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We measured the influence of magnetic cenf®t€’s) on the nuclear relaxation in 123 compounds using
169Tm NMR and ®3Cu NQR in TmB3Cu;06.« (x=0, 0.2, 0.3, 0.4, 0.5, 0)pand 2y NMR and %3Cu NQR
in YBa,Cu;Og5. Particular attention is paid to the region €%<0.6 in order to deal with both a well-
defined ortho 1l structure and a high enough MC concentration. The experiments reveal a two-component
nuclear relaxation in the superconducting compounds at temperatures above 1 K, especially pronounced in the
x=0.5 samples. The relaxation data give evidence for microphase separation due to oxygen disorder in the
basal CuQ planes. In the well-annealed samples, the MC’s predominating the relaxatiorShal/®. The
concentrations of these MC’s are of the order of 3% in the disord@r@asuperconductingnicrophase and
~0.3% in the orderedsuperconductingone.[S0163-18207)07117-9

[. INTRODUCTION nuclear relaxation via impurity paramagnetic ions in dielec-
tric crystals using the spin echo method, the strength of the rf
Oxygen-deficient YBaCu304. compounds field H; often exceeds the resonance linewidtfi:

(YBCOg,4) have a highly disordered crystal structure. yH;>Aw in order to influence all nuclear spins of the
Therefore, one might expect structural defects to give rise tgample by the rf field. If the nuclear spins equal to 1/2 and
a rich variety of magnetic defects, i.e., magnetic centershere is no inhomogeneous broadening of the NMR line, the
(MC’s) like Cu?* and CU** ions or paramagnetic copper- uniform nuclear spin polarization establishes rather fast after
oxygen clusters. Electron paramagnetic resondi@R is  the rf pulse due to efficient nuclear spin diffusion; in this
the most powerful experimental method for studying thecase the recovery of the longitudinal nuclear magnetization
structure and energy spectra of MC's in solfddowever, as  after the saturating pulse has a simple exponential time de-
EPR signals from paramagnetic copper ions and/or coppependence exp{t/T;), characterized by a single parameter
oxygen clusters are absent in YBGQ, superconductors T;. If the NSLR is then caused by MC's, their concentration
with x<<0.7 andx>0.922 EPR studies on highi;, supercon- can be determined from thE, data, but it is usually impos-
ductors are much less effective than on solid insulators andible to fix their location or the distribution in the crystal
normal metals. The absence of an EPR signal does not medattice.
that the 123 superconductors do not contain intrinsic MC’s at  In high-T. superconductors the location of intrinsic MC'’s
all. Specific heat measurements on a variety of YRGCEO and their relation with structural defects is of main interest.
sample$ show that the volume fraction of superconductivity As shown in Secs. IV, V, and the Appendix, one can obtain
is strongly sample dependent and that the nonsupercondudhe desired information taking as a probe those nuclei, of
ing (NSO regions are associated with a low concentration ofwhich the resonant lines are strongly inhomogeneously
Cu?* magnetic moments, which are present even in well-broadened by the defects. In that cagé;<Aw, and the
oxygenatedand well-ordereficompounds. kinetics of longitudinal nuclear magnetization recovery be-
Nuclear magnetic resonanédMR) and nuclear quadru- comes nonexponential, while the shape of the recovery curve
pole resonancéNQR) are excellent alternative tools for the appears to be dependent on the distribution of the MC accep-
investigations of MC's in solids. At low temperatur€)(the  tors in the crystal lattice. The analysis of nonexponential
nuclear spin-lattice relaxatiofNSLR) in insulators can only magnetization recovery curves is rather complicated, but in
proceed via impurity MC’s well coupled to phonohdhe the simplest case when the nuclear resonance spectrum con-
same conditions should hold in high- superconductors at sists of single inhomogeneously broadened line, the analysis
temperatures well below ., where the relaxation mecha- appears to be possible and useful.
nism due to interaction between nuclear spins and conduc- Thus the right choice of the probe nucleus with the appro-
tion electrons(holeg becomes ineffective. When studying priate  NMR-NQR spectrum is very important. In
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YBCOg.,, compounds copper nuclei with=3/2, the NQR  the case of diffusionless relaxation via MC’s wils 1/2 the
spectrum which consists of one line broadened mainly bywuclear magnetization can be anticipated to recover accord-
differences in the crystal electric field gradient, serve as suclhg to Eq.(1) with m=D/6 (see the Appendix The NSLR
probe. In TmBCQ,, compounds the nuclei of the rate depends on the MC parameters as follows:

189Tm3* jons are also usefulnuclear spinl=1/2, 100%

natural abundangd The Tm®* ground state of the T

4f-electron shell in the crystal electric field of TMBGQ, 1/T(1D):Aom(l— P3). v

is a singlet separated from the excited Stark sublevels by an 0%c

interval of more than 150 K. The peculiar property of Tm HereD is a dimensionality of the MC distributiomy, is the
nuclei in such a so-called “Van Vleck paramagnet” is that nyclear resonance frequeney, is a correlation time for the
they have a well-defined enhanced nuclear magnetigyca| magnetic field fluctuations produced by MC's at the
moment. This moment is very sensitive for small variations p,clear sitesP,=tanh@ugH/2kT) is the MC polarization

in the local surrounding of the'®Tm*®" ions in the factor. The coefficienfip~n®C depends om andD (i.e.,
TmBCOg , lattice, so that the thulium NMR line observed on the location of MC's in the crystal lattizeand on the
at low temperatures is strongly broadened, even in thetrength of dipolar interaction between nuclei and MC's. In
x=0 or x=1 samples which are usually considered to begeneral, the correlation time, is determined by the MC's

crystallographically perfect. Liké€% the **°Tm nuclei make  spin-jattice ;) and spin-spin £,) relaxation times,
up the main crystal lattice and reside between the £uO

