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Chemical reactions induced by mechanical treatment mayapeess to new compounds whose properties are
governed by chemical metastability, defects introducedl sine d€fects present. Their interplay may lead to
nanocrystalline ceramics with enhanced transport prigsebeing useful to act as solid electrolytes. Here, the
introduction of large amounts of La into the cubic structofrBaF, served as such an example. The ion transport
properties in terms of dc-conductivity values of the &ion conductor BayLasF,.x (here withx = 0.4)
considerably exceed those of pure, nanocrystalline,B&é far, there is only little knowledge about activation
energies and jump rates of the elementary hopping procedees, we took advantage of both impedance
spectroscopy ant’lF NMR relaxometry to get to the bottom of ion jumpfdision proceeding on short-range
and long-range length scales indghag 4F2.4. While macroscopic transport is governed by an activatiwergy

of 0.55 to 0.59 eV; the elementary steps of hopping seen by [dkRharacterised by much smaller activation
energies. Fortunately, we were able to deduceaself-diffusion codficient by the application of spin-locking
NMR relaxometry performed in the rotating frame of refemnc

PACS numbers: 66.30.-h, 66.30.hd, 76.60.-k, 82.56.-b
Keywords: solid-state NMR, €tusion, fluorine ion conductors, relaxation NMR, impedarmpectroscopy

I. INTRODUCTION sive applications in the field of fast (hanocrystalline) gmm-

o o , ductors, in particulat®>=2? It is worth noting that nanocrys-
Studying ion dynamics in solids belongs to one of the most,|jine By_,LayFy, is not stable in its nanostructured for v
vital topics in modern solid-state chemistry.The develop- at high temperatures; this restricts the temperature ramge
ment of advanced sensors or energy storage systems requikRsis also the number of available methods, to protid;
careful examining the correlation of ion transport overgon ;4 parameters from an atomic scale point of view. N7,
distances and local ion hopping between neighboured Sit%wever, dfers a quite large set of techniques which zre
W?thinarigid lattice structure. Such studi_es are direitiged <o nsitive to both slow and fast (translational) ion dynam-
with the development of advanced solid electrol}tesur- joq ere with the use of SLR measurements, carried our in
gently needed for future all-solid-state rechargeabltebas. i, () the rotating frame andiij the laboratory frame o:

In particular, hlghly CondUCting and 8|eCtr0Chemica|@-St referencé-,1~23124 = dynamics with Jump rates ranging from
ble fluoride§™ are necessary components to bring all-solid-the kHz to the MHz range can be probed. Their combinaiion
state fluorine-ion batteri@slive. Regrading particular appli- gives access to a quite large dynamic wind®\8pin-spin re-
cations they might serve as alternatives to those relying ofaxation measuremerifsand line shape studié§ which do
lithium? and sodiurfi as ionic Charge carriers. Quite recently, probe even slower F motions, Comp|ement the set of ti,.e-
solid solutions of nanocrysta”ine fluorite—type Ba a2« domain resonance techniques app“ed
prepared by high-energy ball milling have been introduced a
a promising solid F electrolyte? First measurements of its Considering fast ion conductors with a large numier
electrochemical stabili#f encouraged us to study F dynam- fraction of highly mobile ions, correlationflect€’~%° are
ics in detail. As presented by Fichtner and co-worReémyic  expected to influence the movement of the charge carri-
transport properties of a series of mechanochemicallyngnt ers. Besides the possibility to quantify F anion dyn=m
sized nanocrystalline samples wittranging fromx = 0to  ics, as has been excellently presented by Chadwick #nd
x = 0.55 have been studied by impedance spectroscopy restrange’! NMR is also highly useful in distinguishing cor
cently, and the data have been analysed with respect to macrilated from independent hoppif&?®32-35In conjunction
scopic ion transport. Overall conductivity is anticipatebe  with conductivity spectroscop?3%3” complementary infor-
fully governed by F anions,e., the transference number is mation of translational ion dynamics can be collected. &
assumed to be close to one and, thus, any electronic contribgore, the present investigation is also aimed at contritgui
tions do not play a role practically. The highestion contitict  to the questioff-333®how results from various time domain
ity was found for samples witk = 0.3 andx = 0.4.° NMR methodsyiz F migration activation energies and ju,=n

In the present study, we take advantag&Bfnuclear mag- rates, compare with those obtained from ac impedance snec-
netic resonance (NMR) relaxation measureméhtdcarried  troscopy,i.e., probed on dferent length- and time scale.
out under static conditions, to collect information on theFor this reason, impedance data have also been recordec cver
elementary steps of ion hopping in structurally disorderedhe whole temperature range covered by NM&, including
BapsLapsF24. NMR can be a powerful tool and has exten- also temperatures well below ambient. In particular, theyst
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presents impedance data recorded at frequencies as high as
3 GHz.

