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FLUORINE MOBILITY IN La, _ BaxF3~x (0 < x < 0.]) STUDIED BY NUCLEAR MAGNETIC RESONANCE

I-x
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Fysisch Laboratorium, Rijksuniversiteit Utrecht
P.0. Box 80.000, 3508 TA Utrecht, The Netherlands

The fluorine mobilities in pure LaFg and LaF3 doped with up to 10 mole % Ba have been
studied by observing the !9F NMR relaxation times Ty and T{p versus temperature in the

range 200 to 1050 K,

The data are consistent with a model of two fluorine sublattices with distinct corre-

lation times and coupled by exchange.

The distinction becomes less apparent with concentration.
T| appears to be dominated by relaxation associated with the impurities and dopant ions.

1. INTRODUCTION

Many experimental studies have been devoted to
the fluorine motion in the solid electrolyte
LaF3 [1-7]. The detailed interpretation of the
results is however still fragmentary, mainly
because of the intricate crystal structure. 1In
the LaFj structure (P3cl) the fluorine ioms are
situated on three inequivalent positioms [8].

As far as the mobilities are concerned, two of
these turn out to be equivalent, leaving two
distinet fluorine sublattices, as was first dem—
onstrated by Goldman and Shen [2]. The sublat~
tices have occupancies in the ratio 2:1, and are
denoted below by F| and Fy, respectively (Fig.1).

F

Figure 1 Simplified structure of LaF,.

Above room temperature the mobility on the Fy
sublattice is larger than on the F; sublattice.

A very suitable technique to unravel the fluorine
hopping within the sublattices, as well as the
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hopping between them, is 19F NMR. Indeed, by
measurement of T9, exchange of fluorine between
the F| and Fy positions has become manifest at
high temperatures (T > 400 K for pure LaFj3) [2].
This is confirmed by the results of measurements
of Typ below. We further have performed NMR
relaxation time measurements of Tp, Ty, and T
in LaFy doped with Ba. Here,advantage is taken
of the vacancies introduced into the lattice by
a divalent (in contrast to ref. [2] nonparamagne-~
tic) dopant, which allow external control of

the fluorine motion. For up to !l mole % of Ba*
Laj_yBayF3_y maintains the LaFj struecture [9].

2. EXPERIMENTAL

The crystals were prepared by the method deserib-
ed by Roos [10]. For NMR at room temperature

and above, the crystals were sealed in a quartz
ampule under a noble gas atmosphere, which re-
sulted in excellent reproducibility against ther-
mal cycling, even for temperatures above 1000 K.
The coil was mounted externally on the ampule,
Tor the measurements below room temperature the
coil was wound directly around the crystal, per-
mitting a better filling of the coil. Pulse
sequences suitable for measurement of Ty, Tyg,
and T| were generated with an M 6800 microcom-
puter system. The decay and spin—echo signals
were stored in a Biomation 8100 fast digitizer,
and fed to the microcomputer for efficient signal
averaging and data reduction. The spin-spin re-
laxation times Ty were obtained from the free in-
duction decay following a 90° pulse. For long
times, however, spin-echo techniques were used to
avoid the effects of the magnetic-field inhomo-
geneities., In addition to pure LaF3, the relax-
ation times were measured for Ba concentrationms
of 0.3, 0.9, 5, and 10 mole Z.

3. RESULTS
3.1 Spin—spin relaxation
We first present the results for Tp. 1In the

temperature range where the exchange of ions be~
tween the ¥y and Fy sublattices is slow, the
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Figure 2 : Spin-spin relaxation times Ty in Laj_,Ba,F3_y for x = 0, 0.3, 0.9, 5, and 10 mole %, res-

pectively. [ refers to the F, sublattice, O to the Fy sublattice.

The F; sublattice is rigid in the

temperature regime where Ty associated with Fy is constant.

free-induction decays are composite due to the
different mobilities on the two sublattices. In
all samples (Fig. 2), fitting the decays in this
range to a sum of two exponentials yielded good
results. In pure LaF3 the fast decay exhibited
a small oscillation, which was neglected in the
fits, The slow decay time can be determined
more accurately than the fast one. The intensi-
ties of the fast and slow decays, when extrapola-
ted back to zero time, are in the ratio close to
2:1. This unambiguously establishes the faster
motion to take place on the Fy sublattice,

From inspection of Fig.2 it can be seen that up-
on Ba doping the onset of the motional narrowing
shifts on both sublattices towards lower temper-~
atures. However, for Ba concentrations up to

1 mole % there remains a regime of temperatures,
varying with the concentration, where Ty associ-
ated with Fy is a constant, thus indicating that
the F| sublattice is still rigid. Beyond Ba
concentrations of, say, 1 mole % both sublattices
exhibit activated behaviour over the range of
temperatures of Fig.2. Although the motion on the
Fo sublattice apparently does not increase any
further, it stays faster than that on Fj, A fur~
ther discussion of the spin-spin relaxation data
is presented in a companion paper, in conjunction
with conductivity data [11].

