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Abstract
Fluorine nuclear magnetic resonance (NMR) lineshape data were collected
for a pure LaF3 single crystal and La1−xSrx F3−x single crystals, doped with
admixtures concentrations x up to 16%, from room temperature up to 775 K.
The experimental data are analysed within the framework of a theoretical model
linking the shape of the spectrum to parameters describing motional processes
in the system. The elaborated model includes various types of the fluorine
dynamics: diffusion processes occurring inside two distinct fluorine sublattices
and inter-lattice exchange motion. This theoretical approach provides a
satisfactory and consistent interpretation of the NMR data, without assuming
any distribution of the characteristic time constants. The obtained results are
discussed in a context of Arrhenius temperature dependences of the correlation
times and effects caused by higher concentrations of the admixtures.

1. Introduction

The high mobility of fluorine ions in LaF3 crystalline materials has been known for a long
time [1–3]. In addition to experimental techniques providing some macroscopic physical
quantities directly, like fluorine conductivity [4, 5], nuclear magnetic resonance (NMR) turned
out to be very profitable in the investigations of the fluorine dynamics. Actually, the first
indication of fast fluorine motion [1] arose from a motionally narrowed 19F NMR spectrum
detected for a LaF3 crystal at room temperature. Such type of study can give a deep insight
into the microscopic mechanism of the molecular dynamics, leading to the high conductivity.
Important information about the local mechanism of the fluorine dynamics in lanthanum
fluoride was already gained from an early NMR experiment [3]. The authors proved that
there are at least two fluorine subsystems which exhibit fluorine dynamics on much different
timescales. This result can be understood on the basis of the crystal structure of lanthanum
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fluoride. It crystallizes in the tysonite structure (P 3̄c1) [6], which has three different fluorine
sublattices called F1, F2 and F3 with multiplicities of 12:4:2. The F2 and the F3 sublattices
are dynamically very similar and can often be regarded as equivalent; therefore we will call
the combined F2–F3 sublattice FB and the F1 sublattice FA. The challenge, to link clearly
and unambiguously the macroscopic properties of this relatively complex solid state system
with its microscopic dynamics, has attracted broad attention for many years. Further NMR
attempts to understand the motional mechanisms of the LaF3 fluorine ions have been based
on the fluorine lineshape [7, 8], gradient techniques [9] and relaxation analysis [10, 11], the
last mentioned being especially valuable if performed over a broad frequency range using
field cycling relaxometry [12]. Actually an answer to the long discussed question about the
faster sublattice has been given on the background of the 19F NMR lineshape measurements
performed at high magnetic field [7, 8]. Two different fluorine subsystems have been clearly
identified in the NMR spectrum by their chemical shifts; one of them corresponds to the
crystallographic FA sublattice, whereas the other one is formed by fluorine spins belonging
to the FB sublattice. Fast fluorine motion within the FA sublattice leads to a narrowing of the
corresponding resonance line. With increasing temperature the two lines, well separated at
room temperature, overlap. This effect indicates thermally activated exchange motion between
the two distinct sublattices. The lineshape study does not provide detailed information about
temperature effects on the fluorine mobility inside the FB sublattice, since the FB line stays
broad until it overlaps with the faster one. However, one can conclude, that the motion inside
the FB sublattice is so slow that it does not significantly affect the lineshape. These observations
have been basically confirmed [13], by suppressing the dipolar line broadening in the NMR
spectrum using magic angle spinning (MAS). This procedure made it possible to resolve the
F2 and the F3 sublattices. It turned out that the F3-ions are more mobile than the F2-ions. A
next step in the NMR investigations has been done in the direction of a quantitative description
of the experimental lineshapes in terms of characteristic time constants reflecting the fluorine
dynamics. This analysis ended up in the statement that it is necessary to assume a log-Gaussian
distribution of the correlation times describing the motion within the FA sublattice [14] as well
as the FA–FB exchange process [15].

In the present work we return to the question about the fluorine dynamics in single
crystals of lanthanum fluoride in much more detail, both experimentally and theoretically.
Our current experimental results comprise NMR lineshape investigations for a series of
La1−xSrx F3−x single crystals with the systematically increasing concentration of admixtures:
x = 0–16 mol%. This rich experimental data set reflects various aspects of the fluorine spin
dynamics. For instance, the substitution of La3+ for Sr2+ does not change the tysonite structure
for low concentrations, but it introduces fluorine vacancies into the lattice, which influence the
fluorine dynamics. To extract the dynamic information an appropriate theoretical treatment is
necessary. We propose in this paper a model describing the NMR spectrum in terms of three
motional processes, namely the jump diffusion of the fluorine ions within the sublattices FA

and FB , respectively, and the inter-lattice exchange motion. The surroundings of the particular
spins representing the distinct sublattices are treated with caution. Here, all dipole–dipole
couplings between equivalent as well as non-equivalent (belonging to different sublattices)
fluorine spins, which are relevant for the NMR lineshape, are included into the theoretical
description. Going beyond previous approaches, the present treatment also takes into account
the effects of neighbouring lanthanum spins on the fluorine spectrum.

