
Nuclear magnetic resonance study of superionic conductors with tysonite structure

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1994 J. Phys.: Condens. Matter 6 8237

(http://iopscience.iop.org/0953-8984/6/40/014)

Download details:

IP Address: 171.66.16.151

The article was downloaded on 12/05/2010 at 20:42

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/40
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J.  Phys.: Condens. Matter 6 (1994) 8237-8243. Printed in the UK 

Nuclear magnetic resonance study of superionic conductors 
with tysonite structure 

A F Privalovt, H-M Vietht and I V Murint 
7 Instht fiir Experimentalphysik, Freie Universitat Berlin, Arnimallee 14, D-14195 Berlin, 
Germany 
t Chemical D e p m e n t  of St Petersburg State University, Universitewkij pr.2, Peuodvoretz, 
198904. St Petersburg, Russia 

Received 8 February 1994, in final form 24 June 1994 

Abstract. The fluorine mobility in single crystals of the anion-deficient solid solution 
!..a,SrXF2-, (x = 0,0.001, 0.003,0.01,0.03.0.05 010.16) with the tysonite smctue has been 
studied in the temperamre range of 130-520 K by 19F NMR. Different modes of ionic motion 
were identified and the leading mechanism of ionic diffusion has been suggested. The influences 
of temperam and fluorine vacancy concentration on the ionic mobility in tysonite have been 
investigated. In all crystals, fluorine diffusion begins in the FI sublattice. On increase in the 
temperature. ionic exchange behveen the FI and Fz.3 sublattices becomes observable. Addition 
of small amounts of Sr (x  < 0.003) significantly increases the ionic mobility between the 
sublartices. For 0.003 c x c 0.03 a fiuther increase in .z has no significant influence on the 
ionic exchange. Around x ic 0.01 the beginning of cluster formation is noticeable. At higher 
concentrations (0.03 < x < 0.16) it is seen that ionic mobility decreases again and the guest- 
induced vacancies are preferentially located in the F1 sublattice. At these doping concenmtions 
the influence of large clusters seem to play a significant role. 

1. Introduction 

The superionic conductor lanthanum trifluoride LaF3 is known as a good solid electrolyte 
with potential applications in many different electrochemical devices [l]. It possesses the 
so-called tysonite structure ( P j c l )  and exhibits relatively high ionic conductivity above 
room temperature /2-6]. In the tysonite structure of LaF3, all cations (La) are located in 
planes which are perpendicular to the main symmetry axis c and indicated in figure 1 by bold 
lines. The cations remain immobile over the whole temperature range studied. The fluorine 
anions are located in three distinct positions F,, Fz and F3 in the ratio of 1 2 4 2  per unit cell 
[Z, 31. The fluorine atoms are not only structurally but also-dynamically non-equivalent. It 
is an established fact that ionic diffusion begins in only one fluorine sublattice first, but it 
is still controversial in which one. In some earlier publications it was concluded that the 
mobile ions are more probable in the FZ and F3 sublattices [7-91, or in the F3 sublattice 
only [lo]. In contradiction to these studies, others pointed to the fact that F1 ions have the 
highest mobility 111-151. In particular, NMR data obtained in a high magnetic field using 
line-narrowing multiple-pulse techniques gave strong evidence that ionic diffusion starts in 
the F1 sublattice of LaF3 at around 290 K [16,17]. The behaviour of fluorine atoms from 
the F2 and F3 sublattices were found to be very similar and for our purposes these sublattices 
can be considered sttucturally and dynamically equivalent. 

The fluorine mobility in tysonite is due to a vacancy mechanism; the intrinsic point 
defects in LaF3 are assumed to be of the Schottky type [9]. "'be usual way to control 
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the concentration of vacancies is the heterovalent isomorphous replacement of some La3+ 
cations by Caz+, S?+ or Baz+. With increase in the vacancy concentration the ionic mobility 
and conductivity also increase [9,14]. For practical purposes it is very important that LaFz 
can form stable solid solutions with the fluorides MFz of alkaline-earth metals over a wide 
range of guest concentrations x .  Such composite materials with a tysonite structure already 
possess a high ionic conductivity helow room temperature, which is an important advantage 
in practical applications 161. 
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Figure 1. The unit cell of LaF, with the Iysonite Figure 2. Calculated centre position of the FI line as a 
s t ~ c t u ~ e .  The anions from different sublattices are as function of the correlation time T(FI-Fz,)) of the ionic 
follows: open circles. FL;  closed circles, F?: shaded mobility between theFl mdIheF2.3 sublattices. In the 
circles, Fj. The cations are as follows: small hatched rigid limit the FI line is at +25 kHz and the Fz.3 line 
circles. La. The lattice parameters are II = b = 7.185 A is at -25 kHz. 
and c = 7.151 A. For details see text. 

