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Measurements of the intensity of thi&Cu NQR and quadrupolar-satellite NMR at elevated temperatures are
reported for the planar GB) sites in samples of nominal composition YBa,0;. It is observed that spin-
echo intensities decrease dramatically between room temperature and 500 K and that the onset of intensity loss
occurs at lower temperatures in more defective samples. Measurements of the spin-echo decay rates reveal that
the intensity loss is associated with loss of phase coherence exceeding that expected from spin-spin and
spin-lattice relaxation. By means of a simple, illustrative model, these effects can be attributed to changes in
the local atomic environment, presumed to be caused by motion of oxygen atoms in(fhda@ar. These
motions occur on a time scale on the order of 49 at 500 K and their probability is enhanced at lower
temperatures by the presence of structural defe¢8163-18207)00733-9

I. INTRODUCTION depletion of @5) sites to form Cl)-O(1) chains in the ideal
YBa,Cu;O; structure. The second form of order occurs in
It is well known that the concentration and structural ar-underdoped materiak 1) in which Q(1) vacancies cluster
rangement of oxygen plays a crucial role in the high-in “empty chains” so as to maximize the length of intact
temperature superconductor YBarOg,,. Oxygen is the chain segments. Ordered structures based on alternating
dopant which controls the carri¢hole) concentration and “full” and “empty” chains have been proposetiA number
yields optimally doped material with a 93 K superconductingof authors~® have pointed out that by increasing the number
transition temperatur@ . for values ofx very close to 1.0. of twofold coordinated C{1) sites with electronic configu-
The now familiar layered structure of this material is basedration Cu", formation of “empty chains” can enhandg by
on CuG planes and a layer containing CuO chains. In un-increasing the hole concentration in the Gutlanes.
derdoped materialT, depends strongly on oxygen content  In the neutron-diffraction studi€sessentially no change
and is affected by the structure of a variety of ordered arwas found in the occupation of(6) and Q1) sites asT; and
rangements of oxygen in the chain layer. bond lengths relaxed after quenching. This suggests that
A number of recent studies have shown that oxygen ichain orderingrearrangement of occupied(O sited rather
unexpectedly mobile near, and even below, room temperahan chainformation [movement of oxygen from B) to
ture. These motions can produce significant changes in m&(1)] is responsible for the annealing effects. Numerical
terial properties within a few hours or even less, dependingimulation§ support this idea and yield two time constants
on the temperature. Veat al,'? observed that the supercon- differing by an order of magnitude for formation of chain-
ducting transition temperature increased with time asrdered phases in underdoped material. The shorter time
guenched underdoped samples were annealed at tempe(a-100 min at room temperaturavas associated with the
tures between 273 and 423 K. The time required to reach a@(5)—0O(1) chain formation process.
apparent steady state at room temperature was roughly 10 h. Nuclear magnetic resonan¢®dMR) and nuclear quadru-
In their neutron-diffraction studies of YB@u;Og 41, JOrgen-  pole resonancéNQR) can be extremely sensitive to atomic
sonet al2 observed changes @f, and various bond lengths motion on the scale of interatomic distances. The resonance
on the scale of a few hours. Hadjiet al* reported similar  properties of nuclei with nuclear quadrupole moments, such
room-temperature annealing effects on the Raman spectra a6 ®*Cu and®°Cu, are profoundly affected by the local elec-
underdoped single crystalg6.5). tric field gradient(EFG) determined by the arrangement of
These effects have generally been attributed to the ordeelectronic and nuclear charge around a particular class of
ing of oxygen in the layer containing CuO chains. Thecrystalline site. In the case of NQR, the resonance frequency
chains, formed by alternate sites denotediTand 1), are s directly proportional to the local EFG whereas in NMR the
separated by oxygen siteg%) which are all unoccupied in electric quadrupole interaction is a perturbation which intro-
the ideal YBaCu,O; structure. The possible oxygen sites in duces splittings and broadening to the spectrum. These ef-
this layer Q1) and Q5) thus form a nearly square lattice on fects are so strong that it is possible to distinguish features of
which oxygen is ordered in at least two ways. The first typethe NMR and NQR spectra associated with specific types of
of order is the preferential occupation of(X) sites with  crystalline sites, such as the @u chain and C() plane
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sites. The sensitivity of NQR to local structure in . EXPERIMENTAL RESULTS
YBa,Cu;04., « is such that distinct lines can even be resolved
for various oxygen-ordered structures in underdoped o _
material”®!° In nominal optimally doped stoichiometric ~_The frequency of an NQR transition is uniquely deter-