One major advantage of NMR is that it can often provide
a direct estimate of the Hump raté&>32 provided difusion- sample 3
induced contributions can be well separated from those be-
ing largely dfected by so-called background relaxation. In
the present case, with the spin-lock NMR technique, sgg,
Ref. 39, it was indeed possible to record &ubion-induced BaF,
rate peak from which the selfllusion codficient D. Our
estimation uses the relaxation model of Bloembergen, Pur-
cell and Pountf which was developed for three-dimensional
(isotropic) motions of spin/2 nuclei moving in an uncorre-
lated manner. Finally, the NMR selffélision codicient can
be compared with solid-statefflision codficients extracted
via the Nernst-Einstein equation from dc conductivity data

sample 2

Il.  EXPERIMENT sample 1

The Ba_yLaxF2,x sample withx = 0.4 has been prepared ‘ I ! I : i ‘
by high-energy ball milling*~*® making use of a planetary 20 30 40 50 60 70 80
mill (Fritsch, Pulverisette 7). The starting materialswpo
ders of Bal; and Lak with um-sized crystallites, were pur-
chased with high purity (99.99%) from Alfa Aesar and Sigmag|G. 1: X-ray powder diractogramms of the samples &aoF24
Aldrich, respectively. To synthesize several g obBlaaosF24  prepared for this study. For the synthesis of sample 1 a tengsir-

the binary fluorides were mixed under Ar atmosphere accordside vial set was used and the milling time was 6 h. Sample 2 was
ing to the stoichiometric ratio needed. We used a beaker madgeepared with a Zr@vial set and the mixture was treated for 6 h. R~
of ZrO, (Fritsch) or tungsten carbide (Fritsch) equipped withflexes of residual Lag-are marked by asterisks. Sample 3 was aiso
180 or 140 balls (5 mm in diameter) of the same materiaPrepared using a ZrOvial, but the milling time was increased (-
to treat the mixtures at 600 rpm under dry conditions. ThelO N As inthe case of sample 1, no residual Bafid Lak are left.
ball-to-powder ratio was 17:1. We carefully avoided any-con

tact with moisture, thus, the beakers were airtight fillethwi

BaF,:LaF; in a glove box with dry Ar atmosphere. Later on, ) ) ) )
i.e, after milling periods ranging from 6 h to 10 h, they were lowing temperature-variable 2-electrode (dielectrichswe-
also opened in the glove box. ments. The temperature is automatically controlled by rme &

Structural analysis of the prepared nanocrystalline posvde of a_QUATRO cyrosystem (Novocontr(_)l_) making use o 4
was carried out using x-ray powderfidaction (XRPD) and heating element which builds up a specified pressure in a iyg-
uid nitrogen dewar in order to create a highly constanghis

magic angle spinning (MAS) NMR spectroscopy. The pow- .
der difraction patterns, shown in Fig. 1, were recorded onﬂOW‘ After heated by a gas jet, the freshly evaporatefidis

a Bruker D8 Advance diractometer with Bragg Brentano dirgctly through the sample cell that is mountgd in a cnioYp
geometry using Cu K radiation (10 .. 10026, step size This setup allows very stable system operation vy|th an =2o-
0.02°20, step time 1 s). Rietveld refinement was carried outturacy of+ 0.01°C. I_n summary, the whole setup is able
with X-PertHighScorePlus (PANalyticafl’F MAS NMR ex- record the complex impedance)((and the permittivity &)

periments were recorded on a Bruker Avance Il spectrome‘:}lt frequencies ranging from feuHz up to 20 MHz (110K ..

ter operating at 470.5 MHz. We used a 2.5-mm-MAS probe570 K). Forimpedance measurements up to 3 GHz we user: 2n

(Bruker) being able to reach a spinning frequency 30 kHZAgiIent E4991 A high-frequency analyer connected to a h'ch
spectra were recorded by non-selective excitation using Hequency cell (Novocontrol).
short pulse with a length of approximately 1.8 For the NMR measurements the fluoride was sealed in.¢'=2ss
To prepare dense pellets for impedance measurements thenpoules, ca. 4 cm in length and 5 mm in diameter, to [nu-
powder samples were cold-pressed by applying an uniaxiakct the nano-crystalline samples with their large surbaea
pressure of 0.13 GPa. Our press sets allow the fabricatiopermanently from any influence of humidity. NMR lines a 12
of pellets with,e.g, diameters of 5 mm, 8 mm and 10 mm relaxation rates were measured with an Avance Ill spectr_..-
(sample 3, see below). Pt electrodes (ca. 100 nm in thicketer connected to a shimmed cryomagnet with nominal mag-
ness) were applied with a sputter coater (Leica). The thicknetic fields of 7 T. This field corresponds td% Larmor fre
nesses of the pellet pressed were measured with appropriajaencies otug/27n = 282 MHz. We used a home-built (high-
gauges. The impedance measurements were carried out wittmperature) NMR probe capable to record NMR signals ©:=-
a Novocontrol Concept 80 broadband analyser (Alpha-ANder static,i.e., non-rotating, conditions up to temperatures as
Novocontrol) being connected to a BDS 1200 cell in com-high as 550 K. Ther/2 pulse length was approximatelyu$
bination with an active ZGS cell interface (Novocontroh al at 200 W. A Eurotherm temperature controller in combinaticn

20/°
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fy T T, diffraction carried out at room temperature and in air at-

