PHYSICAL REVIEW B VOLUME 54, NUMBER 1 1 JULY 1996-I

Electrical conductivity relaxation and nuclear magnetic resonance of Li conducting LjsLagsTiO3
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Lithium ionic conductivity of L sLay sTiO3 has been studied using nuclear magnetic reson@iigdR) and
admittance spectroscopfS) techniques. Spin-lattice relaxation and electrical conductivity relaxation are well
described in terms of stretched-exponential correlation functions in the time domain of the form
d(t)=exp(— (t/7)?), but showing different relaxation times scales,€1.4x10 ' s from NMR and
70=10"1s from A9, and activation energig®.15 and 0.4 eV, respectiv@lyDifferent 8 exponents, 1 from
spin lattice relaxation and 0.4 from electric-field relaxation have been also deduced. A microscopic activation
energy for lithium motion of 0.15 eV is deduced from both techniques. Discrepancies between both techniques
are analyzed and discussed in terms of frequency-dependent correlation ¢§6t683-182606)00225-1

I. INTRODUCTION unlike glasses, not much attention has been paid to the study
of correlation effects in crystalline systems.
Interest in Li* ionic conductors has increased in recent
years due to their potential applications in solid-state batter- Il. EXPERIMENTAL
ies. Recently, high values of the ionic conductivity
[10°3(Q cm) ! at room temperatuiehave been reported Samples were prepared heating a stoichiometric mixture
for Li containing oxides Ljs 3Ros.«xTiO3 with — of high purity LL,CO;, La,O; and TiO, reagents at
perovskite-related structute® The maximum conductivity 120°C. The reacted power was pelleted and fired at
occurs forR=La and forx=0.07, its high values being due 1350 °C in air for several houf§—11 1 and then quenched
to Li ions partially occupying equivalenf sites of the to room temperature. The metal molar ratio was determined
ABO; perovskite structure. The presence of many vacanby inductively coupled-plasma spectroscopy using a JY-70
A sites facilitates Li ions to move easily through them. PLUS spectrometer. Structure was verified by x-ray and
Structure data and dc conductivity measurements have aglectron diffraction.

ready been publishédhowever, to the best of our knowl-  The ’Li NMR spectra were recorded with an SXP 4/100
edge, nuclear magnetic resonaifiR) measurements and Bruker spectrometer. The frequency used for lithium was
a study of the frequency dependence of the conductivity ta’o=31.01 MHz that corresponds to an external magnetic
explore correlation effects among charge carriers have ndield of Bo=1.87 T. The number of accumulations was se-
been yet performed in these compounds. A combined NMRected between 100 and 200. In all cases, the signal-to-noise
and electrical conductivity relaxatio(ECR) study can be ratio was higher than 10. Ar/2 pulse of 2.4us and a period
helpful in obtaining information about the dynamics of the between successive accumulations higher than five times the
transport process. Recently, Nghias presented a compari- spin-lattice relaxation timeT(;) was used for each tempera-
son between NMR and ECR measurements on Li glassture. Experiments were made between 100 and 530 K. De-
ionic conductors showing that, although stretched-termination of therl; values was carried out by using a clas-
exponential decayse(t)=exp(—(t/7)#), account for the sical w—r— /2 sequencé.When the intrinsic linewidth
correlation functions of the relaxation process in both techwas higher than the inhomogeneity of the magnetic field, the
niques, the exponent] and the activation energieg) for ~ spin-spin relaxation timesT;) were deduced from a single
the correlation time £) are different in each case. The rela- pulse experimertt:if the line shape was Gaussian th& 4/
tionship 8.E<s=8,E,=E,, where subscripts and o refer  value was calculated as @r6times the full width at half
to NMR and ECR, respectively, experimentally establishecheight (FWHH), if the line shape was Lorentzian theT3/
for glassy ionic conductors, has permitted obtaining a singlevalue was calculated as times FWHH. In intermediate
ion microscopic activation energyef) in which both tech- cases, an average of the aforementioned values was used.
niques agree. In this paper we have investigated this relation&hen the intrinsic linewidth was of the same order or
ship in samples with a 0.5 Li content per formula smaller than the field inhomogeneity, the determination of
(LigsLagsTiO3z). This constitutes a very attractive scenario1/T, values was performed by using the Meiboom-Gill
since we are dealing with crystalline Li ion conductors and,modification the Carr-Purcell sequerfte:(w/2), — 7