In spite of numerous investigations and broad practical use of materials with a tysonite- 
like structure, several questions about the microscopic mechanism of ionic motion in these 
crystals are still under debate today. A main problem is how the increase in the vacancy 
concentration by doping with fluorides MFz of bivalent metals affects the mechanism of 
fluorine mobility in the different structurally non-equivalent fluorine sublattices. As NMR is 
known to be a method well suited to the investigation of atomic motion in solids, we have 
applied I9F NMR to the analysis of atomic mobility in tysonite crystals. In this paper we 
report a study of the influence of the fluorine vacancy concentration (created by heterovalent 
isomorphous replacement of La3+ cations by Sr3+) on the ionic mobility in solid solutions of 
Lal-,Sr,F,-, ( x  = 0, 0.001, 0.003, 0.01, 0.03, 0.05 or 0.16) at temperatures ranging from 
130 to 520 K. The high spectral resolution resulting from the pronounced chemical shifts 
in a strong magnetic field (BO = I T) allows us to separate the spectral components of the 
different fluorine sublattices, and to investigate their temperature behaviours independently. 
The lineshape resulting from dipolar spin coupling as well as from the chemical shifts 
is very sensitive to the atomic mobility. From the comparison with calculated dipolar 
spectra it is possible to identify the fluorine sublattices clearly. From the variation in the FI 
dipolar lineshape with temperature the correlation times of fluorine jumps can be calculated. 
For the thermal diffusion within the separated Fl sublattice, activation energies can be 
determined. From the changes in the line position with rising temperature, information 
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about the correlation time of ionic exchange between the F1 and Fl.3 sublattices can be 
evaluated, and its activation energy calculated. 

2. Experimental details 

The experimental I9F NMR spectra are Fourier transforms of the free induction decays 
recorded with a Bruker CXP-300 spectrometer at 7.05 T corresponding to a resonance 
frequency of 282 MHz. The length of the 90" RF excitation pulse is 1 ps, which is 
sufficiently short to excite the necessary spectral range. 

The single crystals of Lal-,SrxF3-, (x = 0, 0.001, 0.003, 0.01, 0.03, 0.05, 0.10~or 
0.16) were grown by means of a modified Stockbarger method as described in 191. The 
samples were tested optically with respett to their single-crystal nature and the alignment 
of their c axis which is the main symmetry axis perpendicular to the La-Fz,3-La plane. The 
dimensions of the NMR sample crystals are about 3 x 3 x 6 mm. All crystals were kept 
under vacuum and were oriented in the magnetic field with BO 11 c with an accuracy of 
f20. 

3. Calculations 

In I'F NMR it is safe to assume that the spectral shape is dominated by the magnetic dipole 
interaction and the chemical shift. Since an exact calculation of dipolar NMR spectra in solids 
is impossible owing to the enormous number of interacting spins, we used an approximation 
method as described in an earlier article [16]. For the determination of the correlation times 
for the ionic jumps between the Fl and F2.3 sublattices the NMR spectrum was calculated on 
the basis of a two-site exchange between non-equivalent spectrai positions [18]. The shift 
in the Fj line position as a function of the F1-Fz.3 exchange rate is very sensitive to the 
correlation time of this process in the range of 10-4710-6s as seen in figure 2. The shift 
values for the individual rigid fluorine sublattices were determined from the experiments at 
a low temperature (160 K). The activation energies Ea were taken from an Arrhenius fit of 
the corresponding correlation times i c( exp(EJkT). 

4. Results 

In figure 3 the dipolar broadened spectra of single crystals with BO oriented along the 
c axis are shown for different temperatures; in this particular example the composition is 
La0.9~Sro.olFz~9, but the general structure of the spectra is similar for all values of x .  At low 
temperatures the NMR spectrum of all crystals consists of two components with an intensity 
ratio of around 2:l and chemical shift values uFl of 92 ppm and ~ ~ 2 . 3  of 172 ppm with 
reference to liquid CsF6. The large component corresponds to the Fi sublattice and the small 
component is a superposition from the Fz and F3 sublattices [16]. The doublet structure of 
the FI signal is caused by strong dipoldipole interaction within pairs of spins which are 
nearest neighbours in the direction of the c axis. In figure 1 for one representative pair these 
spins are denoted as A and B, respectively. The doublet splitting of the FI line, 20.5 W z ,  
is in full agreement with the distance between them, 2.48 A. The dipole-dipole interaction 
between all other fluorine spins is much smaller and produces only additional broadening 
of the resonance lines. The Fz and F3 ions have an almost identical N M R  lineshape with 
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very similar chemical shifts; hence to a good approximation they can be described as one 
common Fz.3 sublattice. 