YBa,Cu:0;, the presence of defects and lattice strains cafnined by the local atomic arrangement. Thus the NQR in-
broaden and distort the NQR line shape. Given this higH€nSity and linewidth are extremely sensitive to the presence
sensitivity to local structure, it is not surprising that NMR of crystalline defects. A lattice site next to a vacancy, for

and NQR spectra are affected by short-range atomic motion xample, can be expegted tq exhibit an NQR frquency SO
if they occur on an appropriate time scale. ifferent from that of sites with standard coordination that

Euch a highly defective site will not contribute at all to the

A. NQR spectra at room temperature

The present study was motivated by the observation o QR line of the standard sites. More subtle or more distant

dramatic losses O_f NQR spin-echo intensities in _nomma efects, on the other hand, introduce local strains and small
YBa,Cu;0O; at relatively low elevated temperatures, i.e., be'NQR shifts which broaden the NQR line.

tween room temperature and about 500 K. We are, in fact, Tne shape and width of the planar @uNQR line in

aware of nollNQR data reported for sample temperaturegominal YBaCu,0, are dramatically affected by small
above 500 K In contrast,**Cu NQR data for the double- changes in oxygen content. In a systematic study of line-
chain compound YB£u,0g have been reported for tem- width versus oxygen deficiency, Schietral 14 observed an
peratures up to 800 K Given the relatively stable structure increase in linewidth(A »v=full width at half maximum

of YBa,Cu,Og in contrast with the high concentration of from 200 to 300 kHz as the deficiency increased from 2 to
empty (45) sites and evidence of oxygen motion in 4 %, i.e., ax decreased from 0.98 to 0.96 according to their
YBa,CuOg., «, it is natural to suspect that the NQR anoma-oxygen determination. Because oxygen vacancies are intro-
lies in YBa,CusO; are related to low-temperature motion of duced mainly in the chain layer with decreasixgthis in-
oxygen. In this paper we report a study of the temperaturehomogeneous broadening reflects distortions of the atomic
dependent NQR and NMR intensities in samples of nominapositions and electronic charge distribution in response to the
composition YBaCu,O; in order to determine the time scale chain layer vacancies.

of the relevant motions and their relation to defects. The room temperature @) NQR lines of two of the
samples used in this study are shown in Fig. 1. The “better”