0163-1829/96/5d1)/184(6)/$10.00 54 184 © 1996 The American Physical Society



54 ELECTRICAL CONDUCTIVITY RELAXATION AND NUCLEAR ... 185

a)  STATIC =N tions of Li with surrounding atoms are constant and Li re-
S0 ! Gauss mains at timesr> ((Aw?))¥? in fixed positions(Aw?) is
T=117K / \ the second moment of the spectrum recorded at low tempera-
/ tures and can be calculated from the spin-spin relaxation
\ time, with the expression{A w?)=2/(T,)2. From the 1T,
— VAN T— measured at low temperatures a value ¢Aw?)
=4.25x 10" s~ 2 has been deduced.
T=173K Since static quadrupolar interactions are not present, the
linewidth of the spectra must be mainly due to dipole inter-
- N _— actions. In particular, contributions of Li-Li interactions
/\ should be preponderant since atoms surrounding Li ions,

other than Li itself, exhibit small magnetic moments. On this

T=200K / basis, the second moment of the powder sample could be
calculated a5

A <Aw.";.>=§yf‘ﬁ2|<l+1>2 % (1)
Iy

{
AN wheref is the Planck’s constany, is the giromagnetic con-
stant for ’Li, 1 =3/2 its nuclear spin, angj is the distance
by  MAS between the interacting spins.
If only nearest- and next-nearest Li neighbors are as-
1 sumed to contribute to line broadenipadditional contribu-
oot tions represent only 5% dfA w?) valug], and assuming that
S lithium distributes randomly over th& positions of the per-
ovskite structure, the former expression can be written as

Ho

FIG. 1. (@ Temperature dependence of the statid NMR 2 \_ 0p. i T 1 —2
spectra recorded at 31.01 MHb) “Li MAS spectrum recorded at (Awj_)=2.92¢101 P Zaﬁ +P-Z (\/Ea)s S

a spinning rate of 500 Hz at room temperature. ssb denote spinning 2
side bands.

—[(m)y— 7= (), 1" Li magic-angle-spinning(MAS) whereZ=6 andZ’' =12 are the number of first- and second-
spectra were recorded using a MAS Bruker MSL/400 spech€arestA positions surrounding ai site. P=1/2 is the
trometer at a spinning rate of 500 Hz. probability of occupation of siteé by Li and a is the dis-
Admittance spectroscopy was measured in the frequend@nce in A between adjaceAtsites. Introducing the experi-
range 20 Hz—1 MHz using an automatically controlled HpmenFaI secon'd moment in E), a value ofa=3.7 A is
4284A precision LCR meter, at temperatures comprised beabtained, which is very close to the structural distance
tween 150 and 330 K. The samples were cylindrical pellets %2,=3.8 A) calculated from x-ray-diffraction experiments.
mm in diameter and 0.7 mm thick on whose faces gold elec- At temperatures higher than 200 K, the line shape be-
trodes were deposited by evaporation. Measurements wef@®mes Lorentzian and the linewidth decreases as a conse-

conducted under an Nlow to ensure an inert atmosphere. quence of Li motion which induces a progressive cancella-
tion of interactions of Li with its environment. In this case,

IIl. RESULTS AND DISCUSSION the Iogal fields are changin_g wi_th time and only an averaged
) value is observed by nuclei. This phenomenon happens when
A. Nuclear magnetic resonancgNMR) the correlation time for Li motions is smaller than

