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The 1 6 9 ~ m  NMR and 6 3 ~ ~ ( 2 )  NQR spectra, as well as the spin-spin and spin-lattice relaxation of 
thulium nuclei, are studied in a series of oriented TmBa2Cu3OX powders with an oxygen 
content x from 6.9 to 7.0 (in Ax=0.02 intervals). All the experiments are performed by the spin- 
echo technique at liquid helium temperatures. Additional measurements of the diamagnetic 
susceptibility at 1 kHz in a field H ,--1 Oe perpendicular to the c crystallographic axis show that 
the maximum critical temperature T,(onset)=92.2 K is achieved in the samples with 
x=6.90-6.92. The results of the experiments with the overdoped compounds (~26.94)  are 
consistent with the "ribbon model" of the quasi-one-dimensional spin and charge correlations in 
CuO, planes [O. N. Bakharev, M. V. Eremin, and M. A. Teplov, JETP Lett. 61, 515 
(1995)l. A "disappearance" of 113 of the intensity of the Cu(2) NQR signal is discovered when 
the oxygen content is decreased from 7.00 to 6.98. Phase separation is discussed as a 
possible cause of this effect. It is theorized that in layers with a reduced concentration of holes 
in the CuO2 planes, the mobility of the holes decreases, the fluctuations of the strong 
internal fields from the spins of the cu2+ ions slow, and the spin echo of the Cu(2) nuclei is not 
observed due to acceleration of the transverse nuclear relaxation. O 1996 American 
Institute of Physics. [S 1063-776 1 (96)02602-81 

1. INTRODUCTION 

The physical properties of the high-temperature super- 
conductors RBa2Cu3OX (R=Y or a rare-earth element) with 
oxygen indices corresponding to the so-called 90-K plateau 
depend strongly on the value of x. The maximum critical 
temperature T, is observed for x = xOpt, when the optimal 
level of doping of the CuO, planes with holes is achieved. 
According to the evaluations of different investigators, the 
value of xOpt lies in the range from 6.90 to 6.94.1.2 The opti- 
mal doping level corresponds to the minimum lattice con- 
stant co.' One characteristic feature of underdoped com- 
pounds with x<xOp is the presence of a gap in the spectrum 
of magnetic excitations (at 28, 16, 4, and 3 meV for x=6.92, 
6.69, 6.51, and 6.45, respectively3), which influences many 
observable properties of superconductors and, in particular, 
determines the temperature dependence of the NMR and 
NQR parameters.4 Overdoped compounds with x>xOPt have 
properties which are most similar to those of "conventional" 
superconductors; however, they exhibit unusual features, 
some of which can be interpreted as consequences of a phase 
~ e ~ a r a t i o n . ' ~ ~ - ~  It is known that in overdoped 123 com- 
pounds 1) the critical current density  decrease^,^ 2) the con- 
centration of paired current carriers is saturated, although 
unpaired carriers remain at TeT ,  (Ref. 9), 3) the application 
of hydrostatic pressure lowers, rather than raises, the critical 
temperature T, (Ref. lo), 4) the magnetic susceptibility in 
the normal phase increases appreciably with decreasing tem- 
perature, 5) the thermopower of the polycrystalline sub- 
stance becomes negative,I2 and 6) the Hall coefficient mea- 

sured in a current along the c axis of the crystal also 
becomes negative.13 The last two peculiarities definitely 
point to the appearance of electronic conductivity. 

The purpose of the present study is to use magnetic reso- 
nance methods (NQR and NMR) to detect fundamental 
variations in any parameters of TmBa2Cu,0x (TmBCO,) su- 
perconductors which might shed some light on the reasons 
for the drastic difference between the properties of over- 
doped and underdoped compounds having practically identi- 
cal critical temperatures within the 90 K plateau. The main 
impetus was the hypothesis that underdoped 123 compounds, 
unlike overdoped compounds, contain layers of a phase 
which is not observed in Cu(1) and Cu(2) NMR, but mani- 
fests itself indirectly in the NMR properties of the phases 
observed. This hypothesis is based on the fact discovered 
some time ago,I4 but hitherto not confirmed, that the inten- 
sity of the Cu(1) and Cu(2) NQR signals in YBCO, de- 
creases by 113 when the oxygen index varies from 7.00 to 
6.97. We were able to corroborate this fact and to show that 
the "disappearing phase" is characterized by tetragonal (or 
pseudotetragonal) symmetry. The results of the investiga- 
tions of the Cu(2) NQR spectra and the spin-spin relaxation 
of the Tm and Cu(2) nuclei in overdoped TmBCO., samples 
at liquid helium temperatures are consistent with the "ribbon 
model" of the ordering of the spins and charges in Cu02 
planes.'5 

2. EXPERIMENTAL RESULTS 

The experiments were performed on six samples of 
TmBCO, (x=6.9-7.0, Ax=0.02), which were prepared by a 
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FIG. 1. a) Critical temperature (onset of the transition) of TmBa2Cu30, 
superconductors obtained from measurements of the diamagnetic suscepti- 
bility at a frequency of 1 kHz (the field H,-1 Oe is perpendicular to the c 
axis): unfilled circles--data from Ref. 18, filled diamondspresent work. b) 
Spin-spin relaxation times of thulium nuclei in oriented TmBCO, powders 
at 1.5 K measured in a field HLc under the condition Hlv=2?rl y, : filled 
and unfilled circles-data from Ref. 18, 42-50 MHz, filled and unfilled 
diamonds-present work, 36-37 MHz. c) Relative number of rapidly relax- 
ing thulium nuclei (T2,) in TmBCO, samples at T =  1.5 K: unfilled 
circlesdata from Ref. 18, unfilled diamonds--present work. 