Let us anticipate one important conclusion. Principally, the results obtained by applying
the current model to the experimental results confirm the outcome of the former studies [7, 8].
However, when taking into account all relevant dipole–dipole couplings, it turns out that
one does not need to introduce the idea of heterogeneous fluorine motion represented by a
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distribution of correlation times. The fluorine spectra can be reproduced by only two time
constants, the first corresponding to the fast motion inside the FA sublattice and the second
describing the inter-lattice exchange motion.

This paper is organized as follows. Section 2 contains a description of experimental details,
while the theoretical model is outlined in section 3. Section 4 covers relevant computational
details, and an analysis of the experimental data and a discussion of the results are presented in
sections 5 and 6, respectively. The last section contains concluding remarks.

2. Experimental details

Experimental NMR fluorine spectra have been collected for a pure LaF3 single crystal and five
crystals containing Sr2+ admixtures of concentrations of 0.01%, 0.03%, 1%, 3% and 16%.
The relative accuracy of the concentrations has been estimated on the background of the crystal
growing procedure as better than 30%. The experimental data for each sample consist of a series
of 15–25 spectra, collected from room temperature up to 570–775 K. The upper temperature
limit depends on the admixture concentrations and is given by the experimental linewidth
approaching the resolution limit of the spectrometer (≈300 Hz). For the measurements single
crystals of approximately 4 × 4 × 8 mm3 size were used. Their crystallographic orientation
with respect to the c-axis was checked using Laue diffraction and polarization microscopy.
The samples were sealed in quartz tubes under vacuum. Since the fluorine dynamics in a pure
sample can change irreversibly after heating [9], the pure LaF3 crystal was heated several times
until no further ageing could be observed.

The 19F NMR measurements were performed at 282 MHz using a TECMAG Apollo
console on crystals orientated with their c-axis parallel to the magnetic field. The duration
of a 90◦ pulse was 1.6 µs, the receiver dead time 2 µs. In spite of this finite dead time
Fourier spectra of the free induction decay (FID) instead of echo signals were recorded. This
choice is due to the fact that only the FID reproduces both chemical shift and dipole–dipole
interactions simultaneously. To correct corrupted data points at the beginning of the FID signal
a linear prediction algorithm [16] was applied to backward extrapolation of the recorded time
signal. For the temperature adjustment a home-built probe head containing a micro furnace
was used [17]. During acquisition the furnace was switched off to avoid any influences on the
NMR signal. Since the acquisition takes at most a few milliseconds this has no influence on
the temperature stability.

3. Theoretical description of the 19F NMR lineshape in LaF3

On the background of the experimental NMR spectra at room temperature one can distinguish
two fluorine sublattices due to their chemical shifts. The sublattices, apart from being
crystallographically distinct, also exhibit different fluorine dynamics. The first sublattice,
denoted as FA, is formed by the fluorine ions residing in the crystallographic positions F1 of
the LaF3 crystal structure, while the second one, denoted as FB , includes the fluorine ions
located in the positions F2 and F3. Fluorine ions belonging to each of these sublattices,
FA and FB , move among equivalent sites within the same sublattice and also jump to non-
equivalent sites of the other sublattice. Fluorine spins are coupled by dipole–dipole interactions
to neighbouring fluorine as well as lanthanum spins. The mutual dipole–dipole couplings
affected by temperature-dependent jump dynamics of the fluorine ions determine the shape
of the detected NMR spectra.
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In this section we present the theoretical framework, which we shall apply later to analyse
the experimental fluorine spectra.

For clarity of our description we consider first the isolated sublattice FA , assuming that the
internal fluorine dynamics is much faster than the inter-lattice exchange motion. In the next
step we adapt our approach in a straightforward manner to the sublattice FB . If the exchange
processes between the two fluorine sublattices are slow compared to the motion of the fluorine
ions within each of them, these sublattices can be treated separately. Finally we shall complete
the description including exchange processes between the two fluorine subsystems.

In order to calculate the NMR spectrum for the FA sublattice one needs to consider a group
of spins, consisting of a reference spin I A (treated as a representative of the FA sublattice),
and its surroundings, formed by N A

A fluorine spins from the sublattice FA, N A
B spins from the

sublattice FB and N A
La lanthanum spins. Thus, the selected spins form a system containing

N A = N A
A + 1 + N A

B + N A
La spins coupled by mutual dipole–dipole interactions. The total

Hamiltonian H A for the considered ensemble of spins contains the Zeeman couplings for the
fluorine and lanthanum spins, and the dipolar interactions between all pairs of the spins:

H A =
N A

A +1∑

i=1

ωFA (I A
i )z +

N A
B∑

i=1

ωFB (I B
i )z +

N A
La∑

i=1

ωLa(Si )z + H A
DD. (1)

The first two terms correspond to the Zeeman couplings of the fluorine spins belonging to
the sublattices FA and FB , respectively. The Zeeman coupling of the reference fluorine spin
I A has been included into the first term. A chemical shift between the two fluorine groups
σ = |ωFA − ωFB | leads to the different resonance frequencies ωFA and ωFB . The third term
describes the Zeeman couplings of the lanthanum spins included in the considered ensemble.
The dipole–dipole Hamiltonian H A

DD contains couplings between the reference spin I A and
particular spins from the environment, as well as dipole–dipole interactions between the
environmental spins:

lH A
DD =

N A
A +1∑

i, j=1 i< j

H AA
DD (Ii , I j ) +

N A
A +1∑

i=1

N A
B∑

j=1

H AB
DD (Ii , I j ) +

N A
A +1∑

i=1

N A
La∑

j=1

H ALa
DD (Ii , Sj )

+
N A

B∑

i, j=1i< j

H B B
DD (Ii , I j ) +

N A
B∑

i=1

N A
La∑

j=1

H BLa
DD (Ii , Sj ). (2)

The first term describes mutual dipole–dipole interactions between the (N A
A + 1) spins from

the FA sublattice, including the spin I A. The next two terms collect the couplings of the
FA spins to the N A

B fluorine spins of the FB group, and N A
La lanthanum spins, respectively.

