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and
James T. Stanley, Arizona State University,
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ABSTR/\CT

YBazCu307+ has an anelastic relaxation involving motion of an oxygen atom or defect. This
relaxation has been studied with good agreement by more than seven investigating kmms over the
temperature range from 2CKIto 550”C using internal friction techniques. We have extended
measurements of this relaxation to a new regimr of temperature and relaxation time using lhc
mechanical after-effect method. Our results cover an additional three orders of magni[ude in
relaxation time eve: the temperature range from 50 to 1IOOC.The Arrhenius plot, when combined
wi~h internal friction results, now covers eleven orders of magnitude in relaxation time, The fil
gives an activation energy, Q= 1,12 (+0,015) eV and a pre-exponential, 7.= 1.9x 10”’3s.

The isothermal mechanical relaxation curves we masured always spanned Iongcr times than
predicted for a simple exponential relaxation, This indicates that the process is controlled by a
relatively wide spectrum of relaxation times, We have calculated bcsl approximations of [his
spectrum by deeonvoluting the mechanical after-effmt cumes. Thc resulting distribution is
symmetrical in logarithm of the relaxation time with a wid[h at half-height which is a fnctor of 20
in relaxation time. The significance of these findings is discussed in terms of our undcrs[anding Of
oxygen mobility in YBa2CU307~.



1. INTRODUCTION

It is desirable to better
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understand the atomic mobility of oxygen in Yw@10T4 because the
oxygen stoichiometry and thus the superconducting prop&ties we-determind ‘during fabrication by
controlling diffusion of oxygen into the bulk. Anelastic relaxation studies, especially those which
involve jumping of atoms betwea sites, have in the past been important to our understanding of
atomic mobility in many metals and ceramics. Our focus for this paper is the funher investigation
of oxygen mobility in YW2CUJ07A through anelastic studies using the mechanical (i.e., elastic)
after-effect (MAE) methd. This technique complements internal friction (IF) studies by measuring
in a temperature regime with longer relaxation times.

2. PRJOR ANELASTIC STUDIES

An IF @ due to orientational ordering of oxygen atoms in YW2CUj074 was first reported by
Bemy [1]. This anelastic relaxation was manifestd by a peak at 600 K measured at roughly 350
Hz. This relaxation was considered to be due to jumping of oxygen atoms between sites on the
CUO plane. It should be noted that Berry and other investigators also observed IF peaks due to
oxygen in YBazCuj074 at subambient temperatures. These anelastic relaxations are not considered
in this paper since their low activation energies indicate that they involve jump distances for oxygen
of less than an interatomic spacing.

Other researchers independently fou~d and investigated this oxygen relaxation soon after Berry.
Tallon md reworkers [2], who were first to confirm the effect, reported a peak at 800 K measured
at 40 Khz. Later they investigatal tk same @ when they extended their measurements to
frequencies of 8 and 144 Khz [3], Subsequently, this oxygen relaxation wa~ reportal at torsional
pendulum frequencies by Zh.ng and coworkers [4-6], Xie et al [~, and Cost and Stanley [8]. Also,
Berry and coworkers [9], Bonetti et al [10], as well as Cost and Stanley [8] investigated this peak
at frequencies near 1 kHz and found it to be a manifestation of the same oxygen relaxation.

The Arrhenius plot of the relaxation time for oxygen obtained by IF by all the above researchers
is shown in Figure 1. The predicted temperature dependence of the relaxation time ~ is

fl) = t, exp(-Q/kT) (1)

It is satisfying to see that the relaxation time for oxygen in Y~2CUJ074 shows a good linwtr fit
to the Anhcnius relation over more than seven orders of magnitucie, a strong indication that this
relaxation has a single rate-controlling mechanism over the temperature range from 400 to 880 K.
This fit gives an activation energy Q= 1.05 eV and a pre-exponential factor TO=9.3X10”lJ s
<ignoring the rcsu!ts c f Bonetti et al [10]). The egrccmcnt we obseme in Figure I is surprising
since the ,mcasuremenls were, of course, perfornm! on different samples prcpnred in different
lahoratorics, oflcn by different methods. It indicates that the rate of the oxygen rclaxa[iml is not
highly slruclurc sensitive, and especially that it does not depend greatly upon oxygen sloichiomctry,