sample(A) has a linewidthA »=225 kHz. Such a sample
would correspond to YB&u;0Og 95 0N the oxygen scale used
by Schieferet al. We cannot, however, exclude the possibil-
YBa,Cu;0; samples were prepared by solid-state reactiority that other defects such as cation disorder contribute to the
of the oxides ¥0;, BaCQ, and CuO. The powders were observed broadening. The resonance of the second, and
ground together, compressed into pellets, and heated apoorer” sample (B) shown in Fig. 1 has a linewidtA»
850 °C in air for 16 h. The powder was then reground and~300 kHz and a pronounced shoulder on the low-frequency
heated at 950 °C in air for 16 h. This step was repeatecide of the line. The appearance of additiona(ZZUNQR
Finally, the powder was ground, compressed again, antnes at Iower_fr%qlléenues is a characteristic of oxygen-
heated in Q for 48 h. This was followed by a slow cool to deficient material:*® An x-ray microprobe examination of
25 °C at 1°/min under @ X-ray-diffraction measurements th_ls_sample revea_lled small variations of oxygen content
showed that the samples were single-phase,¥Bg0;. The W'th_m_ a single grain. The @) NQR lines of both sam_ples
superconducting transition temperatures of these sampl h|b|tgd Ilow—frequepcy s.houlders. prever, despite the
were determined to be 92 K by ac susceptibility measure- ramatic differences in their @) NQR Imgs, both sarn.ples”
ments. To eliminate radio-frequency skin depth effects, th ielded - sharp superconducting  transitions and “ideal
pellets were reduced to powder for NMR and NQR studies. Ba,Cu,0; x-ray patterns.
Finally, the samples were sealed in Pyrex or quartz tubes
containing 0.5-1.0 atm of oxygen in order to provide long-
term stability over the course of the experiments. The CuU2) NQR spin-echo spectrum of sample A is
NQR data were obtained by standard/2-7-7) spin-  shown in Fig. 2 at a series of temperatures up to 450 K. With
echo sequences using a home-built coherent pulsed NMRicreasing temperature, the resonance shifted to lower fre-
spectrometer. A home-built high-temperature probe providedjuency and lost intensity at fixetlvalueswithout a signifi-
elevated sample temperatures using a heated air flow. Th@nt change in linewidthThe temperature-dependent fre-
spectrometer does not have full phase-cycling capability squency shift is consistent with previous d&tabtained at
spurious ringing signals were suppressed in the NQR medemperatures below room temperatugig. 3. The
surements by alternately adding and subtracting signals ollemperature-dependent frequency shift can be generally at-
tained with 7 values of 25 and 4Qus, respectively> NQR tributed to the effects of thermal expansion on the various
spectra were obtained by plotting the integral of the echoesontributions to the EFG at the Cu sites.
versus the applied radio frequency. The observed behavior of NQR intensity with increasing
Similar technigues were used to obtain NMR spectra in anemperature is anomalous. For given pulse conditions and
8.0 T magnetic field. A Chemagnetics/Otsuka CMX-340constant nuclear spin-spin and spin-lattice relaxation times,
spectrometer provided pulse sequences with full phase cyhe spin-echo intensity should be proportional to the nuclear
cling and a heated air flow for variable sample temperaturegolarization, i.e., the intensity should vary inversely as the
The NMR spin-echor value was typically 2Qus. absolute temperatur@urie law). To compare the observed

Il. EXPERIMENTAL DETAILS

B. NQR spectra at elevated temperatures
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&b / Y . room-temperature spin-echo intensity of the more defective
E /.’ “\\ ] sample B was irreversibly reduced by about 30%. The varia-
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fully reversible and reproducible. This behavior, shown in
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30.8 31.0 312 31.4 316 Fig. 4, exhibits a uniform decrease lix T from room tem-
Frequency (MHz) perature to 425 K at which point the signal had essentially

disappeared. By comparison, the temperature-corrected in-
tensity of sample A was only slightly reduced from its room-
temperature value at this temperature. When sample B was
cooledbelowroom temperature, we found that the intensity
donly obeyed the Curie law at temperatures below about 225

FIG. 1. Room-temperatur€®Cu(2) NQR spin-echo spectra of
sample A(lower panel and sample Bupper panel

intensities with this behavior we plot in Fig. 4 the integrate
NQR spin-echo intensity times temperaturex(T). This

guantity should be independent of temperature in the ideal
case. It can be seen that for sample AX{) is roughly 1 i

L]
constant up to about 400 K, then decreases rapidly to nearly 514l g . 5
zero at 475 K. We were unable to observe an NQR signal [ .,
from this sample at 500 K. This effect was found to be fully szl - T
reversible in this sample with full recovery of the NQR in- a0l 7044 J

tensity when the sample was returned to room temperature.
As we discuss in more detail later, this loss of spin-echo
intensity cannot be explained by the ordinary effects of spin-
spin and spin-lattice relaxation. We observed a similar loss
of intensity for the Cil) NQR line, although the decrease
occurred over a somewhat wider range of temperature.  2i[ ;¢ ¢ ]
Again, in this case, no Gl) NQR signal was observable at 220 -
500 K. Given the qualitatively similar behavior of (y and I S T S
Cu(2), we have emphasized the behavior of thgZLINQR 190 100 200 300 400 500
intensities in this study so as to avoid interpretive complica-
tions introduced by the strongly temperature-dependent spin-
lattice relaxation rate of Ga).'* In contrast, the relaxation FIG. 3. 8Cu NQR frequency versus temperature for(Qu

rate of Cy2) is nearly independent of temperature in the (circles and Cy2) (squares Data for temperatures below room
experimental range. To assure that these intensity lossesmperature, denoted by closed points are quoted from Ref. 15;
were not due to a decrease in probe sensitivity at elevatedgben points denote present data obtained at elevated temperatures.
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- . . ) mann factor versus temperature for sample C. If§&u(2) NMR