layers responsible for the superconductivity. The Tm probe Ure= U+ lry. 3
can only be used below 10 K, becaus&@at10 K thermally
induced fluctuations of the hyperfine magnetic fields fromlf the spin-spin relaxation time, (independent of tempera-
the 4f-electron shell provide the main relaxation mechanismture) is much shorter tham,, theT dependence of the NSLR
At temperatures above 10 K% can be used as probe in- rate is entirely determined by the factor{P2). This makes
stead. it possible to estimate the effectigevalues of MC acceptors
The NSLR rates of*°Tm nuclei in the series of from T, at low temperatures and thus to distinguish between
TmBCOg, , Samples (8<x<1) at temperatures below 4.2 K different types of MC's.
have clearly showh°that thulium nuclei relax via intrinsic In this paper we clarify the origin of the MC'’s in 123
MC'’s, of which the concentration depends strongly on thecompounds using ***Tm NMR and %Cu NQR in
oxygen content and reaches a maximum value-6f07 per TmBCOg,, (x=0, 0.2, 0.3, 0.4, 0.51, O)6and &% NMR
unit cell at the “semiconductor-superconductor” transition and ®3Cu NQR in YBCO; 5. Particular attention is paid to
(x=0.4). Further investigations of th&#°Tm NMR in the  the x region of 0.5-0.6 in order to deal with both a well-
guenched oxygen-deficient TmBGO® and TmBCQys  defined ortho Il structure and a high enough MC concentra-
samples at temperatures from 4.5 K down to 0.7 K haveion. The experiments reveal a two-component nuclear relax-
revealed that the MC’s with a concentration maximum atation in the SC compounds at temperatures above 0.7 K,
x=0.4 are likely located in the CuQplanes'! The principal  especially pronounced in the=0.5 samples. The relaxation
Tm NMR features in oxygen-deficient superconduct{8¢)  data are interpreted as evidence for microphase separation
TmMBCOg.  are as followé1%12In well-annealed samples due to oxygen disorder in the basal Cuplanes. The kinet-
the Tm NSLR kinetics obeys the relation ics of the nuclear relaxation in both microphases are shown
m , to be of them=1/2-type with relaxation rates differing by a
1=M¢/Mo.=exf — (U/Ty)"]exp(—t/Ty), (1) factor of 10-20. The nuclear relaxation process exibits a
with M, the magnetization at time¢, and T, and T; the typical temperature dependendg '~ (1—P3), down to
NSLR times. The value afh equals 1/2, which is typical for T¢~0.7 K, at which point some kind of a spin-glass transi-
a three-dimensionaBD) distribution of impurity MC's in a  tion takes place. At temperatures beloVg (down to
crystal lattice(see the Appendjx 1/T; of the Tm nuclei at ~ 0.1 K) the nuclear relaxation in both microphases of the
liquid helium temperatures has nonzero valuesl(s™!)  superconductor withx=0.5 follows the law T ~TP
only in the overdoped samplex*¥0.94). Equation(1) with ~ (p~2) similar to that observed in the nonsuperconducting
m=1/2 is a particular case of “fster law,” and is known compounds witrk=0 and 0.2
to be valid in the absence of the nuclear spin diffusioff, The rest of the paper is arranged as follows. Experimental
when nuclear spins relax directly via MC’s randomly distrib- details are given in Sec. Il, followed by a description in Sec.
uted in a crystal lattice. The diffusionless relaxation of Tmlll of the ®3Cu(1) NQR and®Y NMR in YBCOgs. Special
nuclei in TMBCQ., can be easily understood, since theattention is paid in Sec. Ill to changes in both nuclear relax-
numerous crystal lattice defects result in large differencestion times {T;) and critical temperaturesT() produced by
between the local crystal electric fields and, consequentlysoom-temperature annealif®@TA) of quenched YBCQs.
between the Larmor frequencies of the Tm nutlei. In Sec. IV the available experimental ddtan the 6°Tm
The same crystal lattice defects are responsible for theelaxation in quasiequilibriumtgra=2 week$ samples of
distortions of the electric field gradients at the copper sitesTmBCOg., , (x=0.5, 0.9 are reanalyzed on the basis of mi-
resulting in a diffusionless relaxation of Cu nuclei in oxygen-crophase separation. Via computer simulation of the Tm
deficient compound¥ nuclear magnetization recovery curves for 1.0K
According to EPR datal’~*°the most widespread MC's <T<4.5 K information is obtained about the intrinsic MC’s
in oxygen-deficient 123 compounds are those wBth1/2  such as location, concentration, probability of direct transfer
and typicalg valuesg=2.3+=0.08 andg, =2.05+0.03. In  of a nuclear spin excitation to a MC acceptor, and splitting of
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MC energy levels in a magnetic field. The experimental datat lower temperatures aHe-*He dilution refrigerator was
on the %3Cu(1) and °Tm relaxation in well-annealethnd  used.

well-ordered powder samples of TmBC§ , (0<x<0.6)
aligned in a magnetic field are presented and analyzed in
Sec. V. Again, a computer simulation analysis is used to
obtain information on the spin-spin interactions responsible Already in the first papers devoted to Tm NMRefs.

. ®3Cu(1) NQR AND 8% NMR IN YBa ,Cu30q¢5

for the nuclear relaxation at low temperatures. 8-10 it was mentioned that the MC acceptor concentration
approximately scales with the concentration of pairs of “ter-
Il. EXPERIMENT minating” Cu?*(1) ions in CuO chains, and it was con-

cluded that MC acceptors are located at the boundaries be-

MC’s in 123 compounds are, most likely, induced by tween SC and NSC domains. Applied to the oxygen-deficient
crystal lattice defects, such as oxygen vacancies. For thaquilibrium 123 compounds, for which mesoscopic phase
reason, we studied the NMR-NQR spectra and the nucleageparation(structural or “chemical’) is typical, the latter
relaxation rates at low temperatures using samples, that wetgnclusion looks quite probable but nevertheless needs addi-
quenched in liquid nitrogen and thereafter annealed at roortional confirmation. The Qi), nuclei located in “empty”
temperaturéRTA) for a time intervalgra. The nonequilibb- Cu— .- —Cu chains(i.e., twofold coordinated by oxygen
rium samples were prepared from the starting ceramic mate&seem to be good probes because a distiotarly “re-
rials with 0.96<x<C0.95 by annealing in air at temperatures solved”) line referring to the SC domains of the ortho I
T, of 1000+ 25 K during a timet,>1 h followed by fast phase is observed in the NQR spectrum of copper in these
quenching in a liquid nitrogen. The oxygen content ofsamples. Along with this line there are lines in the(Qy
guenched samples was estimated using the relatioNQR spectrum which do not refer to the ortho Il phase do-
6+x=7.44-1.27x 10 °T,.?! The oxygen diffusion coeffi- mains, which allows a comparison of relaxation characteris-
cient at temperatures above 975 K exceeds®10m?/s??  tics of different Cii1), centers located at different sites of
Therefore, the diffusion length BXt,)*? for to>1 h is ex- the mesoscopically disordered crystal structure. Another ad-
pected to be much greater than the maximum grain size ofantage of C(l) nuclei as a probe is the possibility to use
the starting materials~ 10 wm), resulting in a homoge- them in the absence of the external magnetic field. At suffi-
neous distribution of oxygen in the samples. After high ciently low temperature this allows the detection of the low-
annealing all samples were as rapidly as possibld (5  est energy excitations of the intrinsic magnetic defects and
guenched in liquid N. Two “nonequilibrium” powdered possible magnetic phase transformations in the oxygen-
YBCOg, « samples denoted as Cu6.5 and Y6.5, were studiedeficient 123 compounds.
(see Sec. I)N with tgra varying from minutes to 8 months. Below we describe the results 6fCu(1) , nuclear relax-
Another two “quasiequilibrium” TmBCQ . samples with  ation studies of the YBCgs quenched samples “aged” at
x=0.5 and 0.6, denotedsee Sec. IY as Tm6.5ge and room temperature for the timggrs from 6 min up to 8
Tm6.6ge, were obtained by annealing at room temperaturenonths. The NQR spectrum of twofold coordinated
for trra=2 weeks. In addition, six “equilibrium” 53Cu* (1) atoms consists of three liféobserved at the fre-
TmBCOg. , samples withx=0, 0.2, 0.3, 0.4, 0.51, and 0.6, quencies 31.5 MHZthese typeA copper centers belong to
denoted (see Sec. Y as Tm6.0, Tm6.2, Tm6.3, Tm6.4, the “empty” Cu-Cu chains residing between two “filled”
Tm6.5, and Tm6.6, respectively, were studied in the preseffu—O— - - —O—-Cuchaing, 30.9 MHz (typeB centers, one
experiments. These sampl@egell annealed, mixed with par- of the neighboring chains is emptyand 30.3 MHz(type-C
affin, and aligned in a magnetic fieldwere studied centers, both neighboring chains are empf\s one can see
previously?~1° and up to the present measurements theyn Fig. 1(a), in quenched Cu6.5 thB-type line has a maxi-
were kept at room temperaturerfé y after preparation. mum intensity. Room-temperature annealing increases the

