)

where C,° is the vacancy concentration brought about by the
milling—firing procedure in the sample preparation.

Here, we analyze the AC impedance data to elucidate the
carrier hopping rate k, and estimate the diffusion constant for
the carrier D,. Note that we first follow Sorokin and Sobolev'®
to assume naively that the carrier is the ion vacancy. Figure 5
shows the observed frequency dependence of conductivity
(6(v)) of Ce,_,Sr,F;_, (x =0.001) at 0 °C. The data consists
of two processes with longer and shorter relaxation times, the
longer one corresponding to grain boundary response and the
shorter one corresponding to ion dynamics in the crystalline

-4.0

log (c/S cm-1)
o o b
[$,] o (3]

&
o

2 3 4 5 6 7 8
log (v/s™")

Figure 5. Frequency dependence of conductivity of Ce,_,Sr,F;_, (x =
0.001) at 0 °C (X). The red curve through the observed data is the
least squares one described in the text. The two crosses at log v ~ 7.4
deviated appreciably from the fitting line are instrumental noises.

bulk regions (the bulk conductivity). For each process, we
applied the Almond—West equation (eq 1) as

o(v) =6’ {1 + (v/k)a}, (i=1o0r2) (8)

and the observed o(v) values were least squares fitted to o(v)
= 0,(v)0o,(v)/(6,(v) + 6,(v)) by taking 6°, k, and a; (i =1 or
2) as the adjustable parameters, and the best-fit line is plotted
in Figure 5. The best-fit values for the bulk conductivity o,°, k;,
and a, were (1.50 + 0.07) X 10™° S/cm, (3.5 +£ 0.5) X 107 s7},
and 0.79 + 0.06, respectively. The best-fit ¢,° value is
consistent with the bulk conductivity (G, = 1.43 X 1075 S/
cm) obtained by the analysis of the Nyquist plot given in
Figure 1.

It is worthy to point out here that the k; value (3.5 X 10’
s™') is comparable to the rate (0.9 X 107 s™') obtained by the
AC impedance method for LaggsSryesFa0s at 254.6 K" for
which DC conductivity (64 = 3.1 X 107> S/cm) is similar.
This consistency is ascribable to their similar structures as well
as to the same jonic conduction mechanism.

The diffusion constant of a vacancy estimated by using eq 6
with @ = 0.26 nm becomes D, = 4.0 X 107" m?/s. The
concentration of the vacancy C, in eq S is used as an adjustable
parameter to realize 6,° = 1.5 X 107> S/cm, and we have C, =
5.6 X 10* m™>, which corresponds to ca. 0.2 vacancies per a
unit cell.

We applied the fitting using eq 8 to the AC impedance data
of Ce,_,Sr,F;_, (x = 0, 0.00S, and 0.01) at 0 °C and obtained
the estimated hopping rate of 4.7 X 10°s7, 9.7 X 107 57!, and
9.1 X 107 s7!, respectively. The concentration of the vacancy
was estimated similarly for these samples and is plotted
together with that obtained for x = 0.001 in Figure 6. The

20.0

15.0 1

10.0 1

Cu(x) 11026 m3

50 X X

0.0

0.0 0.002 0.004 0.006 0.008 0.010 0.012
X

Figure 6. Sr doping ratio (x) dependence of the estimated carrier
(vacancy) density in Ce;_,Sr,F;_,. The straight line through the data
points is the least squares fitted one described in the text.

straight line in Figure 6 is the result of least squares fitting to
eq 7 with the best-fit slope of (1.4 + 0.4) X 10* m™> and the
intercept of C,° = (2.3 + 2.2) X 10** m™>. The observed slope
is ca. 7 times of that calculated using eq 7 (6/V =188 x 1028
m™?). At present, we explain the large concentration as follows.
The hopping rate of the F1 ions at the boundary of a vacancy
can be similar to that of the vacancy. Hence, both fast-moving
vacancies and surrounding F1 ions can contribute to AC
impedance and can thus be counted as carrier.

3.2. NMR Measurements. In this section, we examine the
YF MAS NMR spectra of Ce,_,Sr,F;_,. Figure 7 shows
temperature dependence of '’F MAS NMR spectra of pristine
CeF; and Ce,_,Sr,F;_, (x = 0, 0.001, and 0.01). The isotropic
signals of F1—F3 in pristine CeF; assigned on the basis of
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Figure 7. '"F MAS NMR spectra at temperatures designated for each
row. The first column is the spectra of pristine CeF; and the
remaining three columns are those of Ce;_,Sr,F;_, with x = 0, 0.001,
and 0.01, respectively.

spectral analysis described in ref 14 are indicated in the figure.
Note that, for pristine CeF;, the observed spectra below 100
°C can be modeled by the static MAS spectra calculated for
F1—F3;"* in other words, no motion is appreciable for F1—F3
in pristine CeF; below 100 °C. The apparent temperature-
dependent lineshape for pristine CeF; is attributable to
temperature-dependent thermally averaged magnetic moment
of the unpaired electrons on Ce** (the Curie law).