Similar losses of NQR intensity were observed in Otherquadrupole satellite spectrum in partially oriented sample C.

samples. Taken together, these results show that the onset of

anomalous NQR intensity loss occurs at relatively lower

temperatures in samples whose room-temperature NQR lindéould have been enhanced at elevated temperatures, we

indicate higher defect concentrations. In the most defectiv€!ected to work with “naturally oriented” loose powders.
material investigatedsample B, the effect is significant NS procedure, while preserving the chemical integrity of
even at room temperature. the material at elevated temperatures, limited the measure-

ments toc-axis orientation. As a practical matter, it also
required that all measurements on a particular sample be car-
ried out in a single experimental “run” since any distur-
To provide another perspective on the NQR signal losspance of a sample could change the degree of powder orien-
we investigated the quadrupolar-perturbed NMR spectrum ofation.
YBa,Cu,0; at temperatures above room temperature. Be- The splitting of them= + 3 <~ m= = 3 satellite is directly
cause of the relatively strong electric quadrupole interactionproportional to the electric quadrupole interaction and there-
the %Cu NMR spectrum in powdered samples of fore, as with the NQR frequency, is extremely sensitive to
YBa,Cu;,0; is severely broadened by the random orientationchanges in the local electric field gradient. The temperature-
of powder particles in the external magnetic field. In the 8.0corrected C(R) satellite intensity is shown as a function of
T magnetic field used in these experiments, the “central’temperature in Fig. 5 and compared with the behavior of the
(m=+3—m=—1) transition is broadened to about 5 MHz NQR intensity in the same sample. On the basis of its room
and quadrupolar-satellite intensitynE +=3—m==+32) is  temperature NQR linewidth, the quality of this samp®
distributed from roughly 30 MHz below the central transition was intermediate between samples A and B discussed previ-
to 30 MHz above. Oriented single crystals yield sharp NMRously. It can be seen that both the NQR and NMR satellite
lines but are subject to severe loss of signal intensity due tintensities decrease dramatically between room temperature
rf skin depth effects. It has thus become standard practicand 450 K. The NMR satellite intensity appeared to survive
to use oriented powder samples for NMR studies ofto slightly higher temperatures than that of the NQR line, but
YBa,Cuw;0, and other highF, cuprate superconductors. This the difference is comparable with the estimated experimental
technique exploits the highly anisotropic magnetic susceptierrors. In contrast with the sharp loss of satellite intensity, we
bility of these materials to orient single-crystal powderobserved no appreciable change in the central transition over
particles. When oriented in the normal state, particles aligrihis temperature range. We attribute this to the fact that the
with the CuQ planes perpendicular to the external field NMR frequencies in the central transition are shifted only in
(** c-axis orientation’). Fixed, oriented arrays can be ob- second order by the quadrupole interaction and are thus less
tained when the powders are mixed with epoxy resin whictsensitive by nearly an order of magnitude to changes in the
is allowed to harden in a high magnetic field.draxis ori-  local electric field gradient.
entation, such samples yield a series of relatively narrow

lines corresponding to the central and satellite transitions of b. Relaxation effects: Spin-echo dami
Cu(1) and Cu2). . Relaxation effects: Spin-echo damping