There is, hcwcvcr, ~ r~cxisurable effect of stoichionletry upon the relax atior~ time. ‘l”hisIws bcctl
shown by Berry and coworkers [9] as a shift in peak tcmpcraturc ‘l’Pwith loss of oxygen. N~~iicc



the three solid circle data points in Figure 1
which are for various armaling times at 773
K. TP of an as-prepared sample (middle point
of the three) is 607 K; after degassing of
oxygen by an anneal of 13 hours TP drops to
565 K; then, a fufier anneal of 49 hours
causes TP to increase to 620 K. From Figure 1
we can see that this variation in TP with
oxygen 10SScorresponds to a deviation in the
rel~ation time at constant temperature of
almost one decade. Interestingly, the relaxation
time first decreases and then increases with
loss of oxygen. Unfortunate] y, no systematic
measurements have yet been made to show the
detils of how the relaxation time depends
upon &

The only data which ar? not a good fit to the
plot in Figure 1 are those of Bonetti and
coworkers [10]. The temperature dependence
of their results is consistent with that obtained
by otier workers; however, their relaxation
time values at a given temperature appw to be
too low by a factor of roughly twenty. This
does not appear to be a stoichiomet.ric effect;
they measured 6 of their samples to be in the
range from 0.05 to 0.10 which is not
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Figure 1. Arrhenius plot of relaxation time for
oxygen relaxation measured by internal friction.

significantly different from ~ values repotied IIy other researchers [8]. Thus we are not prescn[l y
able to know the cause for the deviation of tt,:ir rccults.

In all of the above IF studies it has been observed that the IF peaks are wider than predicted for
a single relaxation time. This is not unexpectd; it indicates that oxygen atoms involved in the
relaxation are jumping from a range of local environments and thus have a spectrun] of relaxation
times, To know more about the relaxation of oxygen atoms, it is desirable to investigate this
distribution, especially its width and shape, MAE measurements, being isothermal, arc more
accurately analyzed by DSA than those of IF, i.e., they do not require assumptions concerning the
temperature dependence of the relaxation parameters, Also, MAE measurements supplement those
by IF by extending the relaxation time measurements by seven] decades,

3, EXPERIMENTAL PROCEDURE

The experimental method for making MAE mcasurcmcnts in Y11iilCiJJ07* has prcviou:.ly hclIr]
dcscribcd [ 1l], Briefly, isothermal measurements were made of the anclastic strain in torsi~)lln~
a function of time following application of a constant torsional stress al tcmpcralurcs from 50”(’
[o 110”C. All the measurements were made on two wire snmplcs, which iilso were [tic siilnc tm( \
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used for previous IF measurements [8]. Oxyg:n stoichiometries of the two mmples were measured
as 6=0.10 and 0.17. MAE experimental results from the two samples were essentially the same.

Results horn a typical MAE expriment on ~Cu3074 fle shown in Figure 2, which is a plot
of torsional stmin versus time for a YBalCuj07A ~mple measured at 90.60C. First, the
stress-loading type of experiment is shown on the left side of Figure 2. Here the unstresswl and
fully relaxed simple (A to B) is loaded with a cmstant stress at ta,o to cause instantaneous elastic
strain ccl(B to C) and subsequently anelastic strain (C to D). After holding several relaxation times
the strain becomes constant giving the total anelastic strairi C,n. If the time dependence of the
relaxation is governed by a single relaxation time ~, the anelastic strain is given by

c(t) = C*1+ cm [1-eXp(-th)] (2)

with t=O at the loading time, tO>O.

A typical stress unloading experiment is shown at the right side of Figure 2. It requires that
previously there have been a relaxation under constant applied stress which occurred to completion.
To start the relaxation the stress is then set to a new value, typically zero. Measurements are [hen
started with t=O at tO.OoAs with the loading experiment, the instantaneous elastic strain (D [o E)
is followed by the time-dependent anelastic strain (E to F). F’x a single relaxation time the
anekstic strain decays exponentially according to

4) = C,n exp(-vr). (3)
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Figure 2, Mechanical after-effect measurements on YBalCuJ07.d at 90,6”C, ‘1’orsiomdstrain is
plotled versus time, first for loading (B to D), and then for urllwding (D tt} i), The slrains arc

fully reversible,
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Since theoxygen relaxation in YBazCu~074 is controlled by a spectrum of relaxation times [8], the
expression for shin requires intention of Equation 2 (or 3) overthisspectmm. TO calculate this
spec~m, this integral equation must be unfolded [12].