Tm6.5-ge and Tm6.6-ge nonaligned powders mixed withintensity of line A, corresponding to the ordered ortho Il
Teflon oil were studied by**Tm NMR at frequencies of  phase, at the expense of the intensity of liBe The
90 MHz and 125 MHz, Y6.5 mixed with paraffin oil by %3Cu(1) NQR spectra for well-annealed TmBGQ, samples
8y NMR at »=15.6 MHz, and Cu6.5 freely packed as a studied earliér'° are shown for comparison in Fig.(t).
“dry powder” by %3Cu(1) NQR at»=31.5 MHz and®Y  These spectra visualize the formation of the ordered ortho Il
NMR at »=19.6 MHz. The series of well-annealed phase.
TmBCOq., samples was studied by®**Tm NMR and The increase off . by annealing of Cu6.5 at room tem-
%3Cu(1) NQR at the fixed frequency of 31.55 MHz. The perature is given by
diamagnetic susceptibility of nonequilibrium samples vs
RTA time was measured using either a low frequency bridge To(t)=Te(0) —[Te(0) —To(0) lexp(—t/7&) ()
(for Y6.5 and Cu6.50r a SQUID magnetometéfor Tm6.5-

qeand Tm6.6q€). The values off ; of the samples exposed jth g characteristic time&=22 h[solid line in Fig. Za)].

to rather long RTA {rra>2 weeks were used for an inde- 1he Cy1) NSLR for T<15 K is described by Eq(1), in

pendent estimation af on the basis of thé’5 vs X depen- which 1/T =0 andm~ 1/3 for all annealing ti

- e 1 ~ g timetzra UP tO
dencgs previously repqrted by Bakhawval.” and by Graf 8 months. The increase @f; during annealing reflects the
et al*® All the relaxation measurements were performeddecrease of MC's and proceeds according

with homebuilt pulsed NMR-NQR spectrometers. In the ex-
periments with TmBCQ,, compounds the temperatures
from 1.2 K down to 0.7 K were obtained in ¥He cryostat, T1(1)=Ty() =[Ty(0) = T1(0)Jexp( — \t/7i7), (5)
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FIG. 2. Characteristic parameters of Cu6.5 and Y6.3p4g .
(@) T, of CuB.5;(b) 83Cu(1) T, in Cu6.5 atT=4.2 K at 31.5 MHz
(A line) and 30.9 MHz B line); (c) T, of Y6.5; (d) &Y T,in Y6.5
at T=100 K at 15.64 MHz;(e) ¥Y NMR shifts in Y6.5 at
T=100 K as deduced from the powder spedfaurier transforms
of the spin echo signal

FIG. 1. (a)®3Cu(1) NQR spectra in nonequilibrium YBCE, at
T=4.2 K; (b) ®3Cu(1) NQR spectra in well-annealed TmBGQ,
atT=4.2 K. LinesA, B, andC correspond to three kinds of Cl)
centers(see text

with 72)=270 h[Fig. 2(b)] exceedingr&? by one order of

magnitude. It should be noted that the kinetics given by Eqfrom those described earliét.T., the 8 NSLR time T,
(5) has been used earlféf® for fitting the dependence of (the usual exponential recovery was observed attalh
T ONtrra. Assuming 1T;~n? (see the Appendixwe can  times and the 3% NMR shifts as functions oftgra are
conclude from Fig. &) that an annealing period of 8 months shown in Figs. &)—-2(e). At the end of the annealing proce-
of room temperature compared tdg,=6 min gives only  dure (trra=40 day$ the 8% NMR parameters appear to be
40% less MC's.

TheT dependences of T{ for the A andB lines in Cu6.5
(trta=2 monthg are presented in Fig. 3. As is seen, in a
wide T range down to 0.08 K the relaxation rate of tBe
nuclei is approximately 1.5-2 times higher than that of the - % %

A nuclei supporting the idea that MC'’s are located outside Rissd
the ortho Il domains. In the narrowrange from 4.2 K down 100 F9
to 2.2 K the®3Cu NSLR rates at botA andB lines in Cu6.5 [ © ¢¢
reveal a nonmonotonous dependenceTonthe difference [
betweenT; *(A) and T; *(B) becoming negligible. At the <
moment, we cannot find a satisfactory explanation for such =~
T, ! vs T behavior. At lower temperaturéfrom 2 K down =
to 0.08 K) the T; }(A) and T, (B) values appear to differ
again by a factor of~2, and at temperatures below 1 K

T, '~T*5 for both A andB lines (see straight lines in Fig. 10
3). A similar T dependence of a NSLR rate has been ob-

served earlié’ for *%La nuclei in AF La_,Sr,Cu0O,

(x= 0.018 at temperatures beloW;=x(815 K), where the T
freezing of the effective spin degrees of freedom of the ol )
doped holes was concluded to take place resulting in a spin-

glass-like state. The appearance of the spin-glass-like behav- T (K™

ior of our YBCOg 5 superconducting sample can be appar-

ently a_ssociated wit.h the _magnetic boundari@sgalls) FIG. 3. T dependences of’Cu(1) 1/T; in CU6.5 Grra=2
separating mesoscopic domains of the ortho Il phase. monthg at 31.5 MHz @ line, open circlesand 30.9 MHz B line,

