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Correlated ion hopping in single-crystal yttria-stabilized zirconia

C. Lem, M. L. Lucla, and J. Santamari
Departamento de Bica Aplicada Ill, Facultad de Ciencias $icas, Universidad Camplutense de Madrid,
Avda. Complutense s/n. 28040 Madrid, Spain
(Received 29 July 1996

A study of the effect of correlated ion motion on the electrical conductivity relaxation in single-crystalline
yttria-stabilized zirconia is presented. Complex admittance in the radio frequency range show power-law
dependencies in the real part of the conductivity at high frequencies of thedframd asymmetric electric
modulus plots as a result of correlations. An analysis of the frequency dependence of the electric modulus is
conducted to obtain time decay functions of the form[ex@/n)?] from an analytical distribution of relaxation
times. Correlation times, and parameterand 8 characterizing the relaxation in time and frequency domains
are compared to show the equivalence of time and frequency representations. The common origin of ac and dc
processes is discussed in view of the frequency dependence of the complex conductivity. From a macroscopic
activation energy for ion motiokB=1.16 eV and g value of 0.43, a single-ion microscopic activation energy
E,=0.5 eV is obtained agE according to Ngai's coupling model. The microscopic activation energy is
related to the association energy of oxygen vacanf&®163-18207)07301-3

I. INTRODUCTION A sublinear frequency dispersive ac conductivity has been
frequently observed at high frequencies, such that the real
The high oxygen conductivity (0.12"*cm™1) of yttria-  part of the conductivityr’ (w) can be expressed as

stabilized zirconia (Zr@:Y,03) at high temperatures
(1000 °C) has been known for many yeaesnd has made o' (w)=0¢+Aw”, 1)
this material one of the most extensively studied fast anionic ] o ]
conductors for its applications in fuel cells and oxygen sensWhereoy is the dc conductivityA is a temperature depen-
ing devices. Doping with YOs is known to stabilize the dent parameter anu! is a fractional exponent between 0 and
cubic fluorite structure of Zr@and to supply the oxygen 1, Which has been interpreted to appear as a result of many-
vacancies responsible for the ionic conduction. HowevePOdy interactions among charge carriers. This behavior,
there remain open questions regarding the conduction prdérmed universal dynamic response, has been widely ob-
cess. Oxygen vacancies in yttria-stabilized zircofN&2) _served in highly d|sordered materials like ionically condL!ct-
are known to form clusters at temperatures below 900 °Cing glasses, conducting polymers, and amorphous semicon-
giving rise to the so-called associated regime. This procesductors and also in doped crystalline SOﬁd_S-
adds an association energy to the migration energy found at An alternative representation of experimental data has
higher temperatures, so that two slopes are observed in coR€en made in terms of the time dedaly(t)] of the electric
ductivity vs temperature experiments extending up to higﬁ'em at consta4nt displacement vector_. Kohlrausch-Wllhams-
enough temperatures. A mechanism has been proposed Watts (KWW),” “stretched” exponential decay functions of
cently which accounts for the temperature dependence of tH@€ form
conductivity? It is based on a noncorrelated randomly dis-
tributed oxygen vacancy hopping at high temperatures. An ®(t)=exd — (t/7*)"] 2

association mechanism of oxygen vacancies is proposer%, b ¢ v ob din al I
such that below 673 K all the vacancies are assumed to forf}aVe Peen frequently observed in glassy systems, re

clusters. It is below this temperature where one would expedf & temperature ?‘C“Vated relaxation time ard@<1. The

correlation effects to be dominant. Although correlation ef-€lectric modulus is then expressed as

fects have been extensively investigated in disordered elec-

trolytg:s, and are knowr_1 ?o be responsible for non—Debyg re- M* ()= M@( 1— fm(_dq)/dt)efjwtdt ’ @)

laxation of the conductivity, up to our knowledge, there is a 0

lack of experimental work devoted to the study of the con-

ductivity relaxation in crystalline solids at low temperatures,whereM., is the inverse of the high-frequency dielectric per-

and specially in YSZ. We present a study of the electricaimittivity. Some model® have been proposed to explain the

conductivity relaxation(ECR) from complex admittance non-Debye behavior of the conductivity relaxation in struc-

measurements. turally disordered solids, suggesting that a slowing of the
Two alternative formalisms are usually employed in therelaxation process occurs as a result of correlated ion hop-

analysis of the ECR, the conductivity formalism in the fre- ping. The stretched exponential paramegemay represent

guency domain, and the electric modulus formalism whichan index of correlation of ionic motion, so that one would

uses electric modulus data to obtain the decay function in thexpectg to be close to zero for strongly correlated systems

time domain. and 1 for random Debye-like hops.
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respectively, this expression can be written as