19 282 MHz _| mosphere. In Fig. 1 the fifactograms of several sampi<z,
06l i which have been dierently prepared, are shown. While sa.n-
L ple 1, which was prepared in a tungsten carbide (WC) il
- (tmin = 6 h), does not reveal any binary fluorides left, samuie
031 2, which was synthesized under slightlyfdrent milling con-
ditions (ZrQ vial, tmiy = 6 h), shows residual LaFAccord-
ing to Rietveld refinement, phase pure)Baag 4F» 4 is formed
"0.00 0.10 0.20 0.30 in the ZrQ, beaker, when the milling timg,;; to prepare the

log (time / ms) time / ms ternary fluoride is increased from 6 h to 10 h (sample 3). 1.2

vertical bars in Fig. 1 represent positions and intensitféke

FIG. 2: Left: 1F NMR transversal decay of the spin-locked magne-reflexes of the two starting materials. The systematic sff..::
tization recorded at the various temperatures indicathd.ldcking  the difraction angle & towards larger values points to latt.cc

frequency was 62.5 kHz. Note the logarithmic scale of trexis.  contraction due to the incorporation of the smaller La ione
Solid line represent fits according to stretched exponksnyielding  the fluorite structure of Baf®

T-1 andyy,. Right: 1°F NMR spin-spin relaxation transients. From . .
1p 1p NT-
the fits (stretched exponentials, solid lines) the ratg'sand stretch- From the broadening of the reflexes we estimated an &. cr

ing factorsy, shown in the upper part of the Arrhenius plot of Fig. 3 @9€ crystallite size of approximately 10 nm (Scherrer eota-

can be obtained. The correspondifigtransients do almost follow  tion). S_UCh avalue is t_ypically found for mechanosyntfmrti;
an exponential time behaviour. ceramics treated in high energy ball mills. The x-ray pcv!

der patterns show a low and straight-line background «n,
therefore, no indications for notable amounts of amorphoaus
with a type T thermocouple was used to control and monitomaterial present. Sample 1 has been used¥®MMR and

amplitude / arb. u.
amplitude / arb. u.

the temperature in the probe’s sample chamber. impedance measurements up to 20 MHz. From samplc. a
19 NMR spin-lattice relaxation (SLR) rategT,; were ac-  larger pellgt with a diameter of 10 mm was pressed for high-
quired with the saturation recovery pulse sequence 42 —  frequency impedance measurements carried out up to 3 Cr.z.

tqy — /2 — aquisition (acg*"*8 The pulse sequence works as

follows: an initial pulse train, consisting of temr2 pulses sep-

arated by 4Qus, was used to destroy any longitudinal mag-

netization M, prior to recording its temperature-dependent B.  NMR measurements
recovery as a function of the delay tini¢ Rotating-frame

F NMR SLRo rates JTi, were recorded with the spin- Compared to the recently published study of Rongeat & al.,
lock techniques/2 pltiock) — acg3¥474%>3with our probe  which mainly focusses on the investigation of F ion trauis-
we were able to make use of a locking frequengyof ap-  port in Ba._xLayF.,x by impedance spectroscopy, we put 2
proximately 625 kHz. The corresponding locking pulsesx  phasis on stati¢®F NMR relaxometry to point out the dif-
was varied from 4Qis to 400 ms. Note that the recycle de- ferences between short- and long-range ffudivity. To that
lay for the SLR experiments was set to at leas5l'; in end, the present study centres upon a single mechanosynthe-
order to guarantee full longitudinal relaxation betweeohea sized sample withkx = 0.4 which is the composition leadin 1
scan. 1Ty and YTy, rates were obtained by parameteriz- to the highest conductivity observ&dh the Arrhenius plot of
ing the magnetic transiendd,(ty) and M, (tiock), respectively,  Fig. 3 a) an overview of the NMR relaxation rates measurec 's
by stretched exponentiald4,(ts) « 1 - exp(-(t/T1,)”) and  shown. The figure presents the temperature-dependent reiax
M (tiock) o €Xp(=(tiock/ T1,)"2), respectively (cf. Fig. 2). ation rates 1Ty, 1/Ty,, and YT, together with the stretchirg

In addition, temperature-variabi® NMR spin-spin relax- exponenty; (i = 1,1,,2) obtained by parameterizing the v»
ation (SSR) rates/T', were recorded by taking advantage of a derlying magnetization transients (see Fig. 2) with appron
(two-pulse) solid-echo pulse sequerfée/2 — techo— 7/2 = ate fitting functions in our case stretched exponentials we. e
acq techo denotes the variable interpulse delay. The transientssed (see above). For comparison, on the right-hand site of
obtained were fitted with stretched exponentials. Stedic Fig. 3 a couple of temperature-variaBf& NMR spectra of
NMR spectra were either obtained after Fourier transformamechanosynthesized B ag4F» 4 is shown.
tion (FT) of the free induction decay, which were recorded by Starting the discussion with tH8F NMR spectra, which
non-selective irradiation with a singig/2 pulse, or by FT of  \yere recorded under non-rotating conditions, it is evideat
the solid echo beginning from the top of the signal. at the lowest temperature, being accessible with the p ohe
used here, the overall NMR signal is composed of sev._.al
components. Owing to both structural disorder and cauon
mixing introduced during milling, the shape of the Iav.-
spectrum likely reveals a superposition of many NMR intensi