solid-phase synthesis technique.I6 Powders mixed with par- 
affin were oriented in a rotating container in a 20 kOe mag- 
netic field at the melting point of paraffin.17 Due to the an- 
isotropy of the paramagnetic susceptibility of thulium 
( x ~ , ~ > x ~ ) ,  the c axes of the powder particles were aligned 
perpendicularly to the field, i.e., along the rotation axis of the 

container, and were fixed when the paraffin solidified. The a 
and b axes of the powder particles remained randomly ori- 
ented in the plane perpendicular to the c axis. The high qual- 
ity of the powders obtained can be evaluated from the de- 
pendence of T ,  on the oxygen content (Figs. l a  and 3a) and 
from the width S of the 6 3 ~ ~ ( 2 )  NQR line (Figs. 2b and 3b). 
As we see, the optimal doping level is achieved in our 
samples for xOp,=6.90-6.92. All the Cu(2) NQR and Tm 
NMR measurements were performed by the spin-echo tech- 
nique at temperatures from 1.6 K to 4.2 K. 

2.1. Spectra 

The intensity of the 63~u(2)  NQR spectra was calibrated 
on the basis of "averaged" NMR spectra of 1 6 9 ~ m  (spin 
I =  112, 100% natural abundance). The compounds TmBCO, 
belong to the family of so-called "van Vleck paramagnets." 
In the crystalline electric field of these compounds, ~ m ~ +  
ions (4fI2, 3 ~ 6 ,  J=6 )  have a singlet (nonmagnetic) ground 
electronic state, which is separated from the excited states by 
an energy of more than 100 cm- ' (Ref. 17). The NMR of the 
singlet-state 169~m3+ ions is "enhanced" by the magnetic 
hyperfine interaction Aj of the Tm nuclei with 4f electrons; 
therefore, the effective nuclear gyromagnetic ratio 

is characterized by high sensitivity to the local crystalline- 
electric-field symmetry. In Eq. (1) the index i = x , y , z  denotes 
the local axes of crystal field, yl= - 2 ~ 0 . 3 5 4  kHzlOe is the 
gyromagnetic ratio of "free" Tm nuclei, gJ=7/6 is the Landd 
splitting factor, pB is the Bohr magneton, Aj=  - h.393.5 
MHz is the hyperfine coupling constant, and En and In) are 
the energies and wave functions of the 4f subshell in the 
crystal field (the index 0 refers to the ground singlet with an 

FIG. 2. a) Tm NMR spectra in a field KLc 
at T=4.2 K with pulse durations equal to 1.4 
and 2.8 p s  and a delay equal to 20 ps. b) 
6 3 ~ ~ ( 2 )  NQR spectra, T=4.2 K, pulse dura- 
tions equal to 2.5 and 5 ps, delay equal to 24 
ps. TO avoid overlapping, the spectra be- 
longing to different values of x have been 
displaced along the vertical axis. 

Hlv, OelkHz v. MHz 
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FIG. 3. Dependence of several parameters of the TmBCO, samples on the oxygen content: a) critical temperature T ,  (compare Fig. la); b) half-width (at 
half-maximum) of the "cu(~) NQR line, T=4.2 K, pulse durations equal to 2.5 and 5 ps, delay equal to 24 p ;  c) ratio of the integrated "cu(~) NQR 
intensity to the peak amplitude (when HI v =  27rl yo) in the l69m NMR spectrum, sCU is the area of half of the 6 3 ~ ~ ( 2 )  NQR line (see Fig. 2b), and is the 
height of the peak in the spectrum in Fig. 2a; d) spin-spin relaxation time of the Tm nuclei (compare Fig. lb), duration of the 7r12 pulses equal to 1.2-1.4 p ;  
e) relative number of rapidly relaxing thulium nuclei (TZG) (see Fig. lc); f) spin-spin relaxation time of the "cu(~) nuclei, T=4.2 K, duration of the d 2  
pulses equal to 2.5 ps; g) relative number of rapidly relaxing 6 3 ~ ~ ( 2 )  nuclei (TGI);  h) spin-lattice relaxation time of the Tm nuclei, Hlla, T=4.2 K, 36-37 
MHz, duration of the 7r12 pulses equal to 1.2-1.4 ps; i) spin-lattice relaxation time of the %u(2) nuclei, T=4.2 K, 36-37 MHz, duration of the 7r12 pulses 
equal to 2.5 p ;  j) relative weight of the broad (Al=500 kHz) component of the %u(2) NQR line (see Fig. 2b and the explanation in the text). 

energy Eo=O). Owing to the high sensitivity of the y tensor 
to the features of the local environment of the rare-earth ions, 
Tm NMR is a very convenient method for investigating the 
structural details of TmBCO, at low temperatures.lg 