The %Y NMR in the Y6.5 sample was studied at solid circles. Straight lines forT ~>0.7 K~ ! correspond tor; *
T=100 K>T.. The experimental conditions did not differ o«T5,
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the same as those in the quenched sample, whatehg-  ably well with the Tm value$10 ms in 6 kOg'* in the same
comes 6 K higher. These “final” quantities, temperature interval, if the differences in gyromagnetic ratios
10%/T;T=0.09 s 1K1, AK,,=75 ppm, AK.=22 ppm, [y,(Tm)/y(Y)~26] and aging time of the sample are taken
agree with those obtained earlfrand shows the reliability into account.
of the following experimental findings(i) the maximum
value of T, is reached after 10-day annealing of the
guenched YBCQs sample at room temperaturgi) during IV. 15°Tm NUCLEAR RELAXATION
these 10 days, th&Y T, first increases for 50%, and then |\ QUASIEQUILIBRIUM TmBa ,Cu304,, COMPOUNDS
decreases returning to the value characteristic for the as-
quenched sample. These results are in accordance with pre- Although the critical temperatur@, of the quenched
vious finding$® that for the chain-plane oxygen rearrange-samples withk=0.5 reaches its maximum just after 10 days
ment process connected to thel-O transition Of room temperature annealifigee Fig. 2a) and Zc)], spin
thermodynamic equilibrium is obtained by an annealing pe@nd charge ordering in copper-oxygen planes continues to go
riod of about 1 week at room temperature. on. Obviously, this can be seen from the yttrium spinlattice
The correlations betwe€R, vstrra in Figs. 2a) and 4c)  relaxation, but because these times are very long at low tem-
andT, vstrra in Fig. 2b) (the latter fortrra=<10 000 min peratures, the thulium nucleus is a much more suitable “in-
indicate that in the course of RTA ordering of charges anderlayer” probe at liquid helium temperatures. Below we
spins takes place in the copper-oxygen layers and that thgnalyzeT; in the Tm6.5¢e and Tm6.6ge samples, called
process becomes completed, mainly during the first 10 daysguasiequilibrium” because of rather short annealing
This ordering process is most likely governed by an oxyger{trra=20 000 min, cf. Fig. 2
ordering process in CuQbasal planes. Indeed, if the mean The Tm spectra in TmBCQ,, are describetiby the
time t4 of a diffusive transfer of an oxygen atom from the Hamiltonian H=—#%3 y,H,I, , whose parametersy,/2|
O(5) position to the “chain” Q1) position equals 30 min at and| vy /2m| at temperatures below 4.2 K have the following
room temperaturd’ then during 10 days the oxygen atoms values: 6.81) and 2.205) kHz/Oe in the ortho | phase
undergo approximately 500 such displacements. As a resufx=1), 6.11) and 2.565) kHz/Oe in the ortho Il phase
of this diffusive motion, a certain type of mesoscopic struc-(0.5<x<<0.6), and 5.81) and 3.0%5) kHz/Oe in the tetrag-
ture like the “secondary tweed ortho If* appears in the onal phaseX=0). The particular feature of these spectra is
CuO, basal planes. According to our estimatethe mean that the parametety,/2|=5.3(1) kHz/Oe does not depend
length of CuO chain fragments ix=0.5 compounds does on x; therefore, at the conditiofl = w/y,, fulfilled in the
not exceed the value oftg even in well-annealed samples. relaxation measurements on nonaligned powders, similar
Since 60-70 elementary (8)—O(1) displacements are parts of the Tm nuclei gave a resonant response to the radio-
needed to form the mesoscopic ortho 1l domains bf 6 frequency pulses. The Tm relaxation studies of sample
size! the quantity 506 can be interpreted as the time in- Tm6.6-qe at frequencies of 90 and 125 MHz have revealed
terval needed for forming structurally correlatéid the ¢ the exp—(t/T,)Y?]-type kinetics in the temperature range
direction ortho Il domains in adjacent CuQayers. A direct from 0.7 to 4.2 K indicating a 3D character of a MC distri-
connection between ordering processes in ¢add CuQ,_ bution in a crystal lattice. In contrast, the
layers follows from these estimates. Moreover, supercondu@xf —(t/T)**]-type kinetics was found for Tmé.ge at
tivity in 123 systems is possible even in the absence of &mperatures abev 2 K transforming into the
structural correlation between Cy@lanes(at smalltgrs),  €Xd—(UT)Y?-type atT<1 K, which has been interpreted
although such correlations seem to be necessary for reachigg evidence for quasi-2D distribution of the singlet-ground-
a maximumT . state MC'’s located at short distances from the Tm ions, i.e.,
The acceleration of Y nuclear relaxation during furtherlocalized in the Cu@ planes:*
annealing {(rro=10 days-40 days is hardly connected Although we do not exclude the probable presence of the
with the appearance of some new MC'’s in the sanfiieir ~ Singlet-ground-state copper-oxygen clusters in the £uO
appearance should be “noticed” by other nugldihe expla- planes of the quenched materialén particular, the
nation should most likely be looked for in the increase of thecluster$®**with S=2, recently found to contribute consid-
charge carrier concentration in the Cy@lanes and/or its erably to the low temperature specific Héatof
redistribution between the layers of the non-single-phase sys¥Ba,Cu;07_ ), we shall present below an alternative inter-
tem. An additional study 011'1*1 Vs trra dependence for Y pretation of the experimental dateon the basis of micro-
nuclei is needed to clearly distinguish between the contribuscopic ~ phase separation in oxygen-deficient 123
tions to the relaxation related with AF fluctuations arisingSuperconductor$™®>*It is worth reminding here that Eq.
from the CuG planes in the “perfect” material and local (A5) has been derived from EqA1) in the limit of low
field fluctuations from intrinsic MC'’s of the YBCg),, lat-  concentratiort of MC acceptors. We will reanalyze the ex-
tice. perimental relaxation curves of Tm nuclei without making
In addition to this study abov&,, we also checked the US€ of the low concentration limit but employing a computer
T dependence of thé% T, in Cu6.5 down to 4.2 K in a Simulation of the ¥..—M) curves just on basis of the ini-
field of 94 kOe. After an initial Korringa-like increase from tial equation(Al). To do so, we make three simplifications.
26 s at 300 K to 160 s at 60 K, drops to a plateau value of First, we suppose that TmBGQ, has a tetragonal crystal
60 s below 20 K. Below 20 K, where the line is severely lattice with parametera,=3.8 A andc,=3a,. Second, we
broadened by the flux lattice, the recovery becomes strongliet magnetic centers occupy only either(Cuor Cu2) sites
nonexponential. The absolute value of 60 s compares reasoim the lattice. Third, we assume that the relaxation rate
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FIG. 4. Computer simulation of the Tm NSLR kinetics in Tm-
BCOg. « containing 1% acceptor magnetic centers atIfsites. FIG. 5. Tm NSLR parameters for Tméd as deduced from