A.  Characterization by X-ray diffraction ties that reflect magneticallyfiiérent F species. These speciac
result from a broad distribution of locally distinct enviro

Phase purity of the mechanochemical preparation ofments. For comparison, it is known for pure nanocrystali..e
nanocrystalline BglLagsF24 was checked by powder x-ray BaF,, even if severely treated in shaker or planetary mi'l~

Ill.  RESULTS AND DISCUSSION
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FIG. 3: Left: temperature dependence of tie NMR relaxation rates of nanocrystalline Baag4F,4 (sample 1) prepared by mechanosy.
thesis at ambient temperature. The Larmor frequency wad/282 The upper graph shows the dependence of the stretckpanentsy on
T. Right:*°F NMR line shapes recorded under static conditions at the¢eaturedI” indicated.
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FIG. 4: Selected®F NMR lines to highlight the motional averaging of dipolgsdie interactions and coalescence as well. While a conibime ¢
of a Gaussian and a Lorentzian is appropriate to represefints at moderate temperatures, the final shape in theeagfiextreme narrowing
resembles that of a Voigt function. The values in percentages indicate the area fractions of the twéfelient components.

that the correspondintfF NMR signal is much less broad- tions of the various magnetically inequivalent F ions. At-su
ened than it is found in the present c43e. ficiently high temperatures the mean exchange rate becomes
Here, the overall shape of the NMR spectra recorded afllow much faster than the spectral width of the NMR line. Tius
results from the mixingféect of Ba and La ions; this alters the Slows down spin-spin relaxation and leads to a single NMR
19F chemical shifts. Similarly, this has also been reported byine being fully narrowed by motional averaging; see thees.e
Fichtner and co-workers using magic angle spinning (MAS)rum recorded at 523 K, which is the upper temperature ‘ve
19 NMR on samples with varying La-contehEor compari- used for our study. Compared to the initial situation, tine I
son, in cation-mixed mechanosynthesized (Ba,ga6 well ~ width (full width at half maximum) has been decreased f:c:
as in mixed fluorides with Sr and Ca ions, the individual F en-ca. 50 kHz down to 1.7 kHz; in the regime@ftreme avera(-
vironments could be well resolved due to relatively shagp re ing it is mainly governed by inhomogeneities of the external
onance lines and the application of high-speed MAS NKIR. magnetic field. From motional averaging it is evident tha: i
As it becomes obvious from Fig. 3 b), with increasing tem-JYMP rater™* (523 K) is much larger }han 50 leX 2, e,
perature a narrowed NMR line emerges which is due to botfih€ rate should be in the order of19* to 1P s,
averaging of dipole-dipof€ and local chemical shift interac-



Page 5 of 10 Physical Chemistry Chemical Physics

5
a) b)
10° F T T T T T T T T T T H 0 T T T T T T
" ot B 18
00008
10°F S -
34 2 |-
L e30e0s N 44
00°®
107 F 1 < —_
L = Opc TAVK | T i z
T ©000000000000000000000 g 41 2 \l\,)
LE) 10’9 r 0000000000000000000009°° B ] o
% 1 g 1o =
. 8 >
i o 6 o
= o
4 9 -2
8k
1 o v=1MHz 14
T o v=56kHz
o 1 1 1 1 1 1 1 1 1 1 o _10 1 1 1 1 1 _6
10 10" 10! 10° 10° 107 2.0 25 3.0 3.5 4.0 4.5 5.0
v/Hz 1000/T /K™

FIG. 5: a) impedance isotherms of mechanosynthesizgglBasF, 4 (sample 1) recorded at temperatures ranging from 133 K ug3d<4 b)
Arrhenius plot ofopcT; for comparison, the temperature dependencies’ ®f read out at frequencies= 1 MHz and 56 kHz, respectively
are also shown. Moreover!, that is the relaxation rate being determined from modytessaM” (v), is also presented.

In Fig. 4 selected®F NMR spectra are shown which were tion from the overall rates measured results in backgro:: d-
deconvoluted by using a Gaussian and a Lorentzian line (semrrected SLR rates which are represented in Fig. 3 by un-
the solid and dashed lines of the spectra recorded at 323 K aritled symbols. As a result, we observe a stepwise increase of
353 K, respectively). At higher temperatuties, in the regime  the di‘fusion-induced]'l*l rates: starting from lowl an ac-

of full averaging, viz. at 523 K, the NMR line can be best rep-tivation energy ofE] = 0.16 eV can be deduced, while au.
resented with a single Voigt profile. In general, such heteroArrhenius fit of the flank showing up at higher temperaturr.s
geneous motional narrowing can be linked with a distributio yieldsE, o = 0.44 eV.