C. NMR spectra at elevated temperatures

We attempted to prepare an oriented powder sample for The dominant characteristic of the NQR spectra of
NMR at elevated temperatures using a high-temperature ep:Ba,Cu;0O; samples at elevated temperature is the apparent
oxy. The spectrum of this sample indicated that a relativelyloss of intensity without appreciable increase in the inhomo-
high degree of orientation had been achieved, but there wageneous linewidth. Since the spin-echo spectra were ob-
an unexpected loss of signal intensity at room temperaturgained using a fixed value of the pulse detayhis behavior
Out of concern that there may have occurred a chemicatould be explained, at least phenomenologically, by in-
reaction between the sample material and the epoxy whichreased damping of the echo during the intervab8tween
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ments. The temperature dependenceéf actually becomes
very weak near room temperaturéWe used the spin-lattice
relaxation data of Penningtoet al! to fix TS, . It can be
seen in Fig. 6 that this procedure fails to account for the
observed decays in sample C at 300 and 350 K. The pre-
dicted decays at these temperatures are, in fact, nearly indis-
tinguishable and slightly slower than the 175 K decay. This
simply reflects the relatively weak temperature dependences
of the spin-spin and spin-lattice relaxation rates over this
temperature range. The essential result of this analysis is that
there is a extra component to the spin-echo decay at 300 and
350 K which is not accountable by ordinary relaxation ef-
fects. We characterize this extra effect by an additional ex-

' T T Tt T ponential relaxation componefi, . It is the increase of this
0 50 100 150 200 250 300 . . 7

extra damping that is responsible for the apparent loss of
spin-echo intensity at higher temperatures.

FIG. 6. 3Cu(2) NQR spin-echo decdintegrated intensity ver- Ideally, one would like to repeat the above analysis at a
sus echo time 9 for sample C at 175 Kclosed squar@s300 K series of temperatures and samples to obtain the dependence
(open circley, and 350 K(closed triangles Solid lines are fits  of T}, on temperature and sample quality. The practicality of
using Eq.(1). Dotted and dashed lines represent, respectively, prethis procedure is, however, severely limited by the available
dicted decays at 300 and 350 K taking into consideration only spinsignal-to-noise ratios and the nature of the effect. The data
spin and spin-lattice relaxation effects. indicate thatT%, becomes progressively shorter at higher

temperatures leading to ever more severe spin-echo damp-
the Inltlatlng /2 rf pulse and the formation of the echo. In |ng Thus the observed Spin_echo Signa| at the shortest prac-
general the decay of a spin echo is governed by both simplgca| + values is disappearing just in the range where one
exponential and Gaussian terms, i.e., the intengir) is  would wish to study its decay. On the other hand, at suffi-

1000

100

Integrated Echo (arbitrary units)

21 (usec)

given by the relation ciently low temperaturesTs, presumably becomes so long
) that it cannot effectively compete with ordinary relaxation
I(27)=I(O)ex;{ _ ﬁ_ 2_7') (1) effects—this is the regime of Curie law behavior for the

Too Tog)' NQR intensity.

_ In order to extend the window available for determination
whereT,_andT,g are, respectively, decay constants relatedpf TX | we have adopted the following alternative to direct
to Lorentzian(exponential and Gaussian components. The jaasyrement of the decay curves. Given valuegsbfand
Gaussian Cor‘ISt%ﬁtZGb's norr:ally dﬁ}ermmed_by sgln-spt;n T, at each temperature determined as discussed above, we
interactions. It has been thoroughly investigated in bothyeyermined the value of 5, necessary to explain the ob-

—19 .
NMR and NQR by a number of workefs™® because of its .served spin-echo intensity at the measurement time 7of 2

dependence on the real part of the nonuniform electroniC_ » . .
spin susceptibility. The Lorentzian decay constant is usuall){_hisso \va :y E]restaeg&;atzrznd depCer;gesnhC:wirzi%l/ OF%aIn?edTlr?ese

dominated by the effect of nuclear spin-lattice relaxation on " . . .
echo decay. Given independent measurements of the spi%@lues of 1Iz compare well with those obtained directly

lattice relaxation timeT,, this contribution toT,_can be rom the dxecay CUTVES. . N
evaluated accordifgto /TS, =1.857T, . The 115, data for samples A and B differ significantly.