Partial substitution of La3’ cations by S?+ in the tysonite lattice induces additional 
fluorine vacancies. Using the FI to Fz.3 intensity ratio of the spectral components at low 
temperatures it can be determined for all crystal compositions in which of the sublattices 
these vacancies are more probably located. From our data this ratio has a tendency to 
decrease with increasing guest concentration x. The Fl to Fz.3 ratio is 2.00 + 0.05 for 
O < x  GO.03, 1.95f0.05forx =O.Os,and 1.8Of,O.O~,f~r,,x=,,0.16, Fromthiswe 
conclude that at low temperatures the fluorine vacancies are located preferentially in the F, 
sublattice. This agrees with results of extended x-ray absorption fine-structure measurements 
on CeF3:SrFz solid solutions also having a tysonite structure, which suggests that F- defects 
are preferentially formed in the F, sublattice [17]. The temperature behaviour of the ionic 
mobility has the same character in all crystals investigated and can be subdivided into three 
stages. 

A F Privalov et a1 
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Figure 3. I9F NMR spectra of single-crystal Figure 4. Variation in the characteristic temperahue 
Lao~pSro,o~F~ss for Bo 11 c, showing the experimental (for which the ionic exchange has the correlation time 
spectra for different temperatures on the left and the T z 2 x IOd s) with guest concentration x :  0, mobility 
calculations for the following on the right: cum% (a) within theFi sublattice; 0, ionic exchange between the 
rigid F2.3 sublattice: c w e  (b), rigid FI sublanice; c w e  FI and F2.3 sublanices. 
(c), same as curve (b) with FI-FI ionic exchange with 
~FI -F I )  = 2x s; c w e  (d), FI-FI exchange with 
r(F1-Fl) = s and F1-F2.3 exchange with T ~ I -  
~ 2 . 3 )  = s; curve (e), m e  with F1-FX3 exchange 
with ~(FI-Fz~)  = 2 x s, w e  (0, exchange be- 
ween d~ positions with T = IO-’ s. me signal a m ~ &  
hldes are scaled to give the same maximum, except for 
c w e  (a) where the integrated intensity is scaled to half 
the value for c w e  (b) in accordance with the relative 
spin population of the respective sublanices. 

At first, intense ionic motion begins in the FI sublattice as inferred from motional 
line narrowing and the eventual disappearance of the doublet structure at a characteristic 
temperature T(F,-Fl). For this temperature the correlation time of the ionic jumps is ~ ( F I -  
F1) N 2 x lo-’ s as seen in figure 3, curve (c). In figure 4 the variation in T(Fl-Fl) 
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is shown as function of the guest concenhtion x. Above T(FI-FI) the FI signal is a 
single line because of the averaging of dipolar coupling FI-FI by the ionic motion. From 
further narrowing of the residual FI dipolar linewidth with rising temperature the activation 
energy E,(FI-FI) of diffusion between F1 positions can be evaluated. Within the margin of 
experimental accuracy these energies have the same value Ea(Fl-F1) = 020& 0.02 eV for 
all crystals with x < 0.03 and show the tendency to decrease for higher x concentrations. 
In the latter case the accuracy is not sufficient for a quantitative evaluation because of 
increasing difficulties in separating FI-FI ionic diffusion from FI-F2.3 jumps. Our results 
are in good agreement with earlier measurements obtained with different techniques; in NMR 
relaxation studies the activation energy of the F- motion in the fast sublattice of pure LaF3 
was found to be 0.27 eV [15]. Also, thermally stimulated depolarization currents measured 
in single crystals of LaF3 doped with 0.5 mol% CaF2 showed that the activation energy of 
the reorientation of Ca2+-fluorine vacancy complexes is 0.19 eV in the temperature range 
above 120 K [19]. 

The high mobility in the F1 sublattice has almost no effect on the dipolar broadening of 
the FZ component because of the comparatively small size of the F1-F2,3 dipolar interactions. 
As neither the lineshape of the F2 component nor the positions of the F1 and F2,3 l i e s  show 
significant changes, we can conclude that ionic exchange between FI and Fz,3 positions 
remains slow in this temperature range. This confirms that, under these conditions, ionic 
mobility occurs only in the FI sublattice. Narrowing of the FI line with no change in its 
centre position is observed only for the crystals with low concentration x(< 0.01) and only 
up to some temperature limit above which the FI component becomes broader again with 
its position shifting towards the F2.3 line. This reflects the beginning of ionic exchange 
between the F1 and F2.3 structural positions which is characteristic of the second stage of 
ionic motion (cf figure 3, curve (e)). 