Even below 100 °C, effects of F motion enhanced by Sr
doping and milling—annealing become appreciable for
Ce,_,Sr,F5_, (x =0, 0.001, and 0.01) (Figure 7). For example,
reduction of the F1 signal, which was observed at 240 °C for
pristine CeF,,'* is appreciable for Ce,_,Sr.F,_, (x = 0.001) at
0 °C; it appears that the F1 signal is almost missing in the
latter sample. With increasing temperature to 100 °C, a signal
associated with a smaller number of sidebands emerges at the
center of the spectrum. This peak is attributable to a signal
from the F ions exchanging among F1—F3 sites.'* Indeed, the
relative intensity of F2 reduces concomitantly with the growth
of the exchange peak. Similar but enhanced tendency is
observed for Ce;_,Sr,F;_, (x = 0.01). These spectra thus show
that F-ion motion is affected by Sr doping appreciably. In other
words, the diffusion constant D, in eq 5 depends on %, and the
observed linear dependence of o, on x in Figure 4 is not
solely governed by C,(x).

In the following, we estimate the exchange rate of F1 ions
from the “F1 missing” spectrum of Ce,_,Sr,F;_, (x = 0.001) at

0 °C. For that, we briefly summarize effects of chemical
exchange on a MAS sideband pattern in the following.**’ In
the case of slow exchange (27vR7. > 1, where vy is the MAS
speed in Hz and 7, is the correlation time of motion), the
motion does not affect the formation of the rotational echo
and a manifold of sharp sideband is observed. With increasing
temperature, we encounter two intermediate exchange regimes.
One is 2avpt, ~ 1, at which the formation of the rotational
echo is disturbed by motion, leading to reduction of the signal.

The other is 12rAr] ~1, at which significant motional
broadening and reduction of the signal due to short T, occurs.
Here, A is the shielding anisotropy in Hz indicating spread of
the signal by an anisotropic interaction. Finally, at fast
exchange limit (I27A7] < 1), a narrow single signal appears
at the isotropic chemical shift when the motion is isotropic.
For anisotropic motion, we observe a new pattern reflecting a
partially averaged anisotropic interaction. Indeed, such spectral
change has been observed for CeF; by using a single crystal
sample.’® Note that for fast MAS case (IA/zgl < 1), we observe
or§19y4(;che center band, which exhibits broadening at 27vgr, ~
1.

For F1 in pristine CeF; at 0 °C, we determined the principal
values of the anisotropic interaction given as (8xx, Oyy, 677) =
(452.0, 33.3, —542.3 ppm) and the isotropic shift &, = —19
ppm."* Hence, the shielding anisotropy (A = &, — J,,) at 4.7
T is calculated to be ca. 100 kHz. Here, we assume that this A
value can also be applicable to F1 in Ce,_,Sr,F;_, (x = 0.001).
Since A is much larger than vy of 35 kHz (IA/vgl ~ 3), we
encounter the two criteria of the intermediate region, 2757, ~
1 and 27A7, ~ 1 successively with increasing temperature. The
observed reduction of the F1 signal in the spectrum of
Ce,_,Sr,F5_, (x = 0.001) at —40 °C is thus attributable to the
case of 2zvgz, ~ 1 and 1272A7.| ~1 is realized at around 0 °C,
leading to the F1 missing spectrum. Let us examine the
observed spectrum at 0 °C more quantitatively.

Figure 8a compares the observed spectrum (the black line)
of pristine CeF; at 0 °C with the individual spinning sideband
manifolds calculated for F1—F3 (F1: blue, F2: green, and F3:
orange). Details of the lineshape calculation is given in ref 14.
The intensity ratio of the individual spectra (F1:F2:F3 = 6:2:1)
is consistent with the ratio of 12:4:2 per unit cell, showing that
the observed spectrum is modeled by the calculation. In Figure
8b, we compare the observed spectrum (the black line) of
Ce,_,Sr,F;_, (x=0.001) at 0 °C with the calculated F1 and F3
spectra with the relative ratio of 2:1 (F2: green and F3:
orange). These calculated spectra are the identical ones used in
Figure 8a. The apparent fitting of the F2 and F3 spectra with
the observed one in Figure 8b indicates that the F2 and F3
ions also remain stationary in Ce;_,Sr,F;_, (x = 0.001) at 0 °C.
The remaining sharp signals in Figure 8b are different from the
calculated pattern for F1 in Figure 8a and can be attributable
to the FI signal in the fast exchange limit (I2zA/z] > 1),
which we shall estimate in the following. We shall refer to the
F1 ions in the fast exchange limit as F1,,.