10| M* (w)/M,,=1+D* (w).
1074
] The decay functiond(t) can thus be calculated Fourier-
transforming measured data in the frequency domain. Then,
on the base of a KWW dependence of the decay function, the
parameters3 and 7* characterizing the relaxation mecha-
nism can be obtained. However, numerical errors are known
to arise in the calculation of the Fourier transform of a dis-
crete data set extending over a finite frequency window. This
problem is usually solved using a discrete distribution of
relaxation times, whose determination involves fitting the
frequency response with a large number of parameters, as a
mathematical tool to do the numerical integration. When us-
ing this procedure, modulus plots are customarily presented
FREQUENCY (Hz) in a linear scale vs frequency which obscures asymptotic
power-law behaviors at low and high frequencies. We pro-
FIG. 1. Imaginary part of the electric modulus vs frequency pose an alternative method, which based on the analysis of
presented in a double-logarithmic scale at 480 M)( 514 K {he frequency response of modulus data, permits using an
(@), 532, K,(‘)' 560_K (), 587 K_(‘)’ 615 K_(D)' and 63_9 K analytical distribution of relaxation times to obtain the time
(O). Solid Il_nes are fits oM”(w) u*smg HN functions according to decay function by numerical integration.
the expression: +M* ()/M..=Fpy(«). The asymmetric power-law behavior of the modulus data
) i _ at low and high frequencies, presented in Fig. 1 suggests that
The connection between frequency and time domain repsonductivity relaxation may be represented by a Havriliak-
resentations of the electrical conductivity relaxation has beeﬂlegami(HN) relaxation functior] F,()]. The HN func-

tion was first introduced by Havriliak and Neg&nio de-

"Scribe the relaxation of glass-forming polymeric systems and

ergy_,of the r_elaxation time and the parameter fo_IIowing _it has been frequently used with this purpose afterwaids.
Ngai’'s coupling model. We have related this MICrOSCOPIC 51 es the form

activation energy to the association energy of oxygen vacan-
cies.
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IIl. EXPERIMENT

where ry defines a characteristic relaxation time andnd

Sa.mp'es were single crysta(l]sOO) oriented 1O<5X.1 mm v are fractional exponents comprised between zero and one.
supplied by Superconductive Components Inc. with compoy

o We have found HN function to account very well for the
sition ZrO,—9.5 mol% Y,0;. Contacts were evaporated measured  conductivity relaxation in yYSZ ie.
gold spots on both sides of the crystal. ’ '

. - . i )
Complex admittance was measured using a HP4284,% MI (w)/M“_fFHN(w)' Llnes(;rj Fig. 1 are f|t_s of modu-
precision LCR meter in the frequency range 20 Hz—1 MHz us plots to HN functions according to .e>'<press((4|)|..
and a HP4192A impedance analyzer in the range 5 Hz to 1 The parametersyyy, a, andy best f|ttm_g exp_enr_nen_tal
MHz. The temperature was varied between 50 and 650 _ata can b_e used 10 construpt an analytical Q|str|but|on of
Complex admittance measurements have been conducted rg{ax:?mon timeg p()] according to the following expres-
temperatures below 650 K to avoid the nonlinear electrod&'®Ns:
polarization effects. Measurements were conducted under

high-purity N, flow or under vacuum to avoid water conden- p(7)= 1 2 (7l Tyn) “7sIN( ¥ 0) o ®)
sation on the samples. 7 [(7/7gn) “+ 2( 7 Tyn) “cOg am) + 11777
where @ is
Ill. RESULTS AND DISCUSSION
Figure 1 shows the imaginary part of the electric modulus 0=arctarL. sin(a )
vs measuring frequency at various temperatures. A double- \(T/THN)“+ codam) |

logarithmic scale has been used to bring out the power-law
behaviors at both sides of the maximum, showing the strong Since according to expressid8) we can relate the elec-
non-Debye character of the relaxation process. tric modulus toF () through

The time decay functionb(t), can be obtained from
modulus data according to expressi@nof the Introduction,
which relates electric modulus to the Fourier transform of the

time derivative of the decay function. If we dendlé(w) e can express the frequency dependence of the Fourier
and ®* (w) the Fourier transforms o (t) and d®(t)/dt  transform of the time derivative of the decay function as a

1-M* ()M, =Fiy(0)= —®* (o),
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(1)=¢.log,

wheree., is the real part of the permittivity at high frequen-
cies, which takes a value of 2:8.2x10 1° F/m, practically
temperature independent. The ionic conductivity obtained in
this way was thermally activated with 1.16 eV and in good
agreement with the values reported by other authdts.