It is remarkable that first the F1 to F2.3 intensity ratio increases, while the position of 
the Fz.3 component and its width are still nearly the same as without Fi-F2,3 exchange. 
This indicates that more and more F2.3 ions are jumping into FI positions and back. The 
contribution of these jumping ions to the NMR spectrum is suppressed because of motional 
broadening and hence a decrease in the amplitude of the NMR line. At the same time the NMR 
signal from immobile Fz.3 ions (correlation time rF2,? >> IOw5 s) is predominantly determined 
by F2.3-F2.3 and F2.3-La dipoledipole interactions; thus its shape stays unchanged. On the 
other hand the shift in the F, position (figure 2) can be used to evaluate the correlation times 
of ionic exchange between FI and F2.3 positions. In figure 4 the temperatures are shown for 
which the correlation time r(F-F2.3) has the value of 2 x s. It can be seen that the 
addition of even a small ainount of SrF2 (x < 0.003) strongiy lowers the onset temperature 
of Fi-Fz.3 exchange. For example in L%.g&O.W3F2.997 this temperature is 150 K lower 
than in pure LaF3. For comparison the corresponding temperature decrease in the FI-FI 
exchange is only about 50 K. 

Raising the guest concentration x beyond 0.01 has no significant effect on the ionic 
exchange. For the highest x-values there is even an indication of decreasing ionic mobility, 
since the ionic exchange reaches the correlation time r of about 2 x s at increasing 
temperatures when x is raised beyond 0.03. 

We interpret this as an indication of a change in the vacancy interaction character at 
high doping concentrations, which leads to the formation of impurity clusters. A similar 
cluster formation was observed in CaF2 ionic crystals doped with M3+ [20,21]. 

From the temperature dependence of the correlation times r(F1-F2,3) the activation 
energies of the q-Fz.3 exchange process have been determined. For the samples with 
x <~0.03 we obtained Ea(F1-F2,9) = 0.08 3= 0.02 eV. For high concentrations x this energy 
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increases. For tysonites with 0.03 < x < 0.16 and temperatures higher than 500 K a 
significant deviation from Arrhenius behaviour is observed. The lowest temperatures for 
the beginning of significant mobility are found for samples with x = 0.003-0.03. 

Finally, in a third stage of ionic mobility, the separation of the F1 and F2.3 lines 
disappears and only one common NMR line is observed at an intermediate position a which 
is in good agreement with the rule for fast spectral exchange: 

A F Privalov et a1 

where N(F1) and N(F2.3) are the spin population numbers of positions a(F1) and u(F2.3). 
This means that the ionic exchange occurs now among all structural positions Fl and F2.3 
in tysonite and has a correlation time t ( F 1 4 2 . 3 )  < loM6 s (see figure 3(f)). Because of the 
limited accessible temperature range in our experiments the latter effect has been observed 
only for crystals with x > 0.01. 

5. Conclusions 

Solid electrolytes of the composition Lal,Sr,F3, with the tysonite structure exhibit a 
complicated process of ionic mobility, which can be satisfactorily described by a structural 
model with two fluorine sublattices. In the beginning, significant diffusion is restricted to 
the sublattice F, which forms layers of fluorine ions. The fluorine ions in the La plane (the 
Fz.3 sublattice) remain in comparatively slow motion. With increase in the temperature the 
ionic exchange between the Fl and Fz.3 sublattices begins, but the internal mobility of F2.3 
remains small. At even higher temperatures, ionic exchange occurs between all structural 
positions in the crystal lattice. Increasing the ionic vacancy concentration by means of 
heterovalent isomorphous replacement of La3+ cations with S?+ can very strongly lower 
the onset temperatures of ionic diffusion. 

We can distinguish three regimes when increasing the S?+ concentration. First, for 
0.0 < x < 0.003, a very pronounced decrease in the onset temperatures of ionic mobility 
occurs while the activation energies stay unchanged. Here, the vacancies are probably 
located in both sublattices. men, for 0.003 < x < 0.03, a further increase in x has no 
significant effect on the temperature behaviour of the ionic exchange or on the activation 
energies. The vacancies tend to occupy the F, sublattice preferentially. Our results indicate 
that in the heterovalent solid solution Lal-,Sr,F3, we have the beginning of cluster 
formation at x > 0.01. Finally, for 0.03 < x < 0.16, the vacancies are mainly located 
in the Fz sublattice. The temperatures of constant ionic diffusion among the sublattices are 
slightly increasing. The activation energy of FI-FI diffusion decreases, while the activation 
energy of F1-FL3 diffusion increases. At these doping concentrations the influence of large 
clusters seems to play a predominant role. 

For constant temperature the fastest ionic diffusion in the solid electrolytes Lal,Sr,Fs-, 
with the tysonite structure is observed when 0.003 < x < 0.03. In.this region the mobility 
parameters are rather insensitive with respect to changes in x, an important advantage for 
practical applications; altogether the sample composition of L~.ggSro.olF2.99 has the optimum 
properties for electrochemical applications. 
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