Finally, the last two terms correspond to dipole–dipole couplings within the FB sublattice and
to the couplings between the FB fluorine spins and the lanthanum spins, respectively. The
dipole–dipole coupling between fluorine spins Ii and I j , belonging to the Fα and Fβ groups
(α = A, B; β = A, B), can be restricted in a high magnetic field to the zero-order term, and is
given in the laboratory frame as [18, 19]

H αβ

DD(Ii , I j ) = µ0

4π

γ 2
F

r 3
Ii I j

(
3 cos2 θIi I j ,L − 1

2

)[
2Iiz I j z − 1

2
(Ii+ I j− + Ii− I j+)

]
. (3)

The angle θIi I j ,L describes the orientation of the Ii − I j dipole–dipole axis with respect to the
laboratory frame, while rIi I j is the inter-spin distance. For non-equivalent spins like fluorine
and lanthanum, the high-field dipole–dipole coupling can be simplified even more by neglecting
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the flip-flop terms:

H αLa
DD (Ii , Sj ) = µ0

4π

γFγLa

r 3
Ii S j

(
3 cos2 θIi S j ,L − 1

2

)
[2Iiz S jz]. (4)

The Hamiltonian H A determines the energy levels of the selected system of coupled spins.
To obtain the required eigenvalues we diagonalize the Hamiltonian H A in the Zeeman basis
|n〉 = |m A

1 , . . . , m A
N A

A +1
, m B

1 , . . . , m B
N A

B
, mLa

1 , . . . , mLa
N A

La
〉. The particular magnetic quantum

numbers m A
i , m B

i and mLa
i , correspond to the fluorine spins from the sublattices FA, FB and

the lanthanum spins, respectively. The numbers of the spins included into the considerations
determines the number of the energy levels for the system: (2IF + 1)N A

A +1+N A
B (2SLa + 1)N a

La ,
where IF = 1

2 , SLa = 7
2 . Single-quantum transitions of the reference fluorine spin I A, being

a part of the coupled spin system, give rise to the observed spectrum of the FA sublattice.
The relevant transition frequencies include the main resonance frequency ωFA affected by the
dipole–dipole couplings and can be selected from all transition frequencies ωA

αα′ = E A
α − E A

α′
between the energy levels, E A

α , of the considered spin system. In the further considerations we
denote the particular single-quantum coherences as ωA

µ , i.e. µ replaces the pairs of indices αα′

in the frequencies associated with single-quantum transitions of the spin I A. We also denote
the number of relevant single-quantum transitions of the spin I A by N A

SQ, thus µ = 1, . . . N A
SQ.

The effects of the jump of the fluorine spin I A from one site of the sublattice FA to another can
be treated as a change of its frequency ωA

µ caused by different quantum configuration of the
new surroundings. On this background one can set up an equation of motion for the density
operator σA(t), describing the selected spin system, in the form

dσ A
µ (t)

dt
= −iωA

µσ A
µ (t) +

∑

ν

	A
µνσ

A
ν (t) =

∑

ν

(−iωA
ν δνµ + 	A

µν)σ
A
ν (t) =

∑

ν

Aµνσ
A
ν (t). (5)

The summation is restricted to the single-quantum coherences relevant for the FA fluorine
spectrum. In the last equality we introduce the matrix A defined as Aµν = −iωA

ν δνµ + 	A
µν .

The elements 	A
µν are determined by the lifetime, τAA, for the fluorine spins from the sublattice

FA to stay at a certain position.
The time-domain NMR signal for a spin I is given by the trace of the product of an

appropriate density operator σ(t) and the operator I−. Thus, the FA lineshape SFA (ω) can be
obtained, as a Fourier transform of the corresponding time-domain signal, from the following
expression [19]:

SFA (ω) ∼=
∫ ∞

0
Tr{σA(t)I A

− } exp(−iωt) dt ∼= W · (A − iω1)−1 · 1 ∼=
∑

µν

[(A − iω1)−1]µν.

(6)

The vector W contains the initial density matrix elements Wν = σν(0) proportional to
probabilities of the corresponding coherences ων . Since the probabilities are equal they are
omitted in the last part of equation (6). To complete the expression for the FA fluorine spectrum
one needs to define the transition rates 	A

µν . The jump rate of the fluorine spin I A from one

FA position to another FA position is defined as the inverse lifetime τ−1
AA. Performing such

a jump, the spin I A changes its transition frequency from a value ωA
µ (experienced in the

initial position) to one of the possible values ωA
ν (ν = 1, . . . , N A

SQ) associated with the actual
new site. In particular, if ωA

µ = ωA
ν the spin does not notice anything. This implies that a

jump of the spin I A among two frequency values ωA
µ and ωA

ν (µ �= ν) occurs with the rate
	A

µν = 	A
νµ = (N A

SQτAA)−1. The diagonal elements 	A
µµ correspond to the jump rate from the
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frequency ωA
µ to one of the (N A

SQ − 1) others and are given as 	A
µµ = −(N A

SQ − 1)(N A
SQτAA)−1.