Open squares represent the result of the simplified calculations ug_og]putert S|mulatllonsto; thte rec.ct)very C(l:”ves utS"l.g (Ed.)k:)tmag;i
ing the relaxation rat&V~r . Open circles are the results ob- netic centers are located at @sites.(s) Concentratiort obtaine

tained by angular averaging of EGA1); solid lines illustrate the In a primary computer_smulatlon ugmnga_ndw as free pargmeters;
exd — (UTy)*?] dependences. (b) normalized relaxation raf@/ obtained in a secondary simulation

using the fixedc value of 0.0092 per Qu) site. Sr(f?”d lines in(b)
N represent the temperature dependeviee[ 1—tan H/2kT)].
1/T1(rj):(a0/rj)6w (6) OSen squares: 90pMHz, 17.0pkOg,: 2.0[(1); solid(gslazares: 125
depends only on the Tm-MC distance while calculating EqMHZ. 23.6 kOeg=2.1(1).
(Al). So, the best fit result of each experimental curve at a
given MC-localization typelCu(1) or Cu2)] will contain  nuclear relaxation in Tm6.§e proceeds predominantly via
two variables: concentration of magnetic centerand nor-  MC’s with S=1/2 located in the C1) “chain” sites.
malized relaxation probabilityV [see Eq(A7)]. In the case Similar calculations for Tm6.%+e show that for any MC
of a dipole-dipole interaction fos=1/2 one has location[on CuUl) or Cu2) site§ a homogeneous random
MC distribution in the TmBCQ, , lattice gives the relax-
2,2 206 Tc [, o gugHo 0 ation kinetics of the e>{p(t/T1)1’2] type but cannot give the
KeY % 74 wer? 2kT |’ exfd — (/T3] one, which was observed experimentally and
attributed to quasi-2D MC distribution. Much better fits to
Here the averaging of theW angular dependence the experimental Tm relaxation curvésot only in “quasi-
(sirf®cos®=2/15) is made. We could have taken into ac-equilibrium” but also in “equilibrium” samples, see Sec)V
count the angular dependence of the relaxation ratare obtained if we allow for an inhomogeneous MC distribu-
1/T1(FJ-), which in the case of “ordinary”®Y-type nucleiis  tion in TmBCOg 5, as expected, e.g., in the case of micro-
expressed by sicog® and is more complicated for Tm scopic phase separation in oxygen-deficient 123
nuclei due to the highly anisotropig tensor. However, in  compounds:1°3-3'This separation is connected with the
the case of nonaligned TmMBGQ, powder computer simu- tendency of oxygen to order in the Cy@lanes, so that the
lations showed the thulium relaxation kinetics calculatedreal crystal lattice of underdoped 123 compounds is repre-
from Egs.(Al) and (6) only slightly differ from the result sented as a mixture of microdomains with orthoxH1),
obtained by angular averaging of E41). For example, Fig. ortho Il (0.5<x<0.6), and tetragonalx« 0.35) structures.
4 shows results of “exact” and simplified calculations for There is experimental eviden&e?3%3®that the supercon-
the case of MC’s localized at Cl) sites. As can be seen in ductivity of underdoped 123 compounds is provided by a
Fig. 4, for t>0.3T; both curves can be fitted well by percolative network of mesoscopic platelike ortho | and
exfd —(t/T))*?], and the difference i, values does not ex- ortho Il domains. The walls of the percolative clusters are
ceed 10%. enriched by Ca@" paramagnetic centers, which are charac-
Computer simulations for Tm6.Ge show the following.  terized by slow 108 s~1) spin dynamics. Since the size of
The experimental recovery curves can be fitted by the calcuhe SC domains is rather smilhe mean size in thie direc-
lated ones only if the MC’s are located at (@usites. The tion varies from &, (23 A) to 13, (50 A) at x values
MC concentration found in this fitc=0.92< 102 per unit  ranging from 0.5 to 0.8 the magnetic centers located out-
cell, see Fig. B)] in general agrees with the value side SC domains may have a strong influence on the mag-
1.3x 102 per unit cell found earliéf in experiments with netic relaxation of nuclear probes located inside a SC perco-
the equilibrium Tm6.6 sample. TH& factor atT=4 K has lative cluster.
a reasonable valugFig. 5(b)] and at temperature lowering We will use this representation as a starting point and
decreases approximately &%—tantf(gugHy/2kT)], theg  suppose that there are two types &fTm nuclei in
value being practically the same @ observed in the TmBCOg, ,: one belonging to the ordered part of the crystal
Cu?" EPR spectra’~!° This result shows that the Tm structure, i.e., to the SC clusters which contain a small

We 3
_1_09
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FIG. 6. Tm relaxation kinetics in Tm6.%open circles and
Tm6.6 (solid circles at v=31.55 MHz, T=1.4 K. Drawn lines S
indicate the initial and final slopes.

0025750 75 100 125 150 175 200
amount of MC’s, and another one belonging to a disordered v (MHz)
part, i.e., tetragonal NSC domains enriched by MC's. Tm
nuclei have long relaxation timek,, in the ordered phase 2.2
and shortTld in the disordered one. If in both phases Tm NSE:S 'r;ésFrﬁ?:flnf);sezizdi;fffj/é%;[as)eZC)ngSng aang
nuclei and MC's are coupled by dipolar interaction, the ex-a; )} in Tmé.5qe (solid circles, solid linesand in Tmé.5(open
perimental Tm relaxatlon_curves in the two phase samplegquaresy dashed linest T=4.2 K, HLc, H/»=0.189 Oe/kHz.
should follow the expression Solid lines correspond to the following parametersa)
A=35(7)xX10"s 2 7,=1.7(5)x10°s; (b)) A=1.95(7
1-M/My=dexp(— yt/Tyq) +(1—d)exp(— Vt/Tyo), x 100 é‘g TC:5.1(8C)X10_(9 l; the dasrge)d lines to((a))
A=4.73(7)x10" s 72, 7,=0.86(3)x10°°s; (b)) A=3.11(2)
whered is the relative volume fraction of the disordered X10's ? 7,=0.92(2)x10"° s. Theg value of MC's is equal to
phase. Figure 6 shows the Tm-magnetization recoveries, E4:1-
(8), in Tm6.5 and Tm6.6. The results of the best fit of the Tm 3 o 3 ]
relaxation curves in Tm6.§e measurett at 90 MHz be- ~3a;=1.65<10"“° cm®. The same measurements in the
tween 3-4.5 K give de1:300i 100s! and Tfol same sample done at=50 MHz andT=1.5 K after 2 y
—15+5 s 1. At 125 MHz the values are about 1.5 times RTA gave 1T14=590 s * and 1T,,=28 s * with corre-
smaller. As the Tm relaxation rates in tbeandd phases SPonding values ohy=0.047 andn,=0.010 per unit cell.
differ by a factor 20—30, it means that the effective MC ON€ can see thatét? y room-temperature annealing did not
concentration is 5 times larger in tephase than in the ~ change the MC concentrations in both phases. Combining
phasdsee Eq(A10)]. The volume fraction of thel phase is  thiS fact and the behavior GFY T, vstgra (see Sec. Ilwe
about 50% in the temperature interval 3—4.5 K. At lowerconclude that the oxygen ordering in the Cuflanes has a
temperaturesd becomes temperature and field dependent0C@! nature in quenched samples and is completed after 10
(the higherP,, the smallerd becomes This dependence is 92yS at room temperature. The changes in’fherelaxation
likely caused by a very strong inhomogeneous broadening ifter 10 days of RTA are mainly determined by reordering of

these quasiequilibrium samples, and is not seen in the equi?® charge and spin structure in the Guflanes which are
librium samples discussed in the next section. important for nuclear relaxation at temperatures abdye