of F~ jump rates. Cation mixirfg and local structural disor- e first value nicely agrees with that one obtained from
der in nanocrystalline BalaosF24 prepared by mechanical iy spin-relaxation measurements which are also showii in
treatment supports this idea. Thus, the rate estlmatedeaboy:ig_ 3. In the limitT — O K, which is the rigid lattice

should be regarded as a mean value. T, is approximately given by Fos = T;1. The rateT;?
According to a mean jump rate in the order of or even largestarts to deviate fron,g at 330 K and then follows an Ar.
than 1@ s, the 1% NMR spin-spin and spin-lattice relax- rhenius law characterised by an activation energy of onwy
ation rates are expected to be greatly, if not solely, inftleein  E; = 0.19 eV. According to the simple behaviour expecicu
by F self-difusion. F dynamics lead to fluctuations of the lo- from the relaxation model of Bloembergen, Purcell and Po!:~d
cal dipolar fields and induce longitudinal magnetization re (BPP), which had been introduced for 3D (isotropic) unco'ic
covery as well asfiect transversal NMR relaxation. Starting lated motior,? one would expect th&;* flank to coincide
the analysis with the laboratory-frame SLR rates, we oleservWith the highT flank (wor > 1) of theT; * rate peak leading
a weaker-than-activated temperature dependence belot¢ 2250 E; = Ea nigh With Ea nigh being the activation energy in th2

(see Fig. 3a)). In this loWi regime, which is characterised regimeworc > 1. It should be noted thd, high cannot bz

by wore <« 1 wherer, is the motional correlation timd,;* determined vid ;! measurements in the present case because
is mainly driven by non-diusive relaxation sources such as of temperature restrictions and limitations in our expexial
lattice vibrations and coupling of the spins with paramaigne Setup (see above).

impurities. With increasing temperature, however, the Fat The various models developed for correlated motions o
increases; at B 370 K it has already reached the IdwHank  predict asymmetric NMR rate peaks!”:3° Indeed, such
(wote < 1) of the difusion-induced rate peak, which is ex- shapes are observed in general; the corresponding peak=-are
pected to show up at highdr. It should be noted that tem- characterised by, 10w being smaller tharEq high and E; =
peratures well above 550 K are not accessible with the NMR=, ;... respectivelyEq high is often compared with the cor
setup available in our laboratory. Moreover, the onsetafigr  responding value from dc conductivity measurements (see
growth may represent a natural limit to investigate ffiudion  Fig. 5 and the following sectior#.In our case, however, thecs
parameters in nanocrystalline (metastable) fluorides. general characteristics for correlated 3D jumfiudiion seei

In order to carefully separate nonlilisive background re- to be not fulfilled and an anomaly is observed as will be out-
laxation from purely diusion-induced contributions, we pa- !Inéd in detail in the following.
rameterized the loW- rates with an appropriate power law  To shed further light on this situation, we record@g T,
T1 o T# and extrapolated the rates obtained to higher tempe™NMR SLR rates in the rotating frame of reference at locki .y
atures (see the dashed line in Fig. 3a)). Subsequent subtrdcequencies being much smaller than the Larmor frequercy
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FIG. 6: a) real part of the complex permittivigy of nanocrystalline BgsLap4F24 (sample 1) as a function of frequenegyb) magnification
of the spectra shown left in order to estima(B). The bulk process can be mirrored with a power law of thienfg (v) = e(c0) + A.vP with
p# f(t) ~ 0.44.

used for ouiT; measurements. Compared to NMR relaxome-EP) dfects, dominating impedance response at high temgcr-
try in the lab frameT ;! is per sesensitive to F motions taking atures and low frequencies, the spectra are composed of 2 Jc-
place on a longer length (and time) schleAs expected, we plateau and a Jonscher-type dispersive region, which ¢~ pe
were able to partly reach the highflank of the correspond- approximated with a power law accordingtb= opc+A,V .

ing Tl‘pl(l/T) peak; compared t761‘1(1/T) itis shifted towards As has been shown by many previous studies on other ‘on
lower T. The peak itself spans a rather brodange; even

after appropriate background correction, as it was done for

T1, the highT flank cannot be clearly separated. The broad- a)

ened peak might be the result from superimposing rate peaks
reflecting the distribution of migration processes in thg- di
ordered BgglLag4F24 phase. Irrespective of its overall shape,
the activation energy in the limibv;7. < 1 lies in the range
0.25 ... 0.35 eV. The resulting value depends on the quality
of the correction procedure applidéd., thes chosen, and the
number of data points taking into account for the Arrhenius
fit. Most importantly, these values are even smaller tBap,
deduced fromTil(l/T) in the limit worc < 1. This points to

permittivity
capacity / F

a second anomaly observed via NMR relaxation. Frequency- 10 10" 10° 10" 10°
dependent conductivity measurements might help undefstan b) frequency / Hz
the complex results found by NMR relaxometry. T e (R A e e e e e OO

&

C. Impedance and dielectric measurements

change
in slope

Quite recently, impedance spectra, that is the real ppadf
the complex conductivity«) plotted vs frequency, have
been reported by Fichtner and co-work&synductivity data
were discussed in terms of contributions from bulk and grain PR 2 . o
boundaries of mechanosynthesized, RhaxF,.x. To com-
pare our results from NMR, recorded at lower temperatures

and resonance freq_uenm_es in the kHz and MHz range, thEIG. 7: a) the frequency dependencesoinde” recorded at 413 K.
samples have been investigated at temperatures down to 173d§frequency dependence of and (-1)- o recorded at 413 K. Ac-

and at frequen.ci.es as high as 3 GHZ In Figs. 5, 6 and 7 Sording to the Kramers-Kronig relation ande) = iweé(w) (here,
lected conductivity as well as permittivity spectra are8ho  we havew/2r = v, i2 = -1 ande being the permeability in the