It was shown in the preceding that the 
NMR spectrum of Tm in the ortho-I phase (x=7.0) at liquid 
helium temperatures is described by the spin Hamiltonian 
.%,= - hZ yiHili (i=a,b,c) with the parameters 
lya/24=5.3(1) kHidOe, lyb/24=6.8(1) kHzlOe, and 
1y,/24=2.20(5) kHdOe. These values of yi provide a 
graphic picture of what "enhanced NMR" is. For example, 
the observed gyromagnetic ratio of Tm nuclei in a field Hllb 
exceeds the purely nuclear value of y, by a factor of 19. As 
x decreases slightly (within the 90 K plateau), the parameters 
of the spin Hamiltonian remain approximately constant, and 
at x<6.85 the value of yb and y, vary strongly, but the 
effective gyromagnetic ratio y, does not depend on the oxy- 
gen index and maintains its value down to x=6.0. This cir- 
cumstance enabled us to employ thulium nuclei as an inter- 
nal reference for calibrating the sensitivity of the 
spectrometer. Examples of the Tm NMR spectra in a field 
HLc, which were recorded at 4.2 K in the v=36-37 MHz 
frequency range, are shown in Fig. 2a. The two features in 

the spectra corresponding to the principal values of the y 
tensor in the a b  plane are marked with arrows. We stress that 
the low-field shoulder at Hlv=0.147 Oe/kHz is characteristic 
only of the 01-tho-I phase, while the peak at Hlv=0.189 Oe/ 
kHz is observed in the Tm NMR spectra of all the phases, 
including the tetragonal phase (x=6.0). The width of such 
"powder" spectra is determined by the anisotropy of the y 
tensor and the degree of orientation of the powders (the in- 
homogeneous linewidth of the individual crystals plays prac- 
tically no role); therefore, the spin-echo amplitude of the 
thulium nuclei at a fixed value of the field H =  27rvl y, was 
taken as the quantity characterizing the Tm NMR intensity. 

The Tm NMR and Cu(2) NQR intensities in each of the 
samples were compared during a single experiment at a con- 
stant spectrometer sensitivity. We compared the area sCU of 
half of the63~u(2) NQR line (Fig. 2b) with the amplitude I ~ " '  
of the peak in the Tm NMR spectrum, assuming that the 
value of lTm measured in a field H-27rvl y, is proportional 
to the total number of Tm nuclei in the sample. The results of 
our measurements (Fig. 3c) confirm the results obtained in 
Ref. 14: when x decreases from 7.00 to 6.98, the intensity of 
the 6 3 ~ ~ ( 2 )  NQR line decreases by one-third. 

In order to obtain a picture of the form of the "disap- 
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pearing" contribution to the Cu(2) NQR line, we can find the 
difference 1CU7~00-(213)1CU6~98, where lCW denotes the spin- 
echo amplitudes of the Cu(2) nuclei at equal values of the 
frequency v. This difference, which is depicted in the lower 
part of Fig. 2b, takes the form of a Lorentzian line with the 
same resonant frequency as the principal line and a half- 
width at half-maximum A ~ ~ , ~ - 2 0 0  HZ. The interesting fact 
is that the disappearance of 113 of the intensity of the copper 
signal observed when x decreases from 7.00 to 6.98 is ac- 
companied by a change in the shape of the Tm NMR spec- 
trum (Fig. 2a), viz., a decrease in the height of the ZTrn peak 
at H l v = 2 ~ v l y ,  relative to the low-field shoulder at 
HI v =  2 ~ v l  yb (the spectra of the compounds with x=6.94- 
6.98 differ only slightly). We obtain the thulium NMR spec- 
trum corresponding to the "disappearing" phase in the Cu(2) 
NQR spectrum by finding the difference 
ITm7.00- ( 2 / 3 ) 1 ~ ~ ~ . ~ ~ ,  where lTmx denotes the spin-echo am- 

plitudes of the 1 6 9 ~ m  nuclei in identical magnetic fields and 
the factor 213 is set equal to the value for the Cu(2) NQR 
spectra. The result of this decomposition (Fig. 4) reveals that 
the spectrum of I ~ ~ ~ . ~ ~ ,  unlike the spectrum of I ~ ~ ~ . ~ ~ ,  con- 
tains a tetragonal or pseudotetragonal component (which is 
depicted by the dashed line), which is very similar to the Tm 
NMR spectrum of TmBC06.2 in a field HLc.18 In fact, in this 
additional component, which distinguishes the spectrum for 
x =7.0 from the spectrum for x =6.94, the low-field shoulder 
at H l v = 2 ~ v l  yb ,  which is characteristic of the orthorhom- 
bic Tm centers, is simply absent. 

2.2. Spin-spin relaxation 

In our earlier experiments with underdoped TmBCO, 
samples at liquid helium temperatures18 we observed the 
spin-echo decay kinetics of the thulium nuclei in a field Hlla 
of the form 

FIG. 4. Example of the decompostion of the Tm 
NMR spectrum of the TmBC0, into components: 
unfilled boxes-spectrum of a sample with x=7.0, 
1.5 K, 46 MHz, duration of the ?r/2 pulses equal to 
1.5 ys ,  delay equal to 30 ps; filled boxes- 
spectrum of a sample with .r=6.94, same observa- 
tion conditions, the amplitude of the peak at Hlv 
=2mly,, was set equal to 213; dashed line-the 
difference ( 2 1 3 ) 1 ~ " ' ~ . ~ ~  (see explanation in 
the text). 

and concluded that TmBCO, superconductors contain two 
types of 169~m3+ centers with different nuclear spin-spin re- 
laxation times. Figures lb, lc, 3d, and 3e depict the depen- 
dence of the times TZG and TZL and the relative concentra- 
tion A (A + AL) of the rapidly relaxing Tm centers in both 
the previously studied samples'8 and the new samples on the 
oxygen index. Figure 5 presents decay curves of the spin- 
echo signal ATm(2r) of the thulium nuclei measured on two 
series of TmBCO, samples in a field HLc under the condi- 
tion HI v= 27rl y, . These curves enable us to see how the 
contribution of the slowly relaxing Tm nuclei behaves as x 
increases. 