The ratio OfTil(go MHz)/Tl’l(125 MHz)~1.5 means For the Tm relaxation measured at low temperatures this

[see Eq.(A10)] that wer,>1 and the correlation time reordering in the Cu@ planes is of minor importance.
7.<1.8x10 ° s. The correlation times in Tm6&e can be 16 .

determined more preciselgee Fig. 7 from the frequency V. 1%Tm AND ®%Cu(1) NUCLEAR RELAXATION
dependence of the Tm relaxation rates at 4.2 K and appear to IN EQUILIBRIUM TmBa ,Cu305.

be different in thed ando phases: As is well known, the most perfect crystal structures and

_ -9 _ -9 the best parametefsuch as narrow SC transitions, narrow
7ea=1.7(5)X107" s and 7¢,=5.1(8)x10""s. (9) Cu NQR lines and so gnare not observed in quenched
Now we can roughly estimate the MC concentration usingsamples but in those prepared by slow cooling in a proper
Eq. (A10). Taking 1T,4=300 s ! and 1T,,=14 s ' mea- atmosphere. The degree of oxygen disorder in Cp@nes
sured aty=90 MHz andT=4.5 K and inserting in Eq. is minimal in such samples, so one could expect the MC
(A10) the valuesg=2 and(y?)=9.5x10° Oe 2s72 we  concentration in equilibrium TmBCE , to be smaller than
obtain ng=2.83x10°° cm 2 and n,=6.1x10"° cm~3, or  in quenched samples. In this section the result§ pfmea-
ng=0.046 andn,=0.010 per unit cell having a volume surements for Tm measured by NMR at about 30 MHz and
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TABLE I. The mean values of the relaxation parameters for

169Tm and %%Cu(1) in Tm6.4, Tm6.5, and Tm6.6 samples at tem-
peratures 1 KT<6 K.
Sample Nucleus FieldT (K) Tyl (s™) Tili(s™h) d
= Tm6.4  Tm Hllc 1-1.5 900 ~10 ~0.9
Hlla 1-1.5 500 ~10 ~0.9
Tm6.5 Tm Hllc 2-6 400 40 0.5
Hlla 2-6 320 31 0.5
, , , , Cul H=0 2-6 100 4 0.25
103t FY IR ] Tm6.6 Tm Hllc 2-6 280 22 0.3
, . ><><>;O° 0° Cull) H=0 1-35 ~100 2 ~0.15
10 ot &

o ol R “ 1 Qw x<0.4 and decreases far-0.4. The difference of relaxation
= e rates of thulium and copper for each of Tm6.5 and Tm6.6
10°% ¢ 3 samples corresponds roughly to the differenceydivalues

N indicating that above 0.7 K the sources of the fluctuating
1074 H 3 magnetic fields at the Tm and Cu sites are the same para-
102 Lo , , , magnetic centers coupled with both nuclei by a dipole-dipole

0.1 1 10 0.1 1 10 interaction.
TX) T®) (4) The character of relaxation d&t<0.7 K is quite dif-

ferent: in the Tm6.5 sample the relaxation rates for Tm and
FIG. 8. Tm and twofold coordinated Cl) NSLR parameters  Cu(1) become equal &~ 0.25 K, and at lower temperatures
for well-annealed magnetically aligned TmBGQ, samples at fre-  the Cy1) nuclei relax faster than those of Tm. This indicates
quencies of 30.0-31.55 MHz represented on basis of the recovery difference in the coupling between the Tm and Lunu-
shape &M /M.=exd—(UT)"]. (@ Tm NMR data forHllc,  clej with the acceptor magnetic centers and/or changes in the
H=12.3 kOe;(b) ®*Cu(1) NQR data. Open squares=0; open  gpactral density of fluctuating fields at Tm and(Dusites.
circles, x=0.2; crossesx_:0.3; solid C|rclt_as,x_:0.4; solid dia- (5) The available experimental data f6k0.7 K, namely
monds,x=0.51; open trianglesx=0.6; solid lines represent the o tamperature dependences of thé1Trelaxation rate for
T+ dependence. Tm6.0, Tm6.2, Tm6.5, and that of Tm for Tm6.5, are fairly
well described byT; '=AT?% [straight lines in Figs. &
and 8&b)]. Thus at ultralow temperatures the nuclear relax-
tion in superconducting Tm6.5 does not differ qualitatively
rom that in antiferromagnetic Tm6.0 and Tm6.2 com-
pounds. The temperature dependeﬁ§é~T2-5 rules out lo-
calized paramagnetic centers as a source of the fluctuating

for “chain” twofold coordinated®3Cu made by NQR for six
TmBCOg, « equilibrium samples witbk=0, 0.2, 0.3, 0.4,
0.51, and 0.6 are discussed. All experiments for Tmeé.
(T.=23 K), Tm6.5 (T,=50 K), and Tm6.6 T.=55 K) are
%g}rformed at 31.55 MHz corresponding to lide in the
Cu(1l) NQR spectrunjsee Fig. 1b)]. In order to show the e, i
range ofT, changes with temperature and oxygen content aimagnetic fields needed for nuclear relaxation.