METHOD Or ANALYSIS

The strength of the relaxation for a MAE experiment is given by A =C,nlCc,.For the isothermal
measurements at 90.6°C shown in Figure 1 we obtain A= 1. 1/6,4=0. 172.

For either the loading or the unloading experiment, the strain ‘~ersus time curve may be analyzed
to obtain an average relaxation time. For the MAE results on YBalCuj074 the anelastic response
cu~es are sprend out in time more than would be predictd for a single relaxation time. As has
been discussed for the IF results [8], this is because a relatively wide spectrum of relaxation times
controls the relaxation kinetics. The relaxation time which we repofi is Tinfl)the time at the
inflection point of the anelastic strain versus logarithm of time plot. It has been shown that Tinfl
provides an average ntxu the center of the relaxation time spectrum [13]. Throughout this paper
the symbols linfland r will be usal interchangmbly. ‘J’heinflection point analysis of the results
shown in Figure 2 gave values of r of 700 s and 650 s for the loading and unloading experiments,
respatively. The uncala.inty in maurement of 7 is estimatai at 40%.

One of the most interesting and implant results to be obtained by analysis of MAE curves is
information about the spectmm of relaxation times which controls the relaxation. Details of this
spectrum and its temperature dependence provide basic understanding of the atomic jump process.
We have developed a method for analysis of expmential decay kinetics when the reaction is
controlled by it continuous sp@.rum of relaxation times such as with MAE curves, Referred to as
the Dirwt Spectrum Analysis (DSA) method, this tezhnique provides a reliable approximation of
the position, shape, width, and magnitude of the desired spectrum [12,14]. The DSA method
deconvolutes a MAE curve by assuming that it is due to a hrge number of discrete relaxa~ion times
which are at logarithmically equaJly-spacA intervals over a range large enough 10 account for the
relaxation. The method uses nonlinear regression to iteratively find the weighted contribution to
the total process of ach of the discrete relaxation times. The DSA technique has been validated
on computer-generated data and shown to calculate dependable approximations of a wide variety
of known input pectra [12]. It has been shown to have an accuracy for the calculated spectra
which is roughly the same as the experimental error in the data.

4, RESULTS AND DISCUSSION

A, won ~~tmrII

The results from a loading MAE experiment at 79,8°C are shown in Figure 3a, Here fractional
anelastic strain data arc plotted versus time on a logarithmic scale. That the MAE curve spans a
much kmger time than for a single relaxation may be seen by comparison with the dashed cuwc
which is for fractional expm:cntial decay with a relaxation time of 5500 seconds.
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The DSA results calculated for the data in
Figure 3a are shown in Figure 3b. Here the
spectral amplitude N(ln ri)for=chof33ri*s
is plotted versus the ~i value. Other DSA
calculations done for the same data, but with
the analysis parameters varied (e.g., number of
ri) showed spectra which only differed from
that in Figure 3b by a few percent, Also, DSA
spectra calculated from other MAE
experiments on ~CuJ074 were simfiar to
the one shown.

We note that the relaxation time spectrum is
quite broad, ranging from 400s to 70,000s at
half height. Also, it is svmmeticd on the
log(ri) scale. The combinzfion of br=dt.h and
symmetry suggests that it may be a good fit to
a lognorma.1 distribution. The tendency for
relaxation time spectra to fit a lognormal
distribution and the properties of such a
distribution have been discussed in detail by
Nowick and Eerry [13]. A Iognonnal curve fit
to the DSA spectrum is shown as the dashed
cuwc in Figure 3b. This fit gives 7~=5130 s
for the writer of the distribution and 13=3.25
for the width pmmeter. The inflection point
anal ysis of these data gave Tkfl= 3’700 s,
roughly 30% less than r. obtained by DSA.
This is an intrinsic difference due to the
averaging of the 7 spectrum.
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Figure 3. (a) Fractional anelastic strain versus
time at 79.8’C. (b) Relaxation time spectrum
calculated from the data above.