Linking the transition rates 	A
µν to the lifetime τAA, we have completed equation (6) describing

the theoretical lineshape of the FA fluorine spins, under the assumption that the fluorine spins
do not leave their sublattice.

The lineshape description can easily be adapted to the FB sublattice. First, we need
to choose the appropriate surroundings of a reference spin I B (representing the sublattice
FB ). Assuming that its environment consists of N B

A fluorine spins from the sublattice FA,
N B

B spins from the sublattice FB and N B
La lanthanum spins, one needs to calculate the set of

possible frequencies ωB
µ for single-quantum transitions of the spin I B . Knowing the relevant

transition frequencies, the equation of motion for the density operator σB(t) can be set up

in full analogy to equation (5):
dσ B

µ (t)

dt = ∑
ν Bµνσ

B
ν (t). The matrix B is now defined as

Bµν = −iωB
ν δνµ + 	B

µν , with the off-diagonal elements 	B
µν = 	B

νµ = (N B
SQτB B)−1, while

	B
µµ = −(N B

SQ − 1)(N B
SQτB B)−1. The number of frequencies for single-quantum transitions of

the spin I B , generated by its surroundings, is denoted as N B
SQ, while τB B is the lifetime for the

FB fluorine ions. The expression SFB (ω) ∼= ∑
µν[(B − iω1)−1]µν gives the theoretical NMR

spectrum for the FB sublattice.
At this point, before we complete the approach introducing exchange effects, some

comments concerning the choice of the environmental spins are appropriate. Choosing the
environment of the reference spins I A and I B , one has to look for a compromise between
the computational complexity (caused by the number of included spins) and a significance
of effects caused by including more spins into the considered surroundings. The ranking of
spins included into the surroundings is established by the dipole–dipole splitting (equations (3)
and (4)), determined by the inter-spin distance, the orientation of the dipole–dipole axis with
respect to the laboratory frame and the gyromagnetic ratio as well as the spin quantum number.

If exchange processes between the sublattices contribute effectively to the dynamics of
the fluorine ions, the two sublattices cannot be treated anymore as dynamically isolated. To
evaluate the fluorine spectrum one needs to set up a common dynamic matrix including the
matrices A and B for the particular sublattices FA and FB , modified now by the exchange
dynamics and coupled by appropriate exchange terms. Let us discuss the inter-lattice exchange
effects from the point of view of the sublattice FA represented by the spin I A. The opportunity
to jump from the FA sublattice to a non-equivalent position in the sublattice FB increases
the number of single-quantum transition frequencies available for the I A spin. Thereby its
transition frequency can change from the initial value ωA

µ to one of the frequencies ωA
ν (ν =

1, . . . , N A
SQ) characteristic for the FA sublattice with the ratio 	A

µν = 	A
νµ = (N A

SQτAA)−1 or to
one of the frequencies ωB

ν (ν = 1, . . . , N B
SQ) characterizing the FB sites. The jump ωA

µ → ωB
ν

occurs with the ratio 	AB
µν = (N B

SQτAB)−1 where τ−1
AB denotes the jump rate from a FA site

to the sublattice FB . The exchange degrees of freedom lead to a common dynamic matrix �

including the matrices A and B with their sets of frequencies ωA
ν and ωB

ν , as well as the inter-
lattice exchange rates. The dimension of the matrix � is given by the sum of the considered
single-quantum transitions of fluorine spins from both sublattices: N = N A

SQ + N B
SQ (i.e. the

dimension of the matrix � is given by the sum of the dimensions of the matrices A and B).
The diagonal elements of the matrix � take the form

�µµ = −iωA
µ − (N A

SQ − 1)(N A
SQτAA)−1 − τ−1

AB , 1 � µ � N A
SQ (7)

�µµ = −iωB
µ − (N B

SQ − 1)(N B
SQτB B)−1 − τ−1

B A, N A
SQ < µ � N A

SQ + N B
SQ. (8)

The exchange lifetime τB A is related to τAB by the ratio between the numbers of spins
(nFA , nFB ) forming the particular sublattices: τAB = nFA

nFB
τB A (i.e. τAB = 2τB A). The exchange
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rates τ−1
AB and τ−1

B A, added to the diagonal elements of the matrix �, reflect the exchange degrees
of freedom of the spins I A and I B , which can move between the sublattices. Off-diagonal
elements of the matrix �, which correspond to off-diagonal parts of the isolated matrices A
and B , remain unchanged:

�µν = (N A
SQτAA)−1, 1 � µ, ν � N A

SQ, µ �= ν (9)

�µν = (N B
SQτAA)−1, N A

SQ < µ, ν � N A
SQ + N B

SQ, µ �= ν. (10)

Finally, the matrix � has to be completed by the elements providing the ‘exchange link’
between the sublattices FA and FB :

�µν = (N B
SQτAB)−1, 1 � µ � N A

SQ, N A
SQ < ν � N A

SQ + N B
SQ (11)

�µν = (N A
SQτB A)−1, N A

SQ < µ � N A
SQ + N B

SQ, 1 � ν � N A
SQ. (12)

The theoretical lineshape SF(ω) for both the fluorine sublattices including exchange effects
between them can be described by

SF(ω) ∼=
∑

µν

Wν [(� − iω1)−1]µν (13)

where the population matrix W reflects the ratio between the number of spins nFA , nFB ,
i.e. Wν = 1 for 1 � ν � N A

SQ, and Wν = nFB
nFA

= 1
2 for N A

SQ < ν � N A
SQ + N B

SQ. The

final structure of the matrix (� − iω1) is presented in diagram 1.