To estimate the motionally averaged F1,, signal, we assume
that the exchange among crystallographically equivalent F1
sites reduces the size of the tensor (A) but its asymmetry (7 =
(8yy — Oxx)/A) is retained. From (A, 1) = (522.6 ppm, 0.8)
for F1 in CeF; at 0 °C, we estimated (A, ) = (466.7 ppm, 0.8)
with &, = —50.4 ppm for F1,, in Ce,_,Sr,F;_, (x = 0.001) at 0

°C, and the calculated F1,, spectrum is plotted in Figure 8¢
(the blue line) with the observed spectrum of Ce,_Sr.F;_, (x
=0.001) at 0 °C (the black line). In the figure, we also plot the
calculated sum spectrum (the red line), for which the three
calculated signals of F1,,, F2, and F3 are mixed with the ratio
of F1,:F2:F3 = 0.4:2:1. Except for the discrepancy for the
signals at around —200 ppm, which becomes apparent with the
reduction of the F1 signal, the calculated spectrum explains the
observed spectrum. The lower-frequency shift of o, of F1,,
(80 = —50.4 ppm) from &, = —19 ppm for F1 in pristine
CeF; is ascribable to averaging of the paramagnetic interaction
by F1 motion. Indeed, a lower-frequency shift of the isotropic
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Figure 8. (a) Comparison between the observed "F MAS NMR
spectrum (the black line) of pristine CeF; at 0 °C and the calculated
spectra for F1 (blue), F2 (green), and F3 (orange) plotted with the
relative intensity ratio of F1:F2:F3 = 6:2:1. Details of the lineshape
calculation are given in Ref 14. (b) The observed spectrum of
Ce;_,St,F5_, (x = 0.001) at 0 °C (the black line) is plotted with the
calculated spectra of F2 (green) and F3 (orange), which are the same
one plotted in (a), with the relative intensity ratio of F2:F3 = 2:1. (c)
Comparison between the observed spectrum Ce;_Sr,F;_, (x =
0.001) at 0 °C (the black line) with the calculated sum spectrum (the
red line). The calculated F1 spectrum in the fast exchange limit is also
plotted (the blue line). The vertical dotted line designates the
position of the isotropic signal of F1 in pristine CeF; at 0 °C at —19

chemical shifts of F1 in pristine CeF; with increasing
temperature has been attributed to the reduction of the
paramagnetic interaction (the Curie law)."*

Figure 8c suggests that more than 90% of the F1 ions are in
the intermediate region of 127Az, | ~ 1, and their '’F NMR
signals are lost due to T, decay during the spin-echo time (~57
us for vy = 35 kHz). We thus roughly estimate the F1—F1
exchange rate k; = 1/7, among F1 in Ce,_,Sr,F;_, (x = 0.001)
at 0 °C to be kg ~ 6 X 10° s™' and use it to evaluate ionic
conductivity ¢ in the following.

For evaluation of the diffusion constant of F1, we noted that
Lee used the following expression for CeF;**

12 7. ©)

which was originally introduced for LaF;.'®*" Sher et al.
adopted the factor 1/12 rather than 1/6 because the diffusion
affecting the '’F—'"F dipolar interaction in LaF; is relative to
other fluoride ions that are also diffusing. For CeF;, since the

F lineshape is governed mostly by the electron—'"F dipolar
interaction, we adopt the conventional definition of

6 7. (10)

It is noted, however, that the factor 2 difference is not crucial
in the following rough estimation of o.

By putting a = 0.26 nm and kg = 6 X 10° s™! in eq 10, we
have Dy = 6.76 X 107'° m?/s. This value is one order higher
than that estimated for pristine CeF; (~7 X 107'¢ m?%/s)
evaluated by using the activation parameters obtained by '°F
NMR.* The higher Dy value for Ce,_,Sr,F;_, (x = 0.001) is
consistent with its higher conductivity. For the carrier density
Cp, by assuming that all F1 ions are participating in the
exchange, we have Cp = 12/V ~ 3.74 X 10*® m™>. The
conductivity with considering F1 as the carrier can be
evaluated by rewriting eq S for F1 as

eé Cg Dy
ky T (11)

The conductivity thus estimated becomes ¢ = 1.7 X 107> S/
cm, which is consistent with the observed o = 1.43 X 107°
S/ecm. Considering the coarse approximations we have
employed, we admit that the good agreement is just
coincidence, but the apparent consistency is enough to claim
the legitimacy of applying eq 11 with F1 being the carrier for
ion conduction in Ce;_,Sr,F5_, (x = 0.001) at 0 °C. Hence,
the identity of the carrier viewed from the NMR lineshape
experiment is clear; the carrier is the '°F ions.