The measurements of the spin-spin relaxation of the 
Cu(2) nuclei at 4.2 K showed that it is much faster in the 
TmBCO, samples with x=7.0 than in TmBC06,98 (Ref. 19). 
This finding can be attributed to the occurrence of an addi- 
tional interaction between the Cu(2) nuclear spins and the 
neighboring Tm nuclear spins. Since a sample of TmBCO, 
presumably contains two kinds of Tm spins with sharply 
different values of T2 (Fig. 3d), it can be expected that two 
components with different times would also be discovered in 
the spin-echo decay AcU(2r) of the Cu(2) nuclei. The decay 
of the spin-echo signal of the Cu(2) nuclei at low tempera- 
tures is usually described by a Gaussian curve.19 As our ex- 
periments showed, the spin-echo decay curves of the Cu(2) 
nuclei in the TmBCO, samples at 4.2 K are best described by 
a sum of two Gaussian curves: 

AcU(27)=A, exp -- - [ : (:)'I 
+A2 exp -- - [ : i::i21g 

where it is assumed that TGl<TG2. The results of the treat- 
ment of the experimental data are presented in Figs. 3f and 
3g. At x=6.96-7.00 the value of TG2 is the same as that of 
the single parameter TG for the Cu(2) nuclei in TmBC06,98 
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FIG. 5. Spin-echo decay curves of Tm 
nuclei in oriented TmBCO, powders in a 
field Hlla at 1.6 K; a) present work, b) 
data from Ref. 18. 

(Ref. 19), while TG1 is two times shorter. Another notewor- 
thy feature of the observed two-component relaxation of 
copper is that the relative content of the rapidly relaxing and 
slowly relaxing Cu(2) centers is equal to A, :A2= 2: 1. We 
shall discuss this feature below. 

2.3. Spin-lattice relaxation 

It was previously estab~ished'~.'~ that in underdoped 
samples at low temperatures the relaxation of thulium caused 
by the paramagnetic copper centers is described by the func- 
tion 1 - M, I M ,  = exp( - a (Ref. 18). Such kinetics for 
restoration of the longitudinal magnetization is characteristic 
of the case of strong inhomogeneous broadening of the NMR 
lines, in which there is no nuclear spin diffusion and the 
nuclear spins impart their energy directly to the paramagnetic 
centers." Experiments with overdoped TmBCO, samples at 
4.2 K showed that the kinetics of the restoration of the lon- 
gitudinal magnetization of the thulium nuclei are best de- 
scribed by the expression 

which is also valid for Cu(2) nuclei. The relaxation param- 
eters are presented in Figs. 3h and 3i. As is seen, the value of 
T, for both types of nuclei increases somewhat as x increases 
from 6.92 to 7.0, pointing to a decrease in the concentration 
of the paramagnetic centers, i.e., "cleaning" of the samples 
as they approach the stoichiometric composition. 

The relaxation mechanisms of the Tm and Cu(2) nuclei 
characterized by Ti are apparently different. The value of 
Ti for the Tm nuclei increases as x increases from 6.94 to 
7.0, and, in addition, it increases as the temperature is low- 
ered from 4.2 K to 1.6 K, i.e., qualitatively, it behaves just 
like T I .  Such behavior of the values of TI and Ti for the Tm 
nuclei suggests that they are determined by a single mecha- 
nism, viz., by a relaxation mechanism involving paramag- 
netic acceptor centers such as localized cu2+ spins. In the 
samples with x-7 the inhomogeneous Tm NMR linewidth, 
which is associated with structural defects, probably de- 

creases so much that some of the Tm nuclei become capable 
of relaxing through the same paramagnetic acceptor centers, 
but along a nuclear spin diffusion channel, rather than di- 
rectly. Conversely, the value of Ti for the Cu(2) nuclei de- 
creases as x+7.0. This indicates that an independent relax- 
ation channel not associated with paramagnetic defects 
appears. It can be assumed that the independent channel is 
associated with unpaired charge carriers, which, as optical 
measurements of the conductivity along the c axis of YBCO, 
crystals have shown? appear in the overdoped state and dis- 
appear in the underdoped state. The current carriers in the 
Cu02 planes can hardly be involved in nuclear relaxation at 
liquid helium temperatures. In fact even if the concentration 
of the unpaired carriers had an appreciable value (which is 
unlikely at TgT,), their presence would be detected in the 
relaxation of the Tm nuclei through the mechanism of the 
exchange interaction between the rare-earth ions and the cop- 
per ions in the CuO, planes (which was discovered, for ex- 
ample, in Ref. 21), i.e., would most probably cause corre- 
lated variation of the values of Ti for the thulium and copper 
nuclei. Relaxation of the Cu(2) nuclei through the conduc- 
tion electrons in the CuO chains seems more likely. In fact, 
in our experiments the relaxation of copper characterized by 
TI becomes noticeable precisely at the values of x (6.94- 
7.00) where a negative thermopower is observed for T> T, 
(Ref. 12). At the same time, it follows from measurements of 
the thermopower in an overdoped monodomain YBCO, 
crystal22 that the main negative contribution at Tc<T<250 
K is made by the CuO chains. 