While the modulus representation is preferred to obtain
the time decay functiod(t), the frequency dependence of
the conductivity is usually employed to analyze the relax-
ation process in the frequency domain. Some authors use
expression(1) to fit their data of the real part of the conduc-

o(t)

tivity.
VI The real part of the conductivity vs frequency is presented
00— 7 T T NAXA AL in Fig. 3@ at different temperatures. A power-law depen-
12 10 8 6 -4 -2 0 dence is observed for high-frequencies and a crossover to a

frequency independent dc regime occurs at low frequencies.
Power laws are also observed in the real part of the permit-

FIG. 2. Time decay function®(t) obtained at 480 KH), 514 t'Y'ty' Figure ":{b) ShOV_VS the frequency _dgpendence of
K (@), 532 K (A), 560 K (¥), 587 K (4), 615 K (), and 639 € () from which the high-frequency permittivity.., has

K (O). Solid lines are fits to KWW functions. The insets show log P&€n subtracted, at different temperatures. According to
{—In[®(t)]} versus logt plots, and lines are linear fits. Kramers-Kronig relations, power-law dependencies of con-

ductivity and permittivity at high frequencies imply a com-
superposition of Debye-like processes using the same distrilex power-law dependence of the forfw)" for the com-
bution of relaxation times obtained from the fitting to an HN Plex conductivity, i.e.,

function: oc*(w)=0g+A(jo)"+jwe..

—<i>*( )= = p(7) ©) Defining a crossover frequenay, the prefactorA can be

@ 0 ltjor T split in two terms such that expressil) can be rewritten as
So that in the time domain the following expression holds: o* (@) =00+ op(jol wp)"+jwe.. . (8
w . Consequently, the real and imaginary parts of the conduc-
d(t)= fo p(r)e” ' dr, (7)  tivity can be expressed as
! — n
which allows determining the time decay function by nu- o' (w)= oo+ ogCodnm/2)(w/wp)", (%a)
merical integration. The infinite range of integration does not neoN . n
pose serious problems because the contribution due to small o' (@)=ogsinnm/2)(w/ wp)"+ we., (9b)
and large values of, compared toryy, is negligible. so the real part of the permittivity’ is
Results of the so-obtained decay functions are presented ) _ i1

in Fig. 2 for different temperatures. Lines are fits to KWW e'(w)=e,+ (0ol wp)sinnm/2)(wlwp)" " (10)

functions of the form Lines in Figs. 8a) and 3b) are fits to the complex expres-

(1) =exd — (t/7)#] sion (8), from which the temperature dependence of the dc
' conductivity o, the crossover frequency, and the frac-

showing that stretched exponential relaxation functions sational exponenh can be obtained as fitting parameters. Note
isfactorily account for the relaxation process. The inset of thehat o is obtained from the low-frequency plateau of the
figure shows the corresponding linear {edn[®(t)]} versus real part of the conductivity. We want to emphasize the pres-
log t plots from which parameter8 and 7* have been ob- ence of the term cos{/2) in expressioni9a), which is often
tained by a linear least-squares fitting. Nearly temperaturemitted>*2 affecting the calculated value for the crossover
independeng3 values, 0.430.03, have been obtained over frequencyw, .
the temperature range where well resolved modulus peaks The temperature dependence of the paranreiershown
were obtained. Concerning the relaxation tirg, it has in Fig 4. A nearly constant value of 0.6 is obtained for the
been proposéd that an average relaxation timgr), can be  fractional exponenh at temperatures above 470 K. Below
defined in terms of the integrated area of the KWW functionthis temperature an increase in the slope of the conductivity

as towardsn=1 is observed. We will focus now on the con-
stantn=0.6 regime above 470 K to establish a connection
» rup)r* with the time domain picture and the~1 regime will be
(m)= L d(tydt= B discussed later.