4. Structural and computational details

The tysonite P 3̄c1 structure of LaF3 is determined by two lattice constants a = b = 7.185 Å
and c = 7.351 Å (at T = 295 K), and two angles α = β = 90◦ and γ = 120◦ [20]. The unit
cell contains 12 fluorine spins forming the F1 sublattice. They positions expressed in terms of
the lattice coordinates x = 0.366, y = 0.054 and z = 0.081 are as follows: (±x,±y,±z),
(±y,±(y − x),∓z), (±(x − y),±x,∓z), (±y,±x,∓(z +0.5)), (±x,±(x − y),∓(z +0.5))

and (±(y − x),±y,±(z + 0.5)). The F2 sublattice is represented within the unit cell by four
ions at the positions (±1/3,±2/3,±z), (±1/3,±2/3,±z ± 0.5), where z = 0.187, while the
F3 sublattice covers two ions: (0, 0,±1/4). The lanthanum ions occupy six positions within the
unit cell: (±x, 0,±1/4), (0,±x,±1/4) and (±x,±x,∓1/4). On this structural background
we have set up the ensemble of fluorine and lanthanum spins forming the surroundings of
the reference FA and FB fluorine ions, included into the calculations. The participating spins
have been selected from the group covering all crystallographic positions labelled by the Miller
indices h, k, l ranging over 0 and ±1. Taking into account the strength of the dipole–dipole
interactions (equations (3) and (4)) we have involved in the calculations of the FA line eight
fluorine spins (N A

A = 7, N B
A = 1) and one lanthanum spin (NLa

A = 1). The FB line has been
calculated for five most important neighbours (N A

B = 3, N B
B = 2, NLa

B = 0). We have tested
this computational treatment by including more spins into the FA as well as FB group. We have
found out that the additional spins do not influence the calculated spectra on a noticeable level.
We have not considered eventual temperature and doping effects on the structure parameters.

5. Analysis of the experimental NMR lines

Within the framework of the presented model we have analysed six series of experimental NMR
spectra (x = 0%, 0.01%, 0.03%, 1%, 3% and 16%). To explain the strategy of the analysis we
start from general comments appropriate for all the investigated crystals. The room-temperature
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Diagram 1. Structure of the evolution (exchange) matrix, � − iω1, including the dynamic
processes within the particular sublattices as well as the exchange motion between them. The block
corresponding to the FA sublattice is numbered by indices k, l in the range 1 < k, l < N A

SQ,

while the block with N A
SQ < k, l < N A

SQ + N B
SQ corresponds to the FB sublattice. The

indices i and j denote individual single-quantum transitions of the FA and FB spins, respectively;
1 < i < N A

SQ, 1 < j < N B
SQ. The remaining matrix elements reflect the exchange dynamics

between the two sublattices.

spectra always consist of two well resolved lines corresponding to the FA and FB sublattices,
with chemical shifts of σ = 163–170 ppm. An example of such a spectrum is presented in
figure 1 (spectrum (a)), x = 0.3%, T = 295 K. One can conclude from the room-temperature
spectra, characterized for all samples by a broad FB line, that the fluorine motion inside the
combined FB sublattice is much slower than the motion inside the FA sublattice. In the analysis
we set the lifetime of the FB spins to τB B = 1.6×10−4 s. The theoretical curve obtained for this
τB B value reproduces the shape of the FB part of the NMR spectra well, as shown in figure 1.
It is important to note that the τB B time value reflects only the fact that the motion inside the
FB is relatively slow and one should not treat it as a precise characterization of this process.
The experimental spectra do not carry accurate information about dynamic processes, if they
become significantly slower than the experimental time-window determined by the duration of
the detected FID.

Since there is no evidence for exchange processes between the two sublattices FA and
FB at room temperature, we reproduce the spectra without including the exchange dynamics
into the analysis. Nevertheless, the observed symmetrical lines can also be reproduced by
assuming an exchange lifetime of the order of milliseconds, since both lines of the spectra are
still symmetrical for exchange processes occurring on this timescale. Such a treatment would
alter the corresponding value for τAA only marginally. At higher temperatures the exchange
lifetime is unambiguously determined by the lineshape.
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Figure 1. Experimental and calculated fluorine NMR spectra for a LaF3 single crystal containing
0.3% Sr2+ admixtures. Spectra (a) and (b) were collected for the temperatures T = 295 and 700 K.
The corresponding theoretical curves, shown as solid lines, are obtained for τAA = 4.0 × 10−6 s (a)
and τAA = 1.0 × 10−8 s, τB A = 5.9 × 10−7 s (b).