3.3. Effects of Different Timescale of Observation in
the Two Measurements. It is notable that the hopping rate
k, obtained by the AC impedance method is ca. 60 times faster
than the FI—F1 exchange rate k; estimated from the '"F
lineshape analysis. This can be exylained in the framework of
the so-called encounter model*' ~** for the NMR measurement
as follows. F1—F1 exchange occurs when a vacancy migrating
randomly among the FI sites comes next the F1 ion (an
encounter). The correlation time 7, of the F1—F1 exchange is
thus given by the mean time between two encounters. To
advance consideration, we roughly estimate the characteristic
timescale of '°F lineshape observation as T, ~ 1/A ~ 20 us,
which allows more than 500 hopping for the vacancy with k; =
3.5 X 107 s7'. In fact, this estimation of T. may be an
underestimated one as the homogeneous line width of each
spinning sideband (ca. S kHz for Ce,_,Sr,F;_, (x = 0.001) at 0
°C) leads T, ~ 100 us. Hence, the correlation time 7. of the
F1—F1 exchange is given by long-time average or ensemble
average as

Tc = TCF/CV (12)

where 7 denotes the correlation time for the vacancy. Equation
12 leads

C,D, = C;D; (13)

which allows us to use one of eqs 5 and 11, depending on the
object of observation.

Here, we briefly comment on corrections of a correlation
time obtained by NMR relaxation (T, T, and T,,)
experiments examined extensively in refs 41—44. Such
corrections become necessary because the relaxation experi-
ments observe a spin pair coupled by the dipolar interaction.
Furthermore, T; and T, are sensitive to motional frequency
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close to the Larmour frequency; the long-time average may not
be applied. Spin diffusion during T recovery or homonuclear
Hartman—Hahn transfer during spin locking for T, measure-
ment should also be considered. Fortunately, these complex-
ities can be avoided in the present lineshape analysis, and the
simplified view presented above is applicable.

To conclude, the whole F1 ions contribute ion conduction
as carrier at low temperature, and the enhanced conductivity
by Sr doping is realized by the enhancement of F1 exchange
motion by the introduction of vacancy. While the interpreta-
tion of “carrier” for the Nernst—Einstein relation (eqs 2 and 3)
is clear in the lineshape analysis of *’F NMR, the identity of
carrier in the AC impedance method is rather elusive.

Lastly, we do not claim that the identification of the
characteristic frequency in eq 1 being the carrier hopping rate
is evidenced in this work. However, it is clear that the
characteristic frequency certainly represents mobility of carriers
and is useful for comparison of dynamics in conductivity
among a series of materials. One example is the discussion
about the best-fit slope of (1.4 + 0.4) X 10*® m™3, which holds
as long as the characteristic frequency is linearly proportional
to the hopping rate.

4. CONCLUSIONS

Ion conduction in solids has been an important subject due, for
example, to its application in all-solid-state batteries. To
examine ion dynamics, both solid-state NMR and AC
impedance measurements have been widely applied; however,
comparison of their results is not straightforward. In this work,
we examined '’F NMR and AC impedance of CeF; and show
that care must be taken to compare the results from the two
measurements with apparently different timescales of observa-
tion and measurement objects.

In contrast to the case of LaF;, for which MAS averages out
the anisotropic interactions ['’F—'°F dipolar and '°F chemical
shielding anisotropies (CSA)] leaving three simple signals for
F1—F3, the '°F MAS spectrum of CeFy is consisted of spinning
sideband patterns for F1—F3 characterized mostly by the large
paramagnetic dipolar interaction among the unpaired electrons
on Ce*" and '°F spins. Hence, for CeF;, it is possible to deduce
information of F1—F3 motion separately via analysis of the
individual spinning sideband patterns. In this work, we
estimated the F1—F1 exchange rate in Sr-doped Ce,_,Sr.F;_,
(x = 0.001) at 0 °C as ca. 6 X 10° s™". By assuming F1—F1
exchange occurring between nearest neighbors, we evaluated
the ionic diffusion constant Dy to be 6.76 X 107'° m?/s. Then,
we applied the Nernst—Einstein relation to evaluate ion
conductivity and showed that the observed conductivity can be
realized by assuming all F1 ions in a unit cell act as “carrier”.
We further employed the AC impedance method to
Ce,_,Sr,F;_, (x = 0.001) at 0 °C and obtained the carrier
hopping rate of 3.5 X 107 s™', which is much faster than the
F1—F1 exchange rate determined by NMR. The difference was
explained in the framework of the so-called encounter model;
the slower F1—F1 hopping rate observed in NMR is the result
of the long-time average of the faster carrier hopping due to
the long timescale of NMR lineshape observation. From the
AC impedance method, the concentration of the carrier to
realize the observed conductivity is much larger than that of
the vacancy estimated from the ratio of Sr doping. For
explanation, we postulate that not only ion vacancy but also
fast-moving fluoride ions at the boundary of a vacancy do
influence AC impedance.
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