The power-law regime is a description of the slowing
wherel refers to the Euler gamma functiofx) is related to  down of the relaxation process as a result of cooperative
the dc conductivity according to the well known expressioneffects, much in the same way as the KWW function does in
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FIG. 4. Temperature dependence of the expomemtbtained
from conductivity vs frequency plots according to expression
o'(w)=0g+ 09 cos (/2)(w/wp)". The solid line is a guide for
the eye.

crossover frequency,, with an average relaxation time
(7) obtained from the KWW time decay function. The val-
ues obtained fo ) and the inverse of the crossover fre-
quency (,= l/w,) from expressiorn(8) are plotted together

in a logarithmic scale vs 100D/in Fig. 5. The line in the
figure represents a thermally activated relaxation time of the

= 1,eXp(E/KT)

with 7.,=10 ¢ s and an activation enerdy=1.16 eV.
The excellent agreement betwelgn) andr, values seems

to support the idea that they are actually the same time. This

FIG. 3. (a) Conductance vs frequency presented in a double

implies that the crossover frequency can be expressed as

logarithmic scale at several temperatures from 211 to 560 K. Solid?p= 90/&==1/(7). S0, expressiof8) may be rewritten as

lines are fits to expression’ (w)=oy+ ogocosan/2) (w/wp)" for
data at 211 K, 332 K, 450 K, 514 K, and 560 K. An increase in the
exponentn can be observe(slope of the curves at the higher fre-
guenciey when temperature is decreasdt) Capacitance data,
from which the high-frequency valug,s has been subtracted, are
plotted vs frequency at several temperatures from 270 to 480 K.
Data are presented in a double-logarithmic scale to show their
power-law dependence Solid lines are fits to expression
&' (w) —e.= (0ol wp)sin(a/2) (ol w,)" "t at 270 K, 332 K, 389

K, and 450 K.

the time domain. However, as mentioned above, the connec-
tion between time and frequency domain formalisms in-
volves the Fourier transform of the time derivative of the
KWW decay function, and it is well known that there is no
analytical expression for such Fourier transform. In this
sense, both approaches cannot be regarded to be exactly
equivalent. Since, on the other hand, both pictures are known
to provide a good empirical description of the conductivity
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relaxation, there should be a connection between the param- g 5. Relaxation time¢)(M) and 7,(0J) vs 1000T, from
eters used in both descriptions. In fact, in the temperaturgme and frequency domain analysis, respectively. Solid line is a fit
range Where_ modulus peaks were well resolv8dyalues  from which a temperature activated relaxation time of the form
were approximately equal to (An). We can also compare r=r_expE/KT) is obtained, withr,,=1071¢ s and activation en-
the characteristic timez,, obtained from the inverse of the ergyE=1.16 eV.
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* . €= " . € 10'8_
o*(w)=0g| 1+ jwa_—o +jw0_—0. 11 : o
&
This important result, which to the best of our knowledge is & §3x1o-9
reported here for the first time, allows the dc conductivity to uT £
be obtained from the dispersive ac regime. Singeis di- O 2 2107
rectly obtained from experimental data, the dc conductivity, <ZE §
oo, can be obtained fitting expressiqdl) to the high- 5 x10°
frequency power-law dependent conductivity. This result ) 10 T’EQSPE&?UR;}S( 200
points to a common origin for both dc and ac regimes. Only % )
at the lowest temperatures, when the valueno€hanges 8
towards 1, the calculated dc conductivity becomes rather un-
certain even for a small error in the estimated value of the 1079 T
parameten.
Further igformation can be obtained using Ngai's cou- 2 4 6 8 10 12 14 16 18 20
pling model? In this model the relaxation occurs indepen- 1000/T (K

dently for each ion at short times, and it is thermally acti-

vated with a microscopic activation energy. At longer FIG. 6. Temperature dependence of conductance at 30 kHz in an

times,'cooperat.ive effects influence the rele'lxation'giving riS‘?Arrhenius fashion. The inset shows the linear dependence on tem-
to an increase in the effective energy barrier for ion mOt'O”perature between 100 and 200 K.