The isotherms (sample 1) shown in Fig. 5 a) reveal the typvacuum) the plateaw’ o« A,»° corresponds te” o A.v. The lo-
ical characteristics of impedance spectra of structuditigr- ~ cal minimum ofe” (see arrow) is expressed as a change in slope in
der materials usually showing a distribution of jump rated a the EP region of', see also Fig. 5. The slopes given &iindicate
activation energies. If not perturbed by electrode pakias  'ectrode polarisation.

conductivity / S cm™

frequency / Hz
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FIG. 8: a) full conductivity (and permittivity, 373 K) isoéinms of nanocrystalline BalLag 4F, 4 (Sample 3) covering a frequency range of elexer
decades. Temperatures range from 153 K to 513 K in steps of. 2) &rresponding Arrhenius plot showing the temperatefeaiour of
opcT of sample 3 (see above) and(v = 282 MHz)T. Note that 282 MHz equates théF NMR Larmor frequency. The lines show linea.
fits; the activation energies are indicated. For comparigendashed line represemntscT of sample 1, which has been prepared in a tungt-=.
carbide vial.

conductors, the exponenrttakes values ranging from 0.5 to thors already have pointed out that activation energiegingn
0.8. In our case we found = 0.56 almost independent of from 0.5to0 0.6 eV would correspond to those being charac'e-
T. « # f(T) means that the isotherms have the same shapstic for vacancy migration in microcrystalline Bakand its
and can be collapsed into a single so-called master curse aftsingle crystals§>°’In a structurally disordered material, peu-
appropriate scaling has been carried out. This behaviour irticularly when prepared by mechanical treatment, alsoro*' 12
dicates that impedance spectroscopy, when carried ouf-at dipoints defects such as F interstitials have to be considere:!
ferent temperatures-(193 K) and frequencies with values as especially in the case of La-doped Bak such a case, spec.
high as 1 MHz, is sensitive to the same motional F process iifying a primary point defect, if there is any, is venfiitult.
BagslagsF> 4. Most likely, the situation has to be described by a comple: =
At the lowest temperatures, that is, at temperatures loweierplay of diferent kinds of defects, including not only paint
than 173 K, the dc-plateau has been mainly shifted towarddefects.
lower frequencies and ##%-dependence shows up. The in-  To judge which capacities and permittivities are assodite
crease ok towards larger values might be related to the preswith the impedance spectra and dc-plateaus obtained, W~ '
ence of strictly localized F motions governing the isotheah  tede’ as a function o¥ (see Fig. 6). Starting with’ () ~ 8
suficiently low T. x being close to 1 would correspond to the at low temperatures and high frequencies, at intermediate :
(nearly) constant loss (NCL) phenomenon which is freqyentl peratures a plateau is reached indicating ¢h&) is approxi-
related to such caged dynamics, seg, Ref. 28 for a brief mately 35 (see the magnification in Fig. 6 b)). The correspc..d
overview on this topic. ing capacity takes a value of approximately 9 pF (Fig.7). 10
In order to quantify thermal activation of long-range F Our opinion these values corroborate the anticipationdiga.
transport, DC conductivity values6cT) have been plotted IS predominantly determined by the bulk response. Theéurth
in Fig. 5b)vs 1000/T. The solid line represents a linear fit increase ot’ observed is due to polarisatiofiects of the ion
and yields an activation enerds ¢ of 0.59 eV. This result blocking electrodes applied. In Fig. 7 the real and imagiricu
is in very good agreement with the value found by Rongeaparts ofo™ and € are compared. The curves reveal the wel'-
et al? (0.58 eV) and with those reported for Fon trans- ~known features of impedance spectroscopy and show ai: al-
port in single crystal84°° Moreover, it is comparable with Most'ideal’ frequency dependence that is expected forar.ca
the activation energy when electrical relaxation timgsare ~ Debye impedance response. This is also expressed as folows
analysed, which can be deduced from modulus paaKs).  If € is given bye'(v) = (o) + Av"P an AC storage-to-loss
These are less sensitive to an electrical response detminratio of one is obtained ip + « = 1. Indeed, our data fuffll
by large capacities such as the response from grain boun#?is relation; we have = 0.56 andp = 0.44 (see Fig. 6 b)).
aries. Hence, we may assume tlhajc mainly reflects the At this stage let us start comparing the results i-or;
bulk response and that grain boundaries seem to play a legapedance spectroscopy with those from NMR relaxometry.
prominent role in blocking long-range transport. As hasnbee Even if E, 4c represents bulk properties, it cannot be expectzd
pointed out by Rongeat et dlthe activation energy obtained to fully match E 1o, from NMR. The two methods are sen-
from opcT vs. /T mainly reflects the migration enthalpy sitive to anion motions taking place on quitefdrent time
rather than contributions from forming F vacancies. The auscales and they have to be described by distinct motional car
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relation functions. If at allE;_4c is expected to coincide with
Ea high;” the latter iper sesensitive to long-range ion motion
at least. In contrast t&j nign, the low-T flank of a givenT;l
rate peak is fiected by correlationféects such as structural
disorder and Coulomb interactioAs?° Such interactions lead
to the aforementioned asymmetry of an NMR rate peak.