The chemical shift is treated as a constant parameter for the whole data set of a given
concentration x and it is equal to the room-temperature value. When the temperature increases
the τAA and τB A processes become faster. Interplay between them leads to a progressing
overlap of the FA and FB lines, which were well resolved at room temperature. Therefore,
the spectra take up a form of one, initially strongly asymmetrical, line. A further temperature
increase reduces the asymmetry and the line becomes continuously narrower, reaching finally
the resolution limit (spectrum (b) in figure 1). In this temperature regime the lineshape is
fully determined by the exchange processes encoded in the correlation time τB A, and the NMR
spectra do not provide any more information about the fast fluorine dynamics inside the FA

sublattice. Since the jump diffusion within the FB sublattice occurs on much slower timescale
than for the FA ions, the lineshape of the FB sublattice is dominated in the whole temperature
range by the exchange processes (τB A).

To illustrate the temperature changes of the NMR spectra we present in figure 2 a set of
experimental data for the pure crystal. The figure covers the most interesting temperature range,
where one observes the successive transition from two-line to one-line spectra. The theoretical
curves corresponding to the lower temperatures of this range are still modelled by both dynamic
processes (τAA and τB A). However, the effect of the τAA lifetime on the lineshapes continuously
diminishes and therefore the higher-temperature spectra are modelled mainly by the exchange
lifetime τB A. More experimental and calculated lineshapes for the other crystals (x = 0.01%,
0.3%, 1%, 3%, 16%) are presented in the appendix in figures A.1–A.5.

Finally, some comments on the level of agreement between the experimental data and the
fitted theoretical lines are appropriate. As can be seen in figures 1, 2 and A.1–A.4 there are
some minor deviations of the theoretical curves from the experimental ones, especially on the
wings of the spectra. Since the experimental spectra were obtained from the corresponding
FID signals following a 90◦ pulse, they suffer from dead time effects. There are two important
consequences of the finite dead time. First, the spectra require additional phase and baseline
corrections, which obviously affect the lineshape. Furthermore, information which is encoded
in the first points of the FID is unavoidably lost. To reduce the dead time effect by backward
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Figure 2. Experimental fluorine spectra for a pure LaF3 crystal in the temperature range 550–
700 K, together with lines calculated for the parameter values obtained from least square fitts. The
effect of the τAA parameter on the lineshape diminishes continuously with increasing temperature.
For higher temperatures the spectra are modelled merely by the inter-lattice exchange τB A . 550 K:
τAA = 8.0×10−7 s, τB A = 1.6×10−4 s; 600 K: τAA = 1.6×10−7 s, τB A = 3.7×10−5 s; 650 K:
τB A = 1.3 × 10−5 s; 675 K: τB A = 4.9 × 10−6 s; 700 K: τB A = 3.1 × 10−6 s.

extrapolation, we used a linear prediction algorithm on the measured FID signal. This
treatment avoided the baseline corrections and significantly reduced the discrepancies between
the experiment and the theoretical lineshapes. Nevertheless, it should be realized that the linear
prediction method gives us only an estimation of the initial data points.

6. Discussion

The resulting lifetimes τAA and τB A, describing the dynamics of the FA fluorine ions within
their own sublattice and the exchange processes between the two distinct sublattices FA and FB

are collected in figures 3–5 for various concentrations of the admixtures.
In figure 3 we include a few representative error bars illustrating the two effects mentioned

in section 4. The relatively large fitting error of the exchange lifetime τB A as well as of τAA

at T = 500 K reflects the discussed uncertainty of the exchange effects at relatively low
temperatures. The decreasing influence of the τAA parameter on the lineshapes is reflected
by the corresponding τAA error bars, which become much larger at higher temperatures, where
the lineshape is mainly dominated by the exchange motion. This behaviour of the fitting errors
is common for all analysed crystals. The error bars of the other data points are smaller (5–15%),
therefore we do not present them.

The temperature dependence of most of the processes can be described by an Arrhenius
law, ln(τc) ∝ T −1, although some deviations occur. The most pronounced deviations from
the Arrhenius behaviour can be observed for the time constant τAA of the pure sample, where
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Figure 3. Temperature dependences of the τAA and τB A time constants for a pure LaF3 crystal as
well as a crystal containing 0.01% admixtures. The error bars refer to the discussion in the text.

τ

τ

τ

τ

Figure 4. Temperature dependences of the parameters τAA and τB A for LaF3 crystals with the
concentrations of admixtures x = 0.3% and x = 1%.

a significant change of the slope can be seen. This may suggest three temperature regimes of
different activation energies for the jump diffusion inside the FA sublattice, but due to the small
number of data points and the increasing error at high temperatures (cf figure 3) no reliable
statement can be formulated. Three different slopes have already been reported for conductivity
measurements of pure and Ba2+-doped LaF3 [4]. Less pronounced deviations from a simple
Arrhenius behaviour can be observed for the exchange lifetime τB A of the x = 1% and 3%
samples. Here the low- and high-temperature data points seem to follow the same temperature
dependence, whereas there is an evidence of slightly longer exchange correlation times in the
intermediate temperature range. We are aware that statements about a non-Arrhenius dynamics
of the fluorine spins must be better motivated by independent measurements. Nevertheless,
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Figure 5. Temperature dependences of the parameters τAA and τB A for LaF3 crystals with the
concentrations of admixtures x = 3% and 16%.

except for τAA of the pure sample, all measurements can reasonably be approximated in the
observed temperature range by an Arrhenius law.