The static’Li NMR spectra (= 3/2), recorded at increas- ({(Aw?))"? (motional narrowing effegt From the variation
ing temperature§Fig. 1(a)], show only one line centered at Of 1/T, vs 10007, plotted in Fig. 2, an activation energy for
the Li resonance frequency, that progressively narrows aki motion Es=0.15 eV haseen calculated.
temperature increases not showing thé2,3/29 transitions On the other hand, an activation energy of Li motion can
due to quadrupolar interaction of Li with its environmémn ~ also be obtained from analysis ofTi/data. A plot of 1T,
order to exclude the presence of masked satellite peaks agalues vs 10007 is presented in Fig. 2. At temperatures
sociated with these transitions the spectrum was recorddeelow 145 K, 1T, values decrease slowly towards a plateau
under magic-angle-spinning1AS) conditions at room tem- not shown in the figure. Above this temperatureT ,1in-
perature[see Fig. 1b)]. The absence of outer static transi- creases attaining a maximum at 320 K. Activation energies
tions was thus confirmed concluding that Li occupies sitesalculated at both sides of Tly plot yielded the same value,
with small static quadrupole interactions, i.e., high symmetryE;=0.15 eV, which also coincides with that deduced from
sites. 1/T, measurements. The solid line in Fig. 2 is the fit of

At temperatures below 200 K the line shape is Gaussiad/T; data to the symmetrical curve given by the
and the linewidth is almost constant, indicating that interacBloembergen-Purcell-Pour@PP expressiof
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FIG. 2. Experimental temperature dependence of the spin-lattic

relaxation rates T/; (O), and spin-spin relaxation ratesTd/ The
method used for determination of T4/ are (1) one pulse: [0)
Gaussian line shapeX() intermediate Gaussian-Lorentzian line
shape, ) Lorentzian line shapd?2) CP-MG sequenced:+) Lorent-
zian line shape.
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where 7= 7o.eXp(Es/KT) is the correlation timefEg is the
activation energy for Li motion, andC depends on the
mechanism responsible for the spin-lattice relaxati®hR)
rate. Note that Eq3) is the result of the Li motion described
by the correlation function¢(t)=exp(—(t/7)?), with
B=1. The values ofy; andE best reproducing experimen-
tal results are presented in Table I.
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TABLE I. Results of the fitting of SLR and ECR to a stretched-
exponential decay in the time domain of the form exgt/7)#).
7 is thermally activated with an activation energyand a preexpo-
nential factorry. A microscopic activation enerdy, is deduced as
the productBE.

7o (9 E (eV) B E, (V)
NMR 1.4+0.1x10°*  0.15+0.01 1 0.15:0.01
ECR 1.0:0.3x 10"+ 0.4+0.02 0.4 0.160.01

deduced from experimental data, indicating that other
mechanisms must be responsible for the SLR rate. As quoted
previously, the analysis of spectra does not reveal the exist-
ence of static quadrupole interactions capable of producing
quadrupole splitting. However, fluctuating EFG associated
with Li motion could induce quadrupole relaxatioof Li
nuclei. In this caseC~(2#%/5)C%, and the quadrupole
coupling constant¢g) causing SLR should be-43 kHz,

but the contribution to line shape of these fluctuating inter-
actions should be averaged out by Li motions. Finally, an-
other source that might explain the relaxation behavior is the
existence of small amounts of paramagnetic impurities intro-
duced by oxygen stoichiometry deviations observed by other
authors in the same type of compourds: particular, as-
suming the existence of rapid spin-energy diffusion for the
SLR rate® the presence of 0.4% of paramagnetic centers
would explain the observe@ value. However, its contribu-
fion to the second moment of the spectrum would be only
2% from that experimentally determined at low temperatures
and, therefore, very difficult to be detected from the spec-
trum analysis. Whatever the SLR is caused by paramagnetic
impurities or by quadrupole interaction associated with
charge fluctuations caused by Li motion, expressi8n
would be valid and the same correlation times and activation
energies would be deduced in both cases. On this basis, the
temperature at which the maximum ofT1/appears would

be directly related to Li motion and not to the type of inter-
action causing the relaxation.

B. Admittance spectroscopy
The real part of the conductivity(), related to the imagi-
nary part of the permittivity £”) througho=¢"w, is pre-
sented in Fig. 3 as a function of frequency for different tem-

It is generally admitted that there are three major NMRperatures. The rapid decrease of the conductivity at low

mechanisms which cause SLR in ionic soli¢is): dipole re-

frequency and high temperatures is caused by blocking of

laxation, generated by fluctuating interactions betweercharge carriers at grain boundaries and electrodes, and shifts

nuclear magnetic moments of atoni8) quadrupolar relax-

to lower frequencies when the temperature is decreased.