3.2 Spin-lattice relaxation in the rotating frame

The results for Typ, the spin-lattice relaxation
time in the rotating frame, are given in Figs.3~5
for temperatures up to 1050 K. In a proper cal-
culation of the nuclear relaxation in LaFg at
high temperatures, the dipole~dipole interaction
of a moving 9 (I = 1/2) with fluorine om both
sublattices, as well as !139.a (I = 7/2), have to
be taken into account. This was first pointed out
by Jaroszkiewicz and Strange [12]. These authors
developed a comprehensive theory, which however
has not yet been published in detail. Here, we
indicate heuristically in which way the depen-

dence of Ty, on the temperature can be understood.
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Figure 3 : Spin-lattice relaxation times in pure

LaFg. [ denotes T; in the laboratory frame at
wp/2y = 60.9 MHz, and @ Ty at 2.5 MHz. O denotes
T]p in the rotating frame at a spin-locking field
Hy = 6,2 G. The solid lines represent the results
of the calculations., The dotted lines are the
three contributions to Tip-
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Figure 4 Same as Fig.3, but LaFy doped with Figure 5 : Same as Fig.3, but LaFq doped with

0.3 mole % Ba. M denotes Ty at wg/2m = 39.1 MHz,
® T; at 28,7 MHz, and [0 T), at Hy = 8.2 G,

At low temperatures only the Fo ions exhibit a
fast motion. In this case the nuclear dipole-
dipole interactions of the moving fluorine among
themselves and with the rigid F; sublattice give
the major contributions to the relaxation. The
spin-lattice relaxation rate in the rotating
frame can then be expressed by

1 T2 T

2
—75y =V 5t W ’ €))]
() 22 227 "2, 272
T]p J+4w112 1 w Ty
where T, is the correlation time for hopping
within © the F, sublattice, and wj = yH; is the

angular precession frequency in the spin-locking
field; Woy and Wp| are the rigid-lattice second
moments for the Fyp ~ Fy and Fp ~ F| interactions,
respectively., Contributions involving we = YH,
and the Fg - La interaction are-negligible. At
very high temperatures the motion within the Fp
sublattice ceases to be effective (wjtg << 1),

5 mole % Ba. B denotes Ty at w,/2% = 28.7 MHz,
O T, at 63,2 MHz, and (I Typ at K} = 6.2 G.
The Fy and T; contributions have become substan-
tially less distinct relative to the pure and
0,3 mole % cases.

and the dominant relaxation is due to the slower
motion on the Fy sublattice. The corresponding
rate is

T

|
1M

|
T(]) 1+w

lp
with T, the correlation time within the F; sub-
lattice, Intermediate to the regimes where the
Fp and F| relaxations are effective, i.e., around
350 and 600 K, respectively, the onset of the
F} - Fp exchange gives however rise to a third
contribution to the relaxation. Here, Typ, and
for that matter Ty [2], is determined by a number
of mechanisms, such as the transport of magnetiza-
tion between the sublattices., Effectively, how-
ever, the contributions of exchange to the re-
laxation can be cast in the Bloembergen—-Purcell-
Pound form. That is,
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1 Tax
T(ex) = wex 1+L02T2 ’ &
1p 1 ex

in which 1oy is associated with the hopping be-
tween Py and Fg sites. The exchange also modi-
fies W in Eq.(2) from the value the second
moment of an undisturbed F| sublattice would

have. Summarizing, we have
1 1 1 1
—— = + + . 4
T 2) " (ex) (1) )
Ip T T T
Ip 1p Ip

Equation (4) was fitted to the data of pure LaFj
as well as the Ba-doped systems, with generally
excellent results (Figs.3-5). 1In the adjustment
a simple activated behaviour of the correlation
times was assumed, i.e., T{ = T? exp(AE{ /kpT).
The fitted parameters for Laj-yBayF3-x with x =
0.3 %, for instance, are for the correlation
times 13 = (6 % 1) x 10713 5, v = (4 + 2) x
10~10g, and <] = (1.7 % 0.2) x 108 s, for the
activation energies AEg = 0.40 + 0,01 eV,

AEgx = 0,27 % 0.01 eV, and AE] 0.25 % 0,01 ev,
and for the second moments Wpo + Woy =

(4.8 £ 0.1) x 109 rad?/s? and W = Weyx =

(1.9 + 0.1) x 108 rad2/s2. (The fits do not se-
parate Wpo and W2|, nor distinguish significant-
ly between the output values of W and Wex.) It
is noteworthy that the results for Wgp + Wz and
Wi compare well with calculated Fp ~ F and F - La
second moments, respectively, corroborating the
above heuristic approach.

nH

As for the development with the Ba concentration
(Figs.3-5), the three contributions become less
distinet with increasing x. At 350 K, for in-
stance, the ratio 1|/t as obtained from the fit-
ting falls from 160 for x = 0.9 7 to 5 for x =

10 %; at 700 K the ratios are about 600 and 50,
respectively. For the highly doped samples

(x > 5 %) the exchange part could not be resolved,
and in this context it should be noted that the
output values of the fitting are to some extent
dependent on the model. This does however not af~
fect the general conclusion of convergence of the
correlation times on the two sublattices with in-
creasing Ba concentration. The Ty, data thus con-
firm the low-temperature Ty results.

3.3 Spin-lattice relaxation in the laboratory
frame

We finally comment on the data for the spin-lat-—
tice relaxation time T;. In the region where

wyt >> 1, the measured T|'s are faster by an order
of magnitude than the Ti's calculated on the basis

of diffusion alone with the parameters of the Tip
fits (Figs.3-5). Apparently, T| is dominated,
also in the pure sample, by impurities including
the dopant ions. A second argument for relaxati-
on induced by impurities is found in the anoma-
lously weak dependence on frequency. Thirdly,
the activation energy derived from T in the re-
gime wgyT >> 1 turns out to be independent of the
Ba concentration (AE = 0.33 eV), and generally
lower than AE, from Tj,. The T data, unlike
those of T), and Ty, do therefore not allow a de-
duction of the mobilities, despite the long re-
laxation times Tj observed in our samples at low
temperatures (up to 40 s at 100 K for x = 0.3 2).
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