The upper curve in Fig. 6 shows a fit of EA)) to the For example, at 425 KT, is more than ten times shorter for
echo decay for sample C at 175 K. The value of the Lorentthe lower quality sampléC) than for the better sampl@\).
zian constant was taken from spin-lattice relaxation data in "€ latter must be heated to about 475 K to obtain the same
the literature*! the Gaussian constant and the absolute intenvalue of T3 . Also, the onset of extra damping occurs at a
sity 1(0) were fitting constants. It was necessary to obtairligher temperature in sample A, then increases more rapidly
T, from a fit to the data since this parameter can depend of1an is the case for sample C.
the amplitude of the rf pulses in an uncontrolled way. As the
echo intensity was not anomalous in this temperature range, IV. ANALYSIS AND DISCUSSION
i.e., obeyed the Curie law, we believe that the observed de-
cay is completely determined by spin-spin and spin-lattice The central observation of this investigation is the discov-
relaxation effects at this temperature. Our valueTg§ at  ery of an additional damping process for the NQR or NMR
175 K (120 us) is within 10% of the value measured at this satellite spin echo. The excess damping is unrelated to the
temperature by ltoket al!’ indicating that the radio fre- known spin-spin and spin-lattice relaxation effects and is
guency pulse power conditions were quite similar in the twoprogressively stronger in more defective samples and at
experiments. higher temperatures. The damping becomes sufficiently
To obtain fits to the decays observed at higher temperastrong that we were unable to observe spin echoes in any
tures, we assumed that ttemperature dependencéT,g is  sample above 500 K and we are unaware of any such obser-
comparable with that observed by Itehal. and extrapolated vations in other laboratories. We propose that the extra
into the range of higher temperatures explored in our experidamping reflects changes in the local electric field gradient
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FIG. 7. Extra damping rate T}, versus temperature for sampleggguaresand C(circles. Closed point§sample G were obtained by
analysis of the NQR spin-echo decay curves of Fig. 6. Open points were determined from relative echo intensity at the measurement value
of 27 (50 u9). Inset: Semilogarithmic plot of the sameT}{ data versus inverse temperature.

caused by local atomic motion. which reveal the extraordinary sensitivity of NQR to the lo-
The formation of a spin echo in NQRr NMR satellite  cal environments in a crystalline material. First, it has been
transition requires “phase memory,” that is, individual nu- the experience of many laboratories that the NQR lines of
clei must remain in essentially the same local EFG, from theyBa,Cu;0; are surprisingly broad and variable in samples
time of the initiatingz/2 pulse until the time of echo forma- which are apparently of high quality according to other
tion 27. A particular nucleus will not contribute to the spin methods of characterization. These methods include, for ex-
echo if, during this interval, its quadrupolar frequency ample, x-ray diffraction and magnetic examination of the
changes by more thafivyor~1/At, whereAt is the width  temperature and sharpness of the superconducting transition.
of the spin echo. For these experimentg\tk¥ 200 kHz. As  Linewidths of 100 to 300 kHz are typically observed for
we discuss in more detail below, short-range motion such a&Cu(2), whereas the intrinsic linewidth expected from spin-
the hop of an oxygen atom into a nearby vacancy almosgpin interactions in a perfect crystal is on the order of 1 kHz.
certainly shifts the quadrupolar frequencies of nearby nucleis discussed previously, Schiefer al,* showed that some
by amounts exceeding this limit. Phase coherence will béf the extra linewidth can be attributed to oxygen deficiency.
lost and the spin-echo contributions of these neighbors wilHowever, extrapolation of their data to ideal stoichiometry
be destroyed even if the local environment is restored by guggested residual linewidths considerably larger than the
return hop into the oxygen atom'’s original position unlesstheoretical estimates. Thus, evidence indicates that even the
the total “round trip” occurs rapidly compared with the “pest” material of nominal composition YB&uO; prob-
NQR precession period (d{or~32ns)?° The values of ably contains defects and/or lattice strain sufficient to
5. observed in these experiments, ranging from aboyt40 broaden Cu NQR lines to many times their ideal widths.
to 1 ms define the time scale of changes in the local EFG afandidates for the defects responsible of the residual broad-
Cu nuclei for the range of temperatures and defect concerening must include oxygen in wrong sites(3D and defects
trations investigated. In the following we develop this pro-on the cation lattice.
posal in more detail by means of an illustrative model and The second example of NQR sensitivity is provided by
relate the observed damping times to motional times obthe effect of oxygen deficiency on the QUNQR spectrum.
tained by other experimental techniques. It is generally accepted that the primary defect associated
We begin by mentioning two important observationswith small oxygen deficiency is the chain oxygerilpDva-