up to a valueE. The macroscopic activation enerdy, mea-
sured in the conductivity experiments is related to the micro- ) . L
scopic one througlE=E, /8. Since values of 1.16 eV and Concerning thea~1 regime in the ac conductivity, it has
0.43 were obtained foE and B, respectively, a microscopic Peen already observed by other authors, and referred to as a
energy of 0.5 eV can be deduced. new.unlversallty. Some typical crystallmg ionic conduc-
The ac conductivity, after expressi¢hl), can be written  t0rs like RbAgls (Ref. 17 are known to exhibit power-law
as exponents smaller than unity over wide frequency and tem-
perature ranges merging into a high-frequency plateau, and
_ (1-n N not showing the n=1 regime. In others, like
oadw)=0g codnm/2)(we.)" (12 Na-B-Al,0,, 8 this regime shows up at sufficiently low tem-
perature. Glassy materials, on the other hand, usually show
It is therefore activated with (Xn)E, that is, with the mi-  this non-Jonscher linear frequency dependence of the con-
croscopic activation energl,, since we have shown that ductivity and, in this sense, it has been recently reported to
1-n=p. The power-law increase of the conductivity to- be a distinctive feature of glassy materitidt is clear from
wards high frequencies has been attributed to correlated iofhe conductivity data in Fig. 3 that the~1 term is present
motion. It has been proposed that correlation effects in thén single crystal YSZ. Moreover a suppression of the thermal
ion hopping conduction mechanism may force ions to backactivation of the ac conductivity is observed when the tem-
hop to their previous position after a hopping evefitere-  perature is lowered below 250 K, which has also been re-
fore, the value of the conductivity depends on the measuringorted to occur in glassy materials. Figure 6 shows the tem-
frequency: forward-backward hopping sequences within gerature dependence of the ac conductivity at 30 kHz in an
time periodT do not contribute to the conductivity observed Arrhenius fashion. A very small activation energy can be
at frequencies lower than T/ They can be considered as observed between 100 and 200 K, which yields linear con-
unsuccessful hops in this time scale. Since most ions must hctivity vs temperature plots in a linear scé&éso shown in
associated in this temperature range, and the ac conductivifsig. 6 as an ins¢t The reduction in the activation energy
is governed by the back hopping probability, it is reasonablgvhenn tends to one can be understood in view of expression
to think of some relation between the microscopic energy12). Small activation energies have been interpreted in
and the association energy. In fact Greaves and Ngaie  terms of localized hopping in a nonperiodic poterffiaris-
recently interpreted the microscopic enefglyin alkali sili-  ing from disordered distribution of ions. A model has been
cate glassy ionic conductors in terms of an effective bindingroposed for inorganic g|ass%]s'vvhich explains the low
energy and a network conformational term which accompatemperature T<200 K) behavior of the nuclear spin relax-
nies the hopping mechanism. Interestingly, our microscopi@tion in terms of thermally activated low-frequency excita-
activation energy of 0.5 eV is in good agreement with thetions of disordered modes. The modes are described by
0.49 eV proposed by Bauerle and Hrizdor the association asymmetric double-well potential configuratiof@DWP)
energy, from dc conductivity measurements. It is also reawith suitable densities of states. This picture probably ap-
sonably close to the values 0.6 eV proposed[fdpY7 Inn  plies to the crystalline YSZ in the sense that in the associated
and[Y4,VoY4]X clusters from theoretical calculatiofs®®  regime at low temperatures, perturbations of the periodic po-
This result may give a clue to understand correlations irtential will arise from the nonequivalence of Y and Zr sites,
these materials in terms of the role played by the environand may be also from the mutual interaction of randomly
ment. Ultimately, it points to the association mechanism aglistributed oxygen vacancies. This may be in connection
responsible for the increased back hopping probability, andavith the glasslike properties observed in doped groupAlV
consequently for the slowing down of the relaxation procession conducting oxides with fluorite structure at low tempera-
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tures (1-40 K).?* Localization applies here in the sense of and an average relaxation tinje) has been compared with
oxygen vacancies linked to the Yttrium sites may be perthe inverse of the crossover frequengy=1/w, and 1-n,
forming strongly correlatedn=1), dipolelike oscillations. showing very good agreement, such that we have been able
In fact localized excitations ascribed to oxygen vacancieso show thatw,=oq/e... This points to a common origin
have been reported from Raman and specific heafor ac and dc processes, as reflected by the following expres-
measurements. sion for the complex conductivity

In summary we have presented a study on the effect of
correlated ion motion on the electrical conductivity relax-
ation in single-crystalline yttria-stabilized zirconia. An
analysis of the frequency dependence of electric modulus has
allowed us to obtain an analytical distribution of relaxation
times which allows the calculation of the time decay functionA single-ion microscopic activation energy of 0.5 eV has
by numerical integration. Time decay functions, been obtained following Ngai's coupling model which has
®(t)=exd —(t/7)?], of the Kohlrausch-Wiliams-Watts been related to the association energy for oxygen vacancies.
kind has been obtained, similar to those frequently found imA regime with n~1 has been found at low temperatures,
glassy ionic conductors. Dispersive conductivities in the freawhich appears often in glassy ionic conductors, and it has

quency domain of the formo*(w)=o0q+0oo(jw/wp)"
+jwe, have been also found. The relaxation paramegers

been associated with localized hopping of oxygen vacancies
performing dipolelike oscillations.
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