As can be seen in figures 3–5, exchange processes between the distinct sublattices are
about two orders of magnitude slower than the motion within the FA sublattice, except for the
16% sample. Comparing the temperature dependence of both processes one observes that for
low admixture concentrations the slope of the exchange lifetime τB A is larger than that of τAA.
As a consequence the time constants of both processes get closer at higher temperatures and
they may even merge or cross. For higher concentrations of admixtures (x = 1% as well as
x = 3%) both processes exhibit similar activation energies, hence the τAA and τB A curves are
parallel. However, for x = 16% the difference of the slopes becomes visible again and the τAA

and τB A have the tendency to merge within the observed temperature range.
Comparing the results for τAA for the differently doped samples it is apparent that the

motion within the FA sublattice gets faster with increasing dopant concentration up to x = 1%.
The dynamics within the FA sublattice for x = 3% turns out to be very similar to x = 1%,
whereas the x = 16% sample shows significantly longer time constants. This observation is
consistent with conductivity measurements on Sr2+-doped LaF3, where also a decrease of the
conductivity for concentrations above x ≈ 3% between 300 and 400 K is reported [4].

Analogously, with increasing admixture concentration the exchange process gets faster in
the observed temperature range.

Let us discuss the fluorine dynamics also in terms of activation energies E A and EB A.
The activation energy for the diffusion inside the FA sublattice, E A, increases with dopant
concentration from (0.28 ± 0.03) eV for x = 0.01% to (0.40 ± 0.04) eV for x = 3%, at the
same time as the activation energy of the inter-lattice exchange, EB A, decreases systematically
from (0.82 ± 0.03) eV for the pure sample to (0.33 ± 0.02) eV for x = 3%. Both trends
break down for the sample with the highest concentration, x = 16%, characterized by
E A = (0.20 ± 0.05) eV, and EB A = (0.52 ± 0.03) eV.

The analysis of the highly doped sample is based on the crystallographic data of pure
LaF3. Although the tysonite structure is kept for samples with x = 16%, one can expect that
the structure gets significantly deformed by the admixtures. Thus, one has to be aware that the
results for highly doped samples are affected by structural modifications.
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Finishing the discussion, we wish to point out that the theoretical analysis is based on
two parameters only, the time constants τAA, τB A, without any distribution of them. In
former studies [12, 14, 15] it had been necessary to assume log-Gaussian distributions of the
correlation times to get an acceptable agreement between the calculations and the experiment.
The discrepancies between the previous studies and the current one require some comments.
The fluorine relaxation data presented in [12] were based on the BPP (Bloembergen–Purcell–
Pound) [21, 9] expression, which is appropriate for systems of identical spins 1/2, coupled by
dipole–dipole interactions. Since LaF3 contains two distinct fluorine sublattices and quadrupole
spins, a more advanced theoretical treatment is necessary to interpret the relaxation data. We
have developed for this purpose a proper relaxation model, which is a complicated subject by
itself and to which we shall devote forthcoming papers. We have found out that the relaxation
data collected for the same LaF3 crystals can also be interpreted satisfactorily and consistently
in terms of single correlation times.

The lineshape analysis presented in [14] had been carried out within a simplified theoretical
approach. The spectra had been calculated for a reference fluorine spin including its dipole–
dipole interactions with up to eight surrounding fluorines. The contribution of the lanthanum
spins had been neglected. In this paper we deal with the whole ensemble of the selected spins
including all interactions between them. One should realize that the present approach requires
working with large matrices, which, due to limited computer power, was problematic a couple
of years ago.

We do not intend to claim that the lattice dynamics in this rather complex system is just
homogenous and fully described by the two correlation times. However, the lineshape data can
satisfactorily be explained within the present motional model.

7. Concluding remarks

We have developed a model for the fluorine NMR lineshape for the LaF3 crystal structure
based on the concept of three motional processes characterized by well defined correlation
times. The model includes jump diffusion of the fluorine ions among equivalent sites
within two crystallographically distinct sublattices, and inter-lattice exchange processes. The
theoretical description has been based on a detailed treatment of fluorine–fluorine and fluorine–
lanthanum dipole–dipole interactions relevant for the shape of the fluorine spectra. We
have applied the model to experimental lineshape data collected for a series of LaF3 single
crystals with systematically increasing concentration of admixtures: La1−x Srx F3−x crystals
(x = 0–16%) from room temperature up to 775 K. This theoretical approach leads to a
satisfactory interpretation of the NMR data, without involving any additional parameters
associated with motional heterogeneities like a distribution of correlation times. We have
discussed the temperature dependences of the time constants describing the fast fluorine ion
motion inside one of the sublattices as well as the exchange processes.
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Appendix

Figure A.1 illustrates the temperature changes of the NMR spectra for the doped material with
x = 0.01%. The lineshapes are determined by the inter-lattice exchange (τB A). To reproduce
them it is enough to assume that τAA is at least of the order of 10−7 s.
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Figure A.1. Experimental and calculated fluorine spectra for a LaF3 crystal containing 0.01% Sr2+
admixtures in the temperature range 500–625 K. The exchange lifetime τB A values are as follows.
500 K: τB A = 3.4 × 10−5 s; 550 K: τB A = 1.45 × 10−5 s; 575 K: τB A = 1.2 × 10−5 s; 600 K:
τB A = 7.3 × 10−6 s; 625 K: τB A = 3.3 × 10−6 s.