3. DISCUSSION 

We begin the discussion with an analysis of the data on 
the spin-spin relaxation of the Tm and Cu(2) nuclei. The 
short time TZG for Tm nuclei was previously attributed in 
Ref, 18 to '69~m3+ centers which appear within regions with 
a weakly disordered crystal structure, have similar Larmor 
frequencies, and are coupled by an effective dipole-dipole 
interaction of the Ij+lk- +Ij-lk+ type, while the long time 
T2, was assigned to Tm spins in regions with strong disor- 
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?- FIG. 6. Two probable ribbon models of the 
'-&2%yd -. quasi-one-dimensional ordering of the 

dering. In the case of superconductors with critical tempera- 
tures of -90 K, such an explanation for the large values of 
TZL cannot be considered satisfactory, since, in view of the 
increase in T2L observed as the oxygen index increases from 
6.8 to 7.0 (Fig. lb), we would have to assume that the degree 
of disorder in the crystal lattice increases as the stoichio- 
metric composition is approached. We shall seek an alterna- 
tive explanation on the basis of the idea that overdoped 
TmBCO, compounds have not only an ideal crystal structure 
with a completely ordered oxygen sublattice in the CuO 
basal planes, but also an ordered structure of charges and 
spins in the Cu02 planes. The existence of the latter is sup- 
ported both by the observation of two relaxation times T2 for 
the thulium and copper nuclei and by the important fact that 
the number of rapidly relaxing spins in both spin systems is 
twice as large as the number of slowly relaxing spins. This 
2:l ratio is consistent with the recently proposed "ribbon 
model" of the quasi-one-dimensional ordering of the charges 
and spins in Cu02 planes.15 In fact, as can be seen from Fig. 
6, in both variants of the ordering in the Cu02 planes there 
are two types of cu2+(2) centers, i.e., centers on the edges 
and along the middle of the ribbons, in a 2: 1 ratio. If adjacent 
Cu02 planes separated by a distance of 3.3 .& have an iden- 
tical ribbon structure, it is not difficult to see that this system 
should also contain two types of ~ m ~ +  centers (the projec- 
tions of their positions onto a Cu02 plane are illustrated in 
Fig. 6 by the short thick lines inclined to the right and the left 
and by the light and dark circles) in the same 2: 1 ratio. In the 
experiment (Fig. 3e) such a ratio between the thulium nuclei 
with short (T2G) and long (T,,) relaxation times is achieved 
only in the TmBCO,, sample with the limiting oxygen con- 
tent, although it is observed for the copper nuclei already 
when x=6.96. We suggest that this disparity can be caused 
by violation of the correlation between the ribbon structures 
of adjacent Cu02 planes, which plays a decisive role in this 
system. The correctness of this hypothesis can be supported 
by the following arguments. First, in the ribbon model the 
structural correlation of adjacent planes follows, of necessity, 
simply from the fact that there are two types of ~ m ~ +  ten- 

ters, two being the minimal number of inequivalent sites for 
the rare-earth ions, which can be realized only when the 
ribbons have a parallel arrangement. It is not difficult to see 
that in the case of close packing of the ribbons (as in Fig. 6), 
their translation in one of the planes of a bilayer relative to 
another by any vector na=mb (n,m =O,l, 2) does not alter 
the 2: 1 ratio between the concentrations of the different ten- 

ters, although the structure of the local environment of each 

of the ~ m ~ +  centers can be altered. In the case of loose 
packing (as in the underdoped state), the relative displace- 
ments of the ribbons na+mb in adjacent Cu02 planes must 
ultimately result in violation of the 2:l ratio for the ~m~~ 
nuclei. Second, the 2: 1 ratio between the Tm nuclei is not 
observed in every TmBC07,0 sample. In Figs. l b  and lc  the 
circles depict the results of the experiments in Ref. 18 with 
samples which were stored at room temperature for 1.5 years 
before the beginning of the measurements, and the diamonds 
depict the results obtained on samples with an almost 3-year 
storage period at room temperature. It can be assumed that 
the structural correlation of the Cu02 planes in a bilayer 
depends to a certain extent on the structural correlation of the 
overlying and underlying CuO "chain" planes, and the latter 
correlation, as we know, is achieved by means of the slow 
diffusion of oxygen only during prolonged annealing at low 
temperatures. From this standpoint, the different values of 
AG/(AG+AL) in the two series of samples (Fig. lc) are natu- 
rally attributed to the different annealing times of the 
samples at room temperature. 

If the two types of '69~m3+ centers in the TmBCO, 
samples with x-7.0 have different values of T2, they should 
certainly produce different NMR spectra. It is shown in Sec. 
3 (see Fig. 4) that the Tm NMR spectrum of the TmBC07.0, 
sample has two contributions, viz., an orthorhombic contri- 
bution (like the spectrum for x=6.94) with a weight of -213 
and a tetragonal (or pseudotetragonal) contribution (like the 
spectrum in Ref. 18 for x=6.2) with a weight of -113. Of 
course, such decomposition of the spectrum for x=7.00 
should be considered very rough, but it reveals the main 
feature of the thulium NMR spectra in a field HLc, which 
can be also be seen in Fig. 2a, i.e., the fact that the relative 
weight of the peak at HI 1-0.189 OeIkHz (and therefore the 
relative proportion of the tetragonal component) increases in 
overdoped compounds as x increases from 6.94 to 7.00. If it 
is taken into account that the value of AGI(AG+A,) then 
tends to 213 (Fig. 3e), i.e., AGIAL increases to two, it must be 
assumed that the NMR spectrum of the sample with x=6.94 
already contains the tetragonal component in an amount ap- 
proximately equal to the orthorhombic component. We did 
not perform a detailed analysis of the "powder" Tm NMR 
spectra in a field HLc; however, it can be seen from the 
character of the evolution of the shape of these spectra with 
increasing x that the spectrum for x=6.94 occupies an inter- 
mediate position with respect to the relative height of the 
peak at HI v =  2 TI y, between the spectra for x=6.85 and 
x=7.0. This qualitatively confirms the assumption made 
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above. However, then the tetragonal component in the spec- 
trum for x=7.00 is actually not equal to 113, as in Fig. 4, but 
to 213, and it turns out, as a result, that the rapidly relaxing 
"edge" Tm ions (i.e., the ions located on the edges of the 
double ribbon) produce a pseudotetragonal spectrum, while 
the "medial" Tm ions (the ions along the middle of the 
double ribbon) produce an orthorhombic spectrum. 