ation, due to the coupling between the nuclear quadrupol&ince the grain-boundary conductivity is slightly stronger ac-

moment and fluctuating electric-field gradiefisFG) cre-

tivated than the bulk one, one can obtain information about

ated at nuclear sites; ari@) paramagnetic relaxation, caused the bulk free from the effect of blocking mechanisms in the
by coupling of the magnetic moments of nuclei and para-available frequency window. The whole analysis presented
magnetic centers. If the SLR rate were dominated by thén this paper has been conducted at temperatures lower than

dipole interaction between lithium ions in d4LagsTiO3,
the C value obtained from the fitting of theTl{ experimen-
tal data C=7.4x10° s 2) should be equal toC
=(2/3){Aw?_,),” where(Aw?_,) is the static second mo-

235 K to avoid the above-mentioned blocking effects.

The plateau observed in conductivity plots can thus be
ascribed to the bulk conductivity and a crossover occurs to a
power-dependent regime. This dispersive behavior can be

ment obtained from the spectra recorded at low temperature§Xpressed as

However, this expression yields @ value (C=2.8x10’

s~2) which is two orders of magnitude lower than the one

0¥ (w)=0gd 1+ (jolwy)"+]we., (4
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FIG. 3. Real part of the conductivity vs frequency at several
temperature$221, 211, 202, 193, 186, 179, 171, 164, and 153 K
The conductivity shows a power-law behavior at high frequencies
according too™ (w)=04d 1+ (j o/ 0p)"]+ ] we., .

FIG. 4. Imaginary part of the dielectric modulus vs frequency in
a semi-log scale at 179, 193, 206, 221, and 235 K. Solid lines are
fits to expressiort5), showing KWW decays in the time domain.

where o is the bulk conductivityw, is the crossover fre- termined from the real capacitance at high frequencies and
quency, both being thermally activated with the same activalow temperatures. In the temperature rar@@9-235 K
tion energy, anc,, is the high-frequency permittivity. The where the modulus peak was observgdjalues close to 0.4
fractional exponenh is related to the degree of correlation were obtained, showing a slight temperature dependghce.
among moving ionsr{ equals zero for a completely uncor- and 1—n values resulting from the fits to modulus and con-
related motiol This behavior has been widely observed inductivity plots, respectively, are plotted together in Fig. 5 as
structurally disordered solid electrolytes and also in crystala function of temperatured values agree with 4 n suggest-
line materials, and constitutes the main feature of the soing thatn and 8 may be reflecting the same physical situa-
called “universal dielectric responsé®which appear as a tion: they are different descriptions of the effect of correla-
result of a nonrandom hopping conduction mechanism.  tion between moving species. A decrease is observed in
The power-law dependence of the conductivity in the fre-1—n for temperatures lower than 180 K; no data points of
guency domain seems to be linked to stretched-exponentig are presented for this temperature range since its determi-
decay functions in the time domain. It has been found emnation requires a well-resolved modulus peak in the available
pirically for many glassy ionic conductors, that the decreasdrequency window and below 180 K the peak is shifted to
of the electric field at a constant displacement vector can b&equencies lower than 20 Hz, the low-frequency limit of the
well described by the Kohlrausch-Williams-Wati«WW) impedance analyzer used in this work. This decrease has
function'! been observed previoustfand it may be explained in terms
of a transition to a strongly correlated regime in which ions
B(t)=exp(— (t/7,)P), (5 behave more in a dipolelike fashiom tends to 1 than as
free carriers. In fact the spin-lattice relaxation rédee Fig.
2) shows that the Li mobility is activated for temperatures
higher than 180 K, the onset of the decrease inl The
Cstudy of this effect is out of the scope of this work and we

wherer, is thermally activated with the same activation en-
ergy as the dc conductivity3 is associated with correlated
ion hopping.

Time response is customarily obtained from the dielectri
modulusM* (w) = 1/e* (w) = j w/o* (w), which can be ex-
pressed in terms of the time derivative of the decay function 0.5

according to expressioft): an
0.4/ n, 0B
1 » do¢ . nnl
M*(w)=—|1- — —|e letdt]. (6) A
* 0 dt 0.3 A
5
The modulus formalism is widely used in the analysis of . o2 A
complex admittance data because of its relative insensitivity a7
to blocking phenomena and because it offers a convenient A
way to compare electrical conductivity relaxatidECR) 0.1
with spin-lattice relaxatiofSLR) data.