If we, however, readout conductivities at higher frequesci
instead of determining dc-values»at— 0, lower activation
energies should resuft:*? Indeed, this is the case when the
Arrhenius plot of Fig. 5 is considered. The unfilled symbols 8.0
represent”’ T measured at 56 kHz and 1 MHz. Although, as
expected, the values coincide witthcT at suficiently high -85
temperatures, the deviations at lowierhint to smaller acti-
vation energies being responsible for anion hopping if t&or o0k
length scales are regarded. Typicaly, oc = 0.35 eV is ob- 2.0 25 3.0 35 4.0
tained here, that is, however, even smaller tEan.,, from 1000/T /K™
9F NMR. Instead, good agreement has been found between
Ealow and Eg o¢ in the case of nanocrystalline LiTa@nal- FIG. 9: real part of the complex.resisti\./ity of nanocrysted|
ysed in a similar manner. Such an agreement is proposed RposL20aF24 (sample 3) as a function of inverse temperatlire
the coupling concept introduced by N%&hnd has been doc- From .the diferent flanks of asymmetrllc peaks obtained activat’on
umented for a number of ion dynamics in glassy systems, ignergies for long- and short-range motion can be deduced.
particular.

AlthoughE, 4, irrespective of being determined at 56 kHz
or 1 MHz, might be interpreted as an activation energy that isecorded at 60 kHz the peak shows ufy a¢ 335 K; this result
comparable with that of the lo-flank of theT -peak, the is in good agreement with the position of the correspondirg
discrepancy betweeBa ac = 0.35 eV andEa ow = 0.44 €V 1/T,,(1/T)-peak, see Fig. 3. As expected, {¢l/T)-peak
is apparent. To answer the question whether this changes ghifts towards highef with increasing frequency. The slope
the frequency regime that is identical with the Larmor fre-of the high temperature flank yields, , = 0.55 eV Ea o)
quency of 282 MHz, we performed conductivity measure-(see the solid line drawn).

ments up to the GHz range. In Fig. 8 some of the impedance The pronounced asymmetry of the peaks is in agree=:2nt

data of sample 3 are shown. The conductivities recorded SPAith that commonly found for glassy or at least structuraly

a dynamic range of eleven decades. The data points record . : :
in the GHz regime perfectly match those collected with theﬁ?sordered lon conductors, see Ref. 59, in particular. impo

Alpha-analvser workin 0 20 MHz. As a side note thetantly to note, the rather broad shape of the maximum resem-
P yser working up 2. ; O bles that of the AT1,(1/T) peak. Itis an indication of a broad
high-frequency data reveal a change in slope of the isother

I N istribution of diferent relaxation mechanisms present. =
recorded at low temperatures. This might be an indication o P

a high-frequency plateau increasingifeating conductivit ore we finally compare the various activation energies on-
datag q yp 9 9 Y tained, we will contrast the self4diiision codficient obtained

. L . from the 3T1,(1/T) peak with that which can be deduceq
At high temperatures, ac conductivitie$ determined at g5 According to the NMR maximum condition in the
282 MHz, which equates the NMR Larmor frequency, do alsorotating frame of reference;r ~ 0.5, the jump rate is in the
follow an Arrhenius law with an activation energy of 0.35 eV order of 785x10° s~1. With the Einstein-Smoluchowski eqi.a-
(see Fig. 8). Of course, at lower temperatures the influehce g;q, Dsq = £2/(67) for 3D diffusiorf this translates into a seir
an NCL-type contribution increases ant(T) reveals only a  jigysion codficient Dgy of 1.2 x 1014 m2s1 at 380 K if we

weak dependence oh. Let us identify the ac activation en- gcq me a jump distanéef approximately 3A. Reducingto
ergy of 0.35 eV with that of short-range ion motiofiexted 54 Deq decreases t0.8x 10°15 m2s1,

by correlated forward-backward jumps ag4c with that of ) ) )
long-range translational ion hopping. If we do so, thffed 'On the other hand, the Nerns_t-Elnstgz(;n equation retages
enceEa g — Eaac ~ 0.22 eV could be interpreted in terms with a solid-state dfusion codicientD’.”” According to our
of the jump relaxation model as an activation energy needeeonducu"l'gy \ga[lies, dfu/smn codficients of Dl'§3723 Jf) ~
for the surrounding lattice to relax towards a new equilibri 30x 10> m*s~ andD’(393 K) ~ 7.6 x 10> m°s™ are
state accommodating the ion just jumped to a vacanb&ite. obtained. WhileD’ is related to the tracerfiusion codficient

Lastly, in order to compare the response of conductivity\[/)Ia D"fD: ';ﬁdD; ggzottr; ﬁivfgrr:ea}gggﬁ;f;i(g;srzgr:\é?:g?an
i ithi i tr = sd !
spectroscopy with that of NMR, within an extra experlmentO t0 1. Altogether this leads tu = (Hg/f)D’. Assuming

we recordedr” (ande’) at a single frequency but varied the that the quotienitig/ f is in the order of unity, good agreemc. ..

temperature. In Fig. 9 the real part of the complex resistivi
T - _ betweeroy and the appearance of th¢Th,(1/T) rate peak
which is given byo = 1/ and related to the complex mod is obtained. The high-temperature flank of the NMR pea< 13

ulus according tM = 1/é viap = I\7I/(iweo), is plotted vs expected to be governed by an activation energy being sir....a
the inverse temperaturg’. passes through distinct maxima. If P 9 ye 9y g
to that found by dc conductivity measurements.