56 NMR AND NQR STUDY OF ATOMIC MOTION BELOW . .. 6341
cancy. Studi€s’' of material with large deviations from o(1) Cu(l)
stoichiometry, i.e., material in the range Y®&anOq5 to e O o O o O e

YBa,Cu;Og 4 show that the various possible arrangements

of oxygen in the chain layer, generate a whole new set of

Cu(2) NQR lines shifted by as much as several MHz from L] U u [ 06)
the nominal YBaCu;O; frequency of 31.5 MHz. In effect,

the pattern of oxygen arrangements in the CuO chain layer is e O o [J o O o
mapped onto distortions the Cy@lanes leading to new [] u M

NQR frequencies for the various distorted(@usites. These
observations lead us to expect aflDvacancy to shift the
NQR frequency of nearby @) nuclei in the adjacent planes
outside the 200-300 kHz range of observation and to
broaden the contributions of more distant(@usites. The

o O o (O e (O o

FIG. 8. Portion of CuO chain layer showing @iO(1) chains

L . running from left to right. Solid circles denote () sites, open
vacancy, of course, has a similar effect on the X line— circles denote occupied (D sites in chains, open squares denote

Shifting the cl_osest Q) sites far outside the resonance_vacam d5) sites between chains and one vacaft)Q®ite in center
while broadening the observed resonance due to the remaigpain. Arrows represents motion of(D oxygen atom into C5)

ing sites. _ . . vacancy facilitated by vacancy in neighboritaentey chain.
Given that oxygen in the CuO chain layer is the most

mobile atomic species and that the(@ufrequency is highly the probabilityp that a given C(2) will be affected by such

sensitive to the arrangement of these oxygen atoms, one : o
: . op. To estimat@, let us assume that the probabilitys
should expect oxygen motion to attenuate the spin guiws, of an O(1)—O(5) hop is governed by the lowest-energy bar-

pd at e oo acurs o o s e s e ' o™ Sl
P ~10%%e~08eVKT Then, for a given fractiorf; of vacant

nal friction) by Cost and Stanléy suggest that the average 0O(1) sites, the probabilityp for elimination of the contribu-

atomic hopping rates are relatively slow compared with the: ) ) . )
time scale of interest in NQR experiments in the same terr‘ft-Ion of a particular C(£) to the spin echo will be given by