Figure 4 shows the imaginary part of the modulus for 00—z 18260 %5
various temperatures; solid lines are fits to express$&n
following the method proposed by other autht#$® The
high-frequency permittivity £,, obtained from the fits
had a practically temperature-independent value of FIG.5. Temperature dependenceffl) and 1-n (A) show-
(7.5+0.5)10 2 Flcm, in good agreement with the one de- ing the equivalence of time and frequency domain pictures.

Temperature (K)
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FIG. 6. Dc conductivity vs 1000/ as obtained from the modu- 10°3] ED
lus formalism(solid symbol$ and as deduced from conductivity vs
frequency plotlopen symbols 104 B
have focused the discussion in the better knownnlclose . 108,
to the 0.4 regime. <
Dc conductivity can be obtained fitting expressi@i to C1004
conductivity data or expressiof®) to modulus data. From e .
the fits of modulus data to expressi@@) the dc conductivity 1071
can be calculated asy=¢,/{7,) wheree,, is the high- 1081
frequency dielectric permittivity (7810 2 F/cm) and .
(1r,) is the mean relaxation time obtained as 3.5 40 45 50 55 60 65
(1o)=[5d(t)dt=7,I'(1/B)/B, where I' is the Euler's (b) 1000/T (K™

gamma functiort®> An Arrhenius plot of the so-obtained dc

CpnductIVIty data 'S_ presented In F[g. 6. The same figure FIG. 7. (a) Temperature dependence of the real part of the spe-
displays dc conductivity values obtained directly from con- . impedance inQ cm at (1) 1% Hz, (O) 3.2 1¢ Hz, and
ductivity vs frequency plot, in good agreement with thoses) 1¢f Hz and 17, (M). The solid line is the extrapolation of the
obtained from the modulus formalism. An activation energyjmpedance data to 31 MHz, the NMR measuring frequencyl 1/

of 0.4 eV is deduced for the dc conductivity. data have been shifted vertically to match impedance data. The
dotted line connecting impedance maxima is activated with 0.4 eV,
C. Comparison of SLR and ECR data the dc activation energyh) Temperature dependence of the con-

. . ductivity relaxation timer,=¢../o4. ((0) and of the NMR corre-
The temperature dependence of the dielectric modulu tion time 74 (solid line) showing different time scales and activa-

and the_lmpedance_ offer_s a d'_rECt Way to Com_pare electrlcq on energies. ©) represent an ac conductivity relaxation time
conductivity relaxation with spin-lattice relaxation data. TheTaczs /o, calculated at 1D Hz. (A) is an ac relaxation time

modulus is related to the Fourier transform of the time de‘extrapo|ated at 31 MHz. Note that lines and Symbo|$a)rand(b)
rivative of the decay functiofidenoted®(w) hereaftef as ~ have different meanings.

quoted by expressioni6). Since ®(w)=jw®(w)—1 and shape of the decay functiap(t) and the correlation function
M*(w)=joZ* (w) the impedance&*(w) can be directly C(t). And many examples exist in the literature in which
written in terms of the Fourier transform of the decay func-both show stretched-exponential dependences of the form
tion: ®(w)=¢,,2* (w). exp(— (t/7)#) but with different values and activation en-
On the other hand, the spin-lattice relaxation tim€,16  ergies for the correlation time deduced from each
connected with the spectral density functiffaw, T) through  techniquet®®
the following expression: Figure 7a) shows the temperature dependence of the real
part of the impedance at various frequencies together with
the 1T, curve. Impedance data have been extrapolated to
obtain the curvesolid line) corresponding to a frequency of
31 MHz (NMR measuring frequengyThe impedance curve
The general trends of T{ are much the same than those of so obtained can be compared with the spin-lattice relaxation
J'(w,T) and data. The IF; curve has been displaced vertically to bring
the maxima to coincide. It can be readily seen that the
maxima occur at the same temperature in both cases. At the
low-temperature side of the maximum ECR and NMR show
practically the same activation, but in the high-temperature
whereC(t,T) is the correlation function. Comparing NMR side they show a markedly different behavior: while imped-
and ECR results usually consists of comparing the spectralnce characteristics are strongly asymmetric, in agreement