-6.0 — —

70—

7.5

log (M"/w) / 1/Hz)
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of Bay_yLaxFo.x crystallizing with fluorite-type structure.
Structural disorder and strain owing to the socializatid: <
two cations with largely dferent radii, see also Ref. 44, s
anticipated to severelyfi@ct overall ion transport of & The

TABLE I: Activation energiesE, from the various NMR and con-
ductivity methods applied

method Ea type T-range, frequency relatively high ion conductivity of BayLayF2.x with x = 0.4

T 0.16(2)eV | 220-330K, 116 MHz at elevated temperatures makes the cation-mixed mateii-. a
T, 0.19(1)eV |  350-550K, 116 MHz promising solid electrolyte in modern energy storage sgyst -
0 0.22(2)eV |  lowT flank of (M”/w)-peaks with F~ ions as charge carriers. Preliminary solid-state ‘cy-

o’ac  035@3)eV Il 250-500K, 56 kHz —282 MHz  Cclovoltammetry measuremeﬁ‘isenc_quragingly show a Siir

T, 025-035eV Il 250 330K, 56 kHz C|ently_ goo_d electrochemical stability over a relativedyde

T, 0.44(1)eV Il 400 530K, 116 MHz potential window. _ .

e 055(1)eV IV 220400 K, Modulus peaks Here, we could show, by using both atomic-scale NMk -
P 055(1)eV IV highT flank of (M” /ew)-peaks laxometry and (high-frequency) broadband impedance spec-

o/do 05TV IV 200-500K (sample 3 Governed by mulile happing processes, bepending on ‘e

o'dc 059(1)eV IV 200-500K (sample 1) the time scale the particular technique is sensitive to, we
Plow-T flank of the ¥T1(1/T)-peak could distinguish between short-range and long-rangestran
lational dynamics. This manifests in a broad range of activa
tion energies found spanning the range from localized F.=:1s-
ping (0.16 eV) to macroscopic ion transport (0.55 eV). n-
To sum up, in Table 1, the activation energies probed byerestingly, an anomaly is found when activation energies
both impedance and NMR spectroscopy are listed. Disregardbtained from ac conductivity spectroscopy (0.35 eV) ar2
ing fully NCL-type caged dynamics (see above), thigedlent ~ compared with that deduced fromfldision-inducedr;* *°F
regimes of activation energies probed illustrate the itimms ~NMR performed at 282 MHz. This might be explained by the
from short-range motions (I and Il) to long-range ion trasrsp ~ fact that the two methods, even if applied in the same \.¢-
(V). quency window, do probe fierent motional correlation func
The data clearly illustrate that the final result for thexaatibn ~ tions. Structural heterogeneities, such as the formatidfr o
energy is determined by the method chosen and its sengitivitclusters?**55%1or size dfects such as the influence of space
to a specific time and length scale. Only in structurally oede ~ charge zoné$%3in materials with a large surface area migh.
and (macroscopic) homogeneous materials with a perfectlglso be considered to discuss the results found. To this crnid,
regular energy landscape one might expect a single value feletailed structural information are needed to correlagen
the activation energi,. with the dynamic properties studied here.

While the activation energy of type I might point to local-  Unfortunately, due to the heat sensitivity of the sample we
ized dynamics, group Il could be identified with the (mean)could not probe the high-temperature flank of the correspcird
activation energy describing the elementary jump processeng 19 NMR peak in the rotating frame of reference. For-
in nanocrystalline BgsLaosF24. The relatively large value tunately, via the shallow maximum detected at approxingaic:
probed byT; NMR seems to reflect an anomaly coupled 380 K the F self-diusion codlicient Dyycould be determineo
with the diferent jump mechanisms leading to long-range iona value of 7.85x 10° s % is in line with that which can be esti-
transport. It is worth noting that the latter result doesa®t  mated from dc conductivity results. This is consistent wliid
pend on the integration range of the underlying NMR free in-agreement between activation energies from ac condyciwvit
duction decays. This means that it does not play a role whethend the lowT flank of theTil NMR peak.
parts of the free induction decays or the whole integral over r
the transient signal is analysed in terms of a saturation re-
covery experiment to extract thg; rates. In all cases the
same magnetization recovery curve is obtained which falow

a pure exponential containing a sinngel rate. Hence, from : . . ]
the point of view of SLR NMR the spin ensemble appears asThe authors were equally involved in experimental workac 7 ¢

a dynamically uniform system. Even if there are any micro—anaIySIS and project planning. All authors have given apgiiy

: X ) ; . : . . to the final version of the manuscript.
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