In figure A.2 we show some fluorine spectra of the crystal containing 0.3% admixtures,
selected from the temperature range 450–575 K. The spectrum at T = 450 K is quite similar to
the spectrum obtained for the crystal with the lower concentration of admixtures x = 0.01% at
the temperature T = 500 K, and already determined in principle by the exchange process τB A.

Figure A.3 presents some examples of fluorine spectra collected for the crystal with 1%
of the admixtures. The spectrum at T = 310 K can be reproduced neglecting the inter-lattice
exchange. The FA line of the next spectrum, for T = 360 K, is broader compared to the case
of T = 310 K, and shifted to the right. The effects prove that for the higher temperature
the exchange motion is significantly faster than for the lower one. Actually the spectrum for
T = 360 K is determined only by the exchange process being fast enough to mask the influence
of the τAA motion. This effect starts even earlier, at T = 350 K (the spectrum is not shown).
The higher-temperature spectra reflect the progressively faster inter-lattice exchange.

In figure A.4 we demonstrate the interplay between the τAA and τB A processes for the
crystal containing 3% of admixtures. The spectrum at the lowest temperature (308 K) is
determined by the motion inside the FA sublattice. For higher temperatures the exchange
motion τB A becomes progressively more important. In a certain temperature range the
experimental spectra carry information about both the processes τAA and τB A (T = 318 and
328 K). Finally the inter-lattice exchange takes control over the lineshape (T = 338 and 348 K).
Even though there are no dramatic differences between the particular spectra, they are very
sensitive to the parameters τAA and τB A in this motional regime, and a systematic treatment
leads to consistent results.

Figure A.5 shows some fluorine spectra for the crystal with the highest concentration of
admixtures x = 16%. Comparing the spectrum at T = 333 K with the spectra from figure A.4
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Figure A.2. Experimental and calculated fluorine spectra for a LaF3 crystal containing 0.3% Sr2+
admixtures in the temperature range 450–575 K. All the spectra are modelled only by the inter-
lattice exchange if one assumes that τAA is at least of the order 10−7 s. The exchange lifetimes τB A

obtained from the least square fit are: 450 K: τB A = 3.6 × 10−5 s, 500 K: τB A = 1.7 × 10−5 s,
525 K: τB A = 6.4 × 10−6 s, 550 K: τB A = 3.2 × 10−6 s, 575 K: τB A = 2.55 × 10−6 s.

Figure A.3. Examples of fluorine spectra for a LaF3 crystal with x = 1%. The spectrum
at T = 310 K is determined by the motion of the fluorine ions inside the FA sublattice. For
higher temperatures the spectra are modelled merely by the inter-lattice exchange encoded in the
correlation time τB A . The theoretical parameters are: 310 K: τAA = 1.3 × 10−6 s, τB A = ∞,
360 K: τB A = 6.5 × 10−5 s 425 K: τB A = 1.1 × 10−5 s, 500 K: τB A = 3.1 × 10−6 s, 550 K:
τB A = 1.2 × 10−6 s.
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Figure A.4. Experimental and calculated fluorine spectra for a LaF3 crystal containing 3% of
admixtures. The spectrum at T = 308 K is determined by the fluorine motion inside the FA

sublattice. The next two spectra (T = 318 K and T = 328 K) are modelled by τAA as well
as τB A . Finally the inter-lattice exchange becomes the dominant process for the NMR lineshape.
308 K: τAA = 1.6 × 10−6 s, τB A = ∞, 318 K: τAA = 1.0 × 10−6 s, τB A = 1.0 × 10−4 s, 328 K:
τAA = 5.15×10−7 s, τB A = 7.0×10−5 s, 338 K: τB A = 5.1×10−5 s, 348 K: τB A = 4.5×10−5 s.

Figure A.5. Examples of experimental and calculated fluorine spectra for a LaF3 crystal with
16% of admixtures. The parameters obtained from the least square fit are: 333 K: τAA =
6.85 × 10−6 s, τB A = 9.55 × 10−5 s, 353 K: τAA = 5.6 × 10−6 s, τB A = 4.6 × 10−5 s, 373 K:
τAA = 3.2×10−6 s, τB A = 2.1×10−5 s, 425 K: τB A = 1.5×10−6 s, 475 K: τB A = 6.05×10−7 s.
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corresponding to the temperature T = 328 or 338 K (which do not differ much from 333 K)
one can conclude that the FA line is significantly broader for x = 16%. This leads to the
conclusion that the motion inside the FA sublattice is significantly slower. The timescale of
this process, for x = 16%, is located between the cases of x = 0% and 0.01%. Analysing
the spectra one has to be aware that such a high concentration of admixtures (16%) changes
the crystal structure significantly compared to the ideal one, which is used in the analysis. The
structure deformation can explain the discrepancies between the experimental and theoretical
FA line (on the left side).
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