the results are represented in a unified form using the follow- Thel ((qjuant:ctatl\(/)e7a£a_llly<sllsow}éll mhalnly ﬁon_((:jern trf1e Experi-
ing description of the relaxation curves: mental data for 0. = where the idea of a two-

phase superconductor can be used and the distribution of
1-M /M =exg — (t/T)™]. (10) MC'’s is random and homogeneous in each of two phases.
) ) o The mean values of the nuclear relaxation parameters in
The main results are displayed in Fig. 8, and can be summanyee superconducting samples are given in Table I, and Fig.
rized as follows. 9 represents, as an example, the results of the two-exponetial
(1) At temperatures above 0.7 K;* of Tm increases fit of the thulium and copper relaxation curves in Tm6.5
with x for 0.2<x=<0.4 and drops sharply fax>0.4. This  sample. The Tm relaxation parameters shown in Table I in-
confirms the fact established earfiel’ that MC concentra-  dicate that the disordered phase fractibrdecreases with
tion reaches a maximum value at the “semiconductor;in Tm6.5 it is equal to 50%, just as in Tméd one. The
superconductor” transitionx= 0.4). same tendency holds for the @irelaxation, but thel value
(2) The exponentm for Tm relaxation is near 1/2 for obtained from the relaxation measurements of(1Tun
Tm6.4, a little bit less in Tm6.6, and only for Tm6.5 it Tm6.5 is equal to 25%. Let us remind the reader that the line
reaches 1/3 indicating a pseudo-2D character of relaxatiom of the Cu1) NQR spectruniFig. 1(b)] is believed to ac-
This can simply mean, see Sec. IV, that the effect of mi-count for the copper atoms residing in the “empty” Cu-Cu
crophase separation is most pronounced for Tm6.5, beinghains with two “full” Cu-O-Cu chains as neighbors. If we
intermediate between Tm6.4, with a small fraction of thewere dealing only with the ordered ortho Il phase, thé1Tu
ordered SC phase, and Tm6.6, with a little fraction of disornuclei at 31.55 MHz should not have exhibited any trace of
dered NSC phase. In Tm6.5 also the expormarfor Cu(l)  fast relaxation. The fact that it is nevertheless observed indi-
nuclei reaches its minimal value. cates, most likely, that because of the small sizes of the ortho
(3) T1 * of copper aff>0.7 K changes with oxygen con- || domains a significant contribution to the NQR signal at
tent just asTIl for thulium, i.e., increases in the range 31.55 MHz is provided by the QW) nuclei residing at the
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. TABLE 1l. Spin-lattice relaxation parameters df®Tm and
16°} @ T, Hic I [ ® Tm, Hic 1© Cu J 8Cu(1) for the d and o phases of TmMBC@Qs; as inferred from
) computer simulations of the magnetization recovery curves taken at
@chc@
&Qgﬁ ﬁ o @ ﬂ% 31.55 MHz.{c,;) and{c,) denote the MC concentratioriper Cu
0 T, ol T - @ﬁﬁ%mﬁﬁ-
' e %
o g ”.ﬂ% T

1d
10t [

atom) for a MC distribution over the Qi) and the C() sublat-
tices, respectively. The normalized relaxation ratésandW, are
given for T=4.3 K, the concentration&,) and(c,) are averaged

- gd'ﬂ""'"'{ values in the temperature range 0.XK<5 K.

eT!
= Micro-  Nucl. Field MC'sat Cil) MC'sat Cu2
] phase (kOe) (cr)  Wis™t (c) W,s!?

T

0.8r

%-- ] d Tm 12.3(Jc) 0.032 3%10° 0.026 20<10°
%‘ % % 5.95(|a) 38x10° 33x10°
% ] Tm 12.3(|c) 0.0028 3%10* 0.0078 2x10°
Q%o(}o&%@% 3 0 5.95(|a) 67x 10° 24x10°

0.2 1 T
Cu(l), H=0 0.0043 3x10*° 0.0033 251C°

0.0
10°

_ . _ than the corresponding copper NMR relaxation rate. Besides,
M P it in the absence of the external magnetic field termB @ind

4102' 3 %9%3“9-@3@ C type in Eq.(A7) should appreciably contribute to the re-
M laxation rate.
I Additional evidence that the MC spin is equal to 1/2 is

obtained from a computer simulation of the-M,/M, re-
. laxation curves following the procedure described in Sec. IV.
i 0 1 0 1 10 The results of the simulations witth;,,= 0.5 andd,=0.25
TK) T(K) T(K) are shown in Table Il. Taking Tm6.5 as example, the simu-
lation of the experimental data obtained for tthephase at
FIG. 9. Tm and C(1) NSLR parameters for Tm6.5 at 31.55 1 K<T<5 K, »=31.5 MHz, HLc gives ¢;4=0.032 per
MHz as deduced from the decomposition given by @) (8 Tm  Cu(1) or c,4q=0.026 per C(2) site, with a relaxation rate
NMR data forH|lc, H=12.3 kOe;(b) Tm NMR data forHLc, W=(3.6+£0.3)x10* s 1. The normalized Tm nuclear relax-
H=5.95 kOe;(c) 5%Cu(1) NQR data. Top row, relaxation rates; ation rateW in a nonaligned powder can also be estimated
middle row,d; bottom row, relaxation rates with fixed (average using Eq.(7). To obtain the values of the correlation time
from middle row. Fits are discussed in the text. 7., We have measured the frequency dependence/Hq),
of the Tm relaxation rates T{4 and 1T,,. The results of

boundaries of the SC clusters, which experience a stronghese experiments with Tm6.5 @t=4.2 K, 31.5 MHx v
influence of the neighborind-phase domains. Some contri- <200 MHz, Hlc give us the single value

bution to this signal of random combinations of short CuO-7_,=7.,=0.9(1)x 10 ° s for bothd ando phases, see Fig.
chain fragments can also not be ruled out. 7. A comparison with the correlation times found in Sec. IV
The relative volume of the disordered phase as charactefor Tm6.5qe, Eq. (9), shows that the MC spin dynamics in

ized byd, is obtained from the relaxation data of the Tm the well-annealed sample is quite different from that in the
nuclei. As can be seen from the middle panels of Fig. 9, thiguenched sample. Taking now the values,

parameter for Tm6.5 i§' independent. The lower panels of =0 9(1)x107°s, P,=0, S=1/2, g=2, (y*)=9.5x 10°
Figs. 9a) and 9b) show theT dependence of the relaxation pe 252 in Eq. (7), we getW=2.8(3)x 10* s~ 1. Six of the
rates for thed ando phases obtained from the experimentaleightw parameters for Tm in Table 1l are lying in the inter-
1—M,/M.. curves according to Eq8) with d fixed at 0.5.  val (2-4x 10* s~ * which makes it unlikely thal exceeds
Fitting these results with T ~[ 1 —tantf(gugH/2kT)] gives  1/2.
gﬁd)= 1.3, gﬁ°)= 2.4, g19=19, g@=3.1. As the experi- Our data do not allow a definite choice for @uor Cu?2)
ments are done at low frequen€y1.55 MH32, the error in  sites as the location of the MC'&see Table ). The MC
these estimates is quite large due to the sensitivity for smaloncentration in theo phase(c)~0.003 is typical for a
changes in the spin polarization factor and one can speakyood” YBa ,Cuz0--type superconductdr’® The unusu-
only about a meary value. It appears to be equal to 2.2, ally large W; value for Tm nuclei in theo phase could be
i.e., confirms the ESR data and points to an effective spimscribed to a large spi8 for the paramagnetic centefer
S=1/2 for the MC'’s. clusters on the Ci1) sites?® It should be noticed, however,
The %°Cu nuclear relaxation rates do not depend on temthat theW andc parameters are interdependent and that the
peratureFig. 9(c)] becausé’;=0 in the absence of a mag- experimental +M,/M., curves can be satisfactorily fitted
netic field. The values of the copper nuclear relaxation rategith smallerW values taking a little higher MC concentra-
appear to be 3—4 times smaller than those for thulium, whilgions. Actually thec parameter determines the shape of the
from the y4,/ ¥4, ratio a factor~ 25 times might have been 1—M,/M., curve, and the probabilityV, i.e., its time scal-
anticipated. However let us notice that thd jl~alue mea- ing. The appearance of an additional type of MC’s with a
sured at the NQR frequencyH(=0) is three times larger low concentratioff should influence first of all the shape of