1
WZA[J (0, T)+43' (2w,T)]. (7)

o, T)= f:C(t,T)e’j“"dt, (8)
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with the KWW dependence in the time domainTl/data will be a temperature driven crossover from a dc to an ac

show a nearly symmetric characteristic. This agrees with theegime. The activation energy changes framat high tem-

B values of 0.4 and 1 obtained from ECR and NMR dataperatures td, at the lower temperatures. See, for example,

respectively. This result seems to support the idea proposeghta ofr,. at 1¢ Hz in Fig. 7b). Moreover,, values at 31

by several authot§ that ECR and SLR are governed by MHz obtained by extrapolation using expressi@hare also

different correlation functions. o . presented in Fig. () showing values relatively close to
Following Ngai's coupling model! a single-ion micro-  hose obtained from SLR, and the same activation energy

scopic activation energy can be obtained from ECR andg ~g . The transition in the temperature dependence of

4 p: : .
NMR data. This model is based on the assumption that at,o correlation time from the ac regime in low temperature to
sufficiently short times the relaxation process occurs 'ndefhe dc regime in high temperature when one measures the

p_endently_ for eac_:h on. T_he sm_gle_—lon relaxation r_ate s ac'(:onductivity in the appropriate time scale may provide a clue
tivated with a microscopic activation enerds, which is

related to the activation energy of the conductivii, to understand the Li conductivity and to reconcile both tech-

through E,= 8,E,, and to the activation energy deduced nigues. Most likely, the origin of this crossover lies in the
from the s?)in—lgttio(':’e relaxatioBi, throughE = A.E. . In this power-law frequency dependence of the conductivity caused

way, a microscopic activation energy for Li motion of 0.16 by correlation among moving ions. Some_ moa_%have pro-
eV has been obtained from ECR in good agreement with thB0Sed that the effect of those correlations in the hopping
0.15 eV obtained from NMR. Interestingly, although both _conductlon mechanism is that_mutual n_"nFeractlons may fo_rce
techniques vield practically the same microscopic activatioons t© backhop to their previous position after a hopping
energy, they show a remarkable disagreemeng imalues ~€vent. The experlmental valu_e of the ac gonductmty is thus
(B, andB,) and in activation energies for long-range motion dependent on the time scale in the following sense: forward-
(E, andE,) (see Table | for details However, the relation Pbackward hopping sequences within the time window can be
BsEs=B,E,, proposed by Ngai, is confirmed to be valid in considered as “unsuccessful” hops. They do not contribute
our case. to the dc conductivity observed at low frequency but they

Another interesting fact is that ECR and SLR show also ontribute to the ac conductivity at a higher frequenty &s
marked disagreement in the correlation times deduced frorfar as they do not prove unsuccessful within a time interval
each technique, see Fig(bj. While NMR vyields a correla- of duration 1f. Cooperative effects would be responsible for
tion time [ 7s= To€XpEs/KT)] activated with 0.15 eV and the increase observed in the activation energy for long-range
Tos Of 1.4x10 1 s, the relaxation time deduced from con- ionic transport: while the short-range motion regime at high
ductivity measurements as./o [ 7,= 79,€XPE,/KT)] isac-  frequency is activated witlk,, the dc motion is activated
tivated with 0.4 eV and shows,, =10 *s. This discrep- with E,=E,/(1—n). Although this behavior is accounted
ancy has been observed previously in superionic gl&$sesfor by the empirical expression 4, an explanation for its ul-
and might be due to the fact that, white. is obtained in timate physical origin is not possible within the frame of this
terms of a dc conductivityrs is obtained from the SLR rate work. It turns out that, at present, a direct comparison be-
at the 31 MHz measuring frequency. In fact, if for the pur-tween the results obtained from both techniques is difficult,
pose of this discussion we define an ac relaxation time aand as far as measurements are carried out at different fre-
Ta= €104, 04 beiNg the ac conductivity at a given fre- quencies both techniques should be considered complemen-
guency, we can see that depending on the frequency thetary rather than equivalent.
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