Identification of the Tm spectra will help us to select the 
most probable form of the conducting ribbons in the Cu02 
planes and to understand the cause of the drastic difference 
between T2C and T2,>. It is clear that in a compound with 
orthorhombic symmetry (such as TmBCO,) a pseudotetrago- 
nal spectrum can be observed only when the local axes of the 
identical crystalline electric fields in neighboring ~ m ~ +  ions 
can be oriented in the (001) plane in four ways with equal 
probabilities. This condition is not satisfied in the scheme in 
Fig. 6a, while in the "staircase" scheme (Fig. 6b) with close 
packing of the ribbons it is satisfied in two pairs of edge Tm 
ions from two neighboring ribbons that are near to one an- 
other (they are marked in the figure by short thick lines in- 
clined to the right and the left). As for the medial TM ions, in 
the scheme in Fig. 6a they are all found in identical crystal 
fields at distances equal to -sod from one another, and in 
the scheme in Fig. 6b the equivalent Tm sites are separated 
by large distances (2ao within one ribbon and 3bo between 
ribbons). 

Using the ordering model devised, we can evaluate the 
relaxation times of the thulium nuclei T2 - I 6 (Ref. 17) 
and see how they agree with the measured values [here MZB 
is the contribution to the second moment of the Tm NMR 
line caused by a dipole-dipole interaction equal to 
- ( l j + l k - + I j - l k + )  between the equivalent Tm nuclei]. In 
our evaluations we used the formula for M,, in a tetragonal 
crystal: l7 

where ?=$ cos2 6+ 2 sin2 6, and 6  and cp are the polar 
angles of the field H in the crystallographic coordinate sys- 
tem. In order to be able to compare the calculated values of 
T, with the experimental values obtained in a field Hlla, we 
set 6 = d 2 ,  q=O, yl= yc , yl= yb. and ao=3.8 A in Eq. (5), 
and in the calculation of the lattice sums we restrict ourselves 
to only equivalent sites within one plane (in Fig. 6 they are 
denoted by identical symbols). Then the evaluations for the 
staircase model (Fig. 6b) give T2=70 ,us for the edge Tm 
nuclei and T2=380 ,us for the medial nuclei, i.e., the calcu- 
lated values of T2 agree not only qualitatively, but also quan- 
titatively with the measured values of T2, and T2, (Fig. 3d). 
Similar evaluations for a model of the type depicted in Fig. 

6a give times equal to 40 p s  and 110 ps, which are signifi- 
cantly shorter and differ from one another considerably less 
than do the experimental values. 

As we noted above, in the spin-spin relaxation of Cu(2) 
nuclei described by Eq. (3) there can also be two different 
characteristic times: TGl  =60 ,us and TG2= 110 ps  (Fig. 3f). 
The latter value corresponds to 113 of the total number of Cu 
nuclei (Fig. 3g); therefore, it is natural to assign it to the 
medial Cu(2) spins in a conducting ribbon. This assumption 
is sufficient for once again choosing the "staircase" ordering 
scheme. In fact, the value of T,, scarcely differs from the 
single characteristic time TG for the Cu(2) nuclei in 
TmBC06,98 (Ref. 19). This means that in TmBCO, the sur- 
rounding Tm nuclei do not have any effect on the spin-spin 
relaxation of the medial Cu(2) nuclei, as the intrinsic values 
of T2 for these Tm nuclei are much greater than TG . A simi- 
lar situation can arise when the Tm spins closest to the Cu(2) 
do not include any which occupy equivalent sites and would 
therefore have identical Larmor frequencies and small values 
of T,. It is seen from Fig. 6 that this situation is realized in 
the staircase scheme. 

After adopting a two-component model for interpreting 
the spin-spin relaxation of copper, we should naturally at- 
tempt to extend it to the Cu(2) NQR spectra. Analysis shows 
that in the TmBCO, samples with x=6.92-7.00 the shape of 
the Cu(2) NQR line at 31.05 MHz is best described by a 
superposition of two Gaussian curves (the solid lines in Fig. 
2b) with the mean-square half-widths A1=500 kHz and 
A2=200 kHz and a relative intensity of the broader compo- 
nent SI/(S,+ S,), which, like the relative number of rapidly 
relaxing copper nuclei (Fig. 3g), decreases as the oxygen 
index increases (Fig. 3j). In the middle of the region of the 
overdoped state (x=6.96) we have Sl :S2=A1:A2=2:I .  
Considering this ratio once again from the standpoint of the 
staircase model, we can conclude that the narrow component 
of the Cu(2) NQR line, whose intensity increases as the 
TmBCO, samples approach the stoichiometric composition, 
is due to the medial copper ions with the long time T,,. As 
we have already noted, as x+7.0, this component undergoes 
an additional increase (for reasons still unknown), and the 
values of S I  /(S, + S,) therefore drops below the 213 level in 
the x =6.98 -7.00 region. 