101t
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the 1- M,/M., curves characterizinghe slow relaxation the Russian Foundation for Basic Research, under Project

The spread in the relaxation parameters for thehase NO. 96-02-17058a.

might be partly due to this. To observe the presence of MC’s

with S>1/2, a very high signal-to-noise ratio and a possibil- APPENDIX MAGNETIZATION RECOVERY
ity to vary the experimental conditiorithe NMR frequency,
the magnetic field, and temperatunea a wide range are
needed.

Let us consider possible forms of a MC induced recovery
of the longitudinal nuclear magnetizatiqft) =1—M/M.,
in the absence of nuclear spin diffusion. If a lattice contains
N, sites, a fractionrc of which are occupied at random by
VI. CONCLUSIONS MC’s, the relaxation function has the following fortfi:

Previous studies on quenched Tm123 samples at tempera- -
tures ranging from 4.3 K down to 0.7 K have shown that for p(t):H {1—cHeexd —t/Ty(rpl}, (A1)
the compounds withk=0.5 the thulium nuclear relaxation .
kinetics atT>2 K can be fairly well described by E410)  where T;’(r}) is the rate of the relaxation induced by the
with m=1/3. This has been interpreted as a manifestation of/C at sitej. For low ¢, Eq. (A1) transforms into
guasi-two-dimensional distribution of MC’s located in the
neighboring Cu@ planes. The experiments described above, -
in which the relaxation in a series of well-annealed Tm123 p(t)wex;{ N NOCJ {1—exg —t/Ty(r,0)]ydrp
samples was studied in detail, have shown that the peculiar
shape of the + M, /M., recovery curves in oxygen-deficient =exp(—Rpn), (A2)

123 compounds is determined by structural inhomogeneitiegyneren = Noc is the concentration of MC'SD is a dimen-

Computer simulations of the magnetization curves appearegOnalit of the system under consideratiordr
to be very useful. In particular they have shown that a ho- Y y "

_,D-1 : ,
mogeneous random distribution of MC’'s in the =r~ "drd@p. If the nuclei and MC’s are coupled by a
TmBa,Cu;0¢ , lattice leads tan=1/2 but fails in provid- magnetic dipole-dipole interaction, one has
ing the powerm=1/3 at any type of MC location. The Tl’l(r,a):ar*‘af(ﬂ), (A3)
simple relation, Eq(8), has been found to fit excellently all
the nuclear relaxation curves. These results support the idegheref((2) is a function of polar angles defining the orien-
of a micro-phase separation in oxygen-deficient 123 comtation of the vector relatively to an external magnetic field,
pounds. Apparently, the 123 samples wikk 0.4 contain  gg that
hole-poor nonsuperconducting regiof@isorderedd phase
and hole-rich superconducting regioferderedo phase.
The nuclei characterized by the short relaxation tifpg can
be thought as belonging to droplets of ttigohase enriched
with MC’s outside the percolative superconducting clusters =(1/D)(at)D/6I‘(1—D/6)f £0/640) | (A%)
of the o phase. In the superconducting samples the volume
fraction of thed phase has a maximum value of 0.85 at
x=0.4 and decreases steeply»xincreases. The computer p(t)=exd — (/TP (AS)
simulations have shown that the relaxation of Tm nuclei in
well-annealed TmBgCu;045 at temperature§ =0.7—10
K proceeds mainly due to a dipole-dipole interaction with
MC'’s located either at Qi) or at Cy2) sites. The concen-
tration of those MC'’s having=1/2 andg=2 are estimated
to be ~3% for the nonsuperconducting phase and
~0.3% for the superconducting phase. FoiT<0.7 K the
relaxation rates of both Tm and () nuclei in thex=0.5 2
sample decrease as*Twith temperature lowering down to T Hr,0)= 3S(S+ 1)g?udy?r S[A+B+C],
75 mK, a power dependence which is also seen in antiferro-
magneticx=0 andx=0.2 compounds. The temperature de- 9
pendence T;~T2® rules out that localized paramagnetic A= —sinf6colo
centers are the channel for nuclear relaxation, and should be 2
studied separately.

RD=J [1—exp(—ar ¢ (Q)t)]r° drdQp

6/D

TP =0 (A6)

(n/D)r(l—D/e)f f26(0)dQp

[T'(a) denotes thd" function]. In general, the direct nuclear
relaxation rate due to the spfhis defined by the following
expressiort#3°

e 9Bg(X)
1+ w(z)Tg X

1 T B
B=Z(1—3co§9)zl+( - 72 ,ZYS,
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spin relaxation times of sping, wg and wy are Larmor Here
frequencies ofS and | spins, respectivelyg is the angle
between vector and an external fieldi,. Under normal

/2
experimental conditions one hasd{*+ w0)27é2>1, so that J(@):4(23ir®)2/3f [(1-sif@®coge)coSe]de,
Eq. (A7) can be simplified to the following result for 0

S=1/2: (A12)
a= ggzﬂ"évzﬁ:ﬂl—%)- (Ag)  and ensemble averaging is taken over all possible angles
0‘c

between the projectionﬁo onto the plane and the vectors
connecting the nucleus and the paramagnetic centers. If the

f(Q)=sirfdcog, A9 i
(€1 (A9 field Hy lies in the plane, then

where Py=tanh@QugHy/2kT) is the polarization factor for
the S spins. Combining Eqs(A8) and (A9) with Eg. (A6)

yields, for a three-dimensional system, 1 3\° (5 T
=0 5| T° 5| 9%y’ {22 (1-P)).
1 4 2 o T 2 1 WoTc
T =g e HeY 22 (1PY).  (ALD) (A13)

In a particular case of a two-dimensional system the relaxin addition to the relaxation via MC'’s, an independent relax-

ation rate depends on the an@¥ebetween the external field ation channel for nuclei may exigfor example, due to con-

Ho and the normal to the plane containiBgand! spins: duction electrons in a mejalln this case the magnetization
recovery has a general form;

=t Y gy 0) (1P,
1 WoTc _ (D)\D/6 ,
(A11) 1-M{/M =exd —(t/T}/)"®lexp(—t/Ty). (Al4)
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