The value of the distribution parameter obtained from this fit is 13=3.25. This may be compared
with the value II=2,74 which was obtained from our IF study. Nowick and Berry have discussed
the prulict.d temperature dependence of 0 for anelastic relaxations [13]. They point out that
knowing the tempemture dependence of 13,one can distinguish whether a thermally activated
relaxation is controlled either by (i) a distribution of activation energie~ (with a constant
pre-exponentia.l frquency factor) or (ii) a distribution of frquency factvrs (with a constant
activation energy). For the latter case the distribution parameter 11is independent of temper,~ture.
For the former case if the distribution of relaxation times is Iognorm,al, then there musl be a normal
distribution of activation energies which broadens with decreasing temperature. For the in[crmcdiatc
case where distributions in both Q and ln(rO)occur, the distribution parameter is given by

B(T)= IflO+flJkTl, (4)

where (10and 11~are the distribution parameters for log(~oj and Q, respectively, A fit Of our

experimental values to Equation 4 yields 0.=0.83 and IIQ= 0.077 eV will] the second term
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positive. In the temperature range of this study the values for the second term (which is the one
associated with a distribution in Q) ranges from 2.4 to 2.9. Since this is roughly a factor of three
gre~ter than flO=O.83 for the distribution in 1og(70j, this is strong evidence that the distribution in
Q dominates this oxygen relaxation in Y@Cu1074.

B. ~emoerature d~ndence of the rel~lon time
. .

Values of TM for 26 MAE measurements from 50”C to 1100C, both under loading and unloading
conditions, are shown in the Arrhenius plot of Figure 4. It may be seen that the relaxation times
are the szme at a given temperature for both the loading and the unloading experiments. The
Arrhenius fit gives Q= 1,09(~0.C3) eV and ~0=6.5x10-13 s. These values are in good agrmmen~
with the previously mentionti values of Q= 1.05 eV and TO=9.3X1013s obtained for all prior IF
results. The combined MAE and IF results are shown in Figure 5. We note that there is a good
fit to the A,~henius relation over eleven orders of magnitude of relaxation time (a record that
approaches the extent of the measurements of the Snoek @ for carbon in iron). Clear] y, the same
relaxation is being measured by the two different methods. Thus we dduce that the oxygen
relaxation has the ~me rate-limiting step over the entire tempemture range from 50”C to 600”C.
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Figure 4, Arrhenius plot of relaxation time of
oxygen obtained by mechanical after-effect
method.
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C. comments on the ar@astic resul~

The results of Turner shown in Figure 5 appear to also have been obtained by the MAE method,
but this has not yet been confirmexJ [15].

Rothman and coworkers have studied oxygen diffusion in ~Cu3074 using tracer mhniques [16].
Their results have been definitive for understanding mass transport of oxygen in bulk YBazCuj074.
Relationships between oxygen mobility as studied by mass tra.nspml methods (e.g., tracer diffusion)
as compared to atomic jump metlmls (e.g., anelastic) has been discussd by Cost and Stanley [8].
An important wrwept from this discussion is that one ned not expect the activation energies as
obtained by mass transport and the anelastic techniques to be the same. We now know that for
YBa~clJ3074* QneIuic =1. 12 eV, while Qifl=0.97 eV [16]. This appws to be a true difference,
and is understood as follows: Anelastic techniques average single (or only a few) atomic jumps of
many atoms. Transport methods, on the other hand, measure a progression of many jumps by the
~me atom. Atomic jumps occur in a spectrum of local environments and thus have a range of jump
rates. The activation energy obtaind by anelastic methods depends upon the averaging of the
simultaneous jumps, while that obtained by mass transport methcds depends upon the average of
connected regions of fast jumping, i.e., the faster jump rate pdon of the spectrum. Thus, because
of this different averaging, we predict ~im< ~mlsaiC\ Which is what we now know to be true for
the mobility of oxygen in Y~Cu@7+.
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