Summarizing the results of our research, we see that they 
are consistent with the conception of quasi-one-dimensional 
ordering of the charges and spins in the CuO, planesi5 and, 
in addition, point to a specific scheme for this ordering of the 
staircase type (Fig. 6b). If this conception is correct, staircase 
ordering can occur in all cuprate superconductors containing 
Cu02 planes. Therefore, confirmation of this conception can 
be sought in experimental data pertaining not only to the 123 
system, but also to other high-Tc superconducting com- 
pounds. Among these experimental findings we mention only 
the three most important. 

1. The observation of a corrugated surface on a cold- 
cleaved single crystal of YBCO, (a CuO chain layer) with a 
period of 13 A, which is approximately equal to three times 
the lattice constant 3bo, by means of scanning tunneling mi- 
croscopy at T=20 K was reported by Edwards et ~ 1 . ~ ~  They 
attributed the observed corrugations to spin-density waves in 
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the CuO chains; however, it cannot be ruled out that CuO 
chains, in which the oxygen atoms are easily displaced from 
their equilibrium positions, could play the role of a probe for 
charge-density waves in the Cu02 planes in this particular 
case. In any event, the observed period of the corrugations 
coincides with the value following from the model depicted 
in Fig. 6. 

2. As the recent investigations of the photoemission 
spectra of Bi2Sr2CaCu208+x (Bi2212) showed,24 the con- 
ducting CuO, planes are characterized by the presence of a 
~ ( 2 x 2 )  superstructure. Such a superstructure can probably 
be observed, if staircase ordering is realized in the twinned 
crystals. 

3. The geometry of conducting ribbons of the staircase 
type should place some restrictions on the directions "al- 
lowed" for the wave vectors of the current carriers (k11[100] 
and k11[010]). This should create gap anisotropy in supercon- 
ducting cuprates. It has been reportedz5 that the gap for 
k1)[100] and k11[010] in Bi2212 is equal to 2025 meV and 
that the gap for k11[110] is equal to 5 2 5  meV. According to 
the model in Fig. 6b, this can simply mean that the concen- 
tration of current carriers with klI[110] and the corresponding 
density of states at the Fermi level are small. 

In all the preceding arguments we essentially utilized 
only the geometric properties of the ribbon model and totally 
ignored its magnetic properties. Nevertheless, the question of 
the magnetic properties of the conducting ferromagnetic rib- 
bons is certainly one of the key issues. The appearance of 
strong magnetism in the CuO, planes should be "detected" 
at once by the Cu(2) nuclei (the effect may not be manifested 
in the Tm NMR spectrum, since the ~ m ~ +  ion occupies a 
centrosymmetric position). It is known, for example, that in 
antiferromagnetic YBC06 a field Hin,=80 kOe directed per- 
pendicularly to the c axis acts on the Cu(2) nuclei.26 The 
conspicuous absence of any static magnetic effects (anoma- 
lies in the magnetic susceptibility or large NMRINQR shifts 
due to strong local fields) in our case compels us to assume 
that the ordering of the charges and spins in a Cu02 plane 
can be dynamic, rather than static, by nature. In such a case 
it would be more correct to speak about one-dimensional or 
"ribbon" correlations of the spins and charges in Cu02 
planes, rather than about ordering. In Refs. 27 and 28 the 
correlation time of the hyperfine magnetic field fluctuations 
in the Cu(2) nuclei in YBCO, was evaluated on the basis of 
experimental nuclear relaxation data: T, = 2X 10- l5 s. If we 
identify this time with the lifetime of a hole on a medial 
Cu(2) ion and assume that the arrival of a hole at a neigh- 
boring Cu(2) site is accompanied by spin flip, we see that, as 
a result of the very fast fluctuations of the local fields caused 
by such spin flips of the copper nuclei, the mean local field in 
the Cu(2) nuclei will be equal to zero, and the transverse 
relaxation rate 

will be small (-600 s-') in comparison with the relaxation 
rate resulting from the spin-spin interaction.') 

Thus, under the conditions of rapid hole hopping, the 
magnetism of the conducting ribbons can have no effect on 
the Cu(2) NQR characteristics at helium temperatures. How- 