perature range. For example, the internal friction experi-
ments yield a mean hopping tinfe)~0.1 sec at 500 K com- p=211p1d2(2)+4(1)+4(3)], ()
pared withT3, ~10 us from NQR (Fig. 7). However, Cost
and Stanley also found that their data implied a relativelywhere the terms in the bracket account for each of the ten
broad distribution of hopping energy barriers with “tails” neighboring Cu sites(Fig. 8 and the multiplicity of
extending from about 0.8 to 1.5 eV. This is consistent withO(1)—O(5) hops that could affect the echo contribution of
the relatively high defect concentrations in typical “ each. For a vacancy concentratibp=0.02 and temperature
YBa,Cu,0,.” Defects can be expected to produce a distri-of 500 K, we findp~8x10* s'1. The NQR data imply a
bution of energies for occupation ofl and Q5) site?as  value p=1/'|'§,_~105 s L. Thus, with parameters we con-
well as a range of energy barriers for hops between thessider reasonable, this simple model can account for the mag-
sites. NQR spin-echo damping will be dominated by thenitude of the observed spin-echo damping.
most rapid motions associated with the lowest energy barri- In the spirit of this model, the effect of increasing defect
ers. concentrations can be understood in terms of modification of
A detailed and quantitative description of defect-enhanceghe barrier distribution. The data show that excess spin-echo
motion in YBaCus0O; lies outside the scope of this paper. damping is enhanced at lower temperatures in more defec-
We can, however, illustrate how Cu NQR might be affectedtive samples. Thus, the onset of excess damping occurs at
by motion and estimate the time scale by means of a simplywer temperatures and the temperature dependence is
model. Consider an oxygen(D vacancy in a CuO chain weaker for the lower-quality sample as shown in Fig. 7. This
(Fig. 8). As discussed above, we would expect the frequenresult suggests that the energies of the lowest barriers are
cies the neighboring Q) nuclei to be shifted far outside the reduced further as the defect concentration increases.
experimental bandwidth. We also expect large shifts of the The actual situation is undoubtedly much more complex
resonances of the pair of corresponding(Bwnuclei, i.e., than implied by the simple model we have described. We
those connected to the () first neighbors by apical oxy- have, for instance, considered only one specific example of
gens. Assume for simplicity, however, that the resonances ahort-range atomic motion. Another possibility is a comple-
the next most distant Gl sites as well as their connected mentary event in which the presence of an oxygen in &) O
Cu(2) sites remain within the strain-broadened NQR line. Assite could enhance movement of a nearlyl)@xygen into
illustrated in Fig. 8, there are ten such sites in each of than unoccupied ®) site. Such a motion would also disrupt
three layers(CuO chain layer and two adjacent CuO the spin-echo contribution of Cu sites near the nel&)ONe
planes. also cannot exclude motion enhancement by other defects
The presence of an (@) vacancy in the chain lowers the including disorder on the cation lattice. Finally, we note that
energy for occupation of a neighboring interchaifsisite’? it is also likely that these motions influence the Cu EFG over
and should also lower the barrier for #Xp—~0O(5) hop. This  a range beyond the first- and second-neighbor effects as-
is a specific example of the kind of defect-related low-energysumed here. In this case, a single oxygen hop would affect
hop responsible for the low-energy tail of the barrier distri-additional Cu sites and thus attenuate the spin echo more
bution. Now the excess damping ratél'’}/ corresponds to effectively.
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A complete description of these processes would alsmuclei. We observed strong variations from sample to sample
have to include strongly correlated oxygen motions wherebyn more defective material, the onset of spin-echo attenuation
an initiating hop creates a situation in which additional mo-begins at lower temperatures and exhibits a weaker tempera-
tions are more likely. Consider for example the simpleture dependence. We attribute this sample dependence to the
O(1)—0O(5) hop of our illustrative model. The new(D va-  effect of defects on the distribution of barrier energies for
cancy created by the hop would lower the barrier for anothepxygen hops. Enhancement and extension of the low-energy
O(1) to move into an ) site near the vacancy. Sequences«taj|” of the barrier distribution would affect the NQR spin
of such motions together with the restoring3D-~0(1) hops  echoes most strongly. We have demonstrated the plausibility
have b%gn considered as a mechanism for OXygegs this interpretation using a specific model for oxygen hops
diffusion” Another example of correlated motion is the o hanced by the presence of a nearby vach} €hain site.

rapi_d motion of oxygen from_ C5) t(_) O(5) sites in the inter- The illustrative model permits the spin-echo decay times to
chain channels following an |n|_t|at|n_g(G))HQ(5) hqp. Such e rationalized with the seemingly slower time scales of in-
defect-enhanced correlations invalidate simple mdependeng-

event statistics and thus could contribute to the weaker tem-'VIdual oxygen motions inferred by other techniques, espe-

erature dependence Bf, observed in our most defective cially internal friction. Those studies, in turn, are reasonably
Fs)ample(Fig p7) : consistent with the annealing effects observed at room tem-

perature and below. We emphasize, however, that there are
several possible defects that could play a role, including de-
fects on the cation lattice. The model was applied at a tem-

Our analysis of excess NQR and NMR quadrupole satelperature of 500 K, where the spin-echo decay times appear to
lite spin-echo decay in nominal YBau;O; between room be only weakly dependent on sample quality. The inference
temperature and 500 K has established the time scale fdas$ that intrinsic, thermally generated defects dominate at this
radical changes in the local EFG at (@) In this interpreta- temperature and above. At lower temperatures, the depen-
tion, spin echoes are attenuated because local atomic motigtence on defect concentration is strong, implying that a high
of oxygen in the CuO chain layer destroys coherence in thelegree of crystalline perfection is necessary to stabilize the
guadrupolar transition frequency of nearby(Quand Cy2) structure of YBaCu;O; near room temperature.

V. SUMMARY
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