ever, as the hole concentration in the Cu02 planes decreases, 
the value of 7, should increase, and this can result in a de- 
crease in T2 so drastic that observation of the spin-echo sig- 
nals of the Cu(2) nuclei becomes impossible. We assume that 
the "loss" of 113 of the integrated Cu(2) NQR intensity of 
TmBCO, is observed for just this reason when the oxygen 
index decreases from 7.00 to 6.98 (see Fig. 3f). The 123 
system apparently undergoes a phase separation when there 
is an oxygen deficiency while the optimal hole concentration 
[about 116 per Cu(2) atom] is maintained in most of the 
volume. At the same time, the hole concentration in the in- 
tervening regions, which occupy a small part of the volume, 
decreases rapidly (the structural defects have the form of 
layers, i.e., they form in accordance with the basic properties 
of the layered structure2'). To support our conjectures, we 
recall here the results in Ref. 30, in which inelastic neutron 
scattering on the 4 f states of ~ 0 ~ '  ions in HoBa2Cu,0., and 
HoBa2Cu408 was studied and it was discovered that the crys- 
talline electric field on the H O ~ +  ions in a small (- 10%) part 
of the volume of the sample has special properties. Interpret- 
ing the asymmetric line shapes in the inelastic neutron scat- 
tering spectrum of overdoped HoBa2Cu3O6,,, Mesot and 
~ u r r e r ~ '  showed that the asymmetry is attributable to charge 
fluctuations of the C U ~ + O - ~ + "  (ground state)*~u+*+*~-* 
(excited state) type in the Cu02 planes. If it is assumed that 
the additional broadening of the line of the excited state ob- 
tained as a result of treatment of the experimental data ( r  
=0.7-0.4=0.3 meV) is due completely to the finite lifetime 
of that state T,, the lifetime of a hole in a Cu(2) ion can be 
obtained from the relation T,= h/T: T,= 2.2X 10-12 s. When 
the correlation time is such, the transverse nuclear relaxation 
rate (6) is extremely large (7X lo5 s-') and the observation 
of a pulsed Cu(2) NQR signal becomes impossible. A final 
answer to the question of the reasons for the disappearance 
of 113 of the Cu(2) NQR intensity in our experiments can be 
given only after additional research. It is perfectly likely that 
the "depressed" NQR signal of copper can be detected (as in 
cobalt-doped YBC07 samples3') over a broad range of fre- 
quencies from 6 to 130 MHz at 1.5 K. 

Concluding the discussion, we should make two re- 
marks. 

1. Although all the experimental results pertaining to the 
spectra and spin-spin relaxation of Tm and Cu(2) nuclei have 
been interpreted in this paper in the ribbon model, we do not 
rule out the possibility of explaining these results in other 
ways. The ribbon model was used here, because we were 
able to account for the entire set of findings as a whole with- 
out any perceptible contradictions with experimental data ob- 
tained by other methods only on the basis of this model. 

2. Having given preference to the ribbon model, we 
should try to predict its most important consequences and list 
the physical phenomena by which it might be independently 
confirmed. The most clear-cut support would be provided by 
the discovery of the superstructure in RBCO, compounds of 
stoichiometric composition by diffraction methods. If such a 
superstructure exists, why hasn't it been observed? The dif- 
ficulties in observing it may be due to the short correlation 
length of the ribbon structure. It hardly exceeds the dimen- 
sions of twins, since the boundaries of the twins are charac- 
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terized by a reduced concentration of oxygen in the CuO 
basal planes and a reduced concentration of holes in the 
Cu02 planes.32 In fact, as follows from the high-resolution 
electron-energy-loss spectroscopy (EELS) experiments in 
Ref. 33, in YBC07 of stoichiometric composition synthe- 
sized by the standard solid-phase technology, the regions 
with a reduced oxygen concentration can be separated by 
distances of the order of tens of angstroms. We stress that 
success in diffraction experiments can be promoted by using 
samples with the optimal oxygen content corresponding to 
regular close packing of the ribbons. At smaller and larger 
values of x the conditions for close packing of the ribbons 
are violated, and there should be a resultant decrease in the 
correlation length of the ribbon structure. It has also not been 
ruled out that low temperatures are needed to observe the 
superstructure. Here it would be appropriate to mention the 
work of Wachter et in which a strong temperature de- 
pendence of the depolarization of the light reflected from the 
surface of a YBa2Cu408 single crystal was observed and it 
was theorized that this effect is caused by the formation of 
ferromagnetic microregions (such as magnetic polarons or 
bipolarons) in the crystal at temperatures below 200 K. 

The foregoing statements were made to stress that the 
ribbon correlations in the ordering of the charges and spins in 
Cu02 planes are possibly realized only at low temperatures 
and most probably have a local character, so that "local" 
methods employing only probes which do not distort the 
crystal structure, i.e., the main atoms in the crystal lattice, 
should be used to detect this phenomenon. The most prom- 
ising local methods are NMR, NQR, and the inelastic neu- 
tron scattering spectroscopy of rare-earth ions.30 In the NMR 
(NQR) spectra of nuclei which have a quadrupole moment 
we can expect, for example, to observe broadening (or split- 
ting) of lines as the temperature is lowered due to the differ- 
ences that appear in the intracrystalline electric field gradi- 
ents at inequivalent sites. We note that the broadening of the 
Cu(2) NQR lines in YBa2Cu307 at low temperatures has al- 
ready been noted many times in the l i t e r a t~ re , ' ~ ,~~  but the 
reasons for it have not yet been the subject of a serious 
analysis. 

4. CONCLUSIONS 

The 6 3 ~ ~ ( 2 )  NQR and 1 6 9 ~ m  NMR spectra of six 
TmBa,Cu30, compounds with oxygen concentrations x from 
6.9 to 7.0 have been studied at 1.5-4.2 K. The observed 
form of the spin-echo decay curves of the thulium and cop- 
per nuclei can be described most accurately by assuming that 
in the overdoped compounds (x>6.92) both spin systems 
contain two kinds of spins with different values for the spin- 
spin relaxation time T2 and that the number of rapidly relax- 
ing nuclei (T2=70 ,us for Tm and 65 ,us for Cu) is twice as 
great as the number of slowly relaxing nuclei (T2=400 ,us 
for Tm and 110 ,us for Cu). In the Tm NMR spectrum the 
pseudotetragonal component, which is reminiscent of the 
spectrum of TmBa2Cu3O6,, can be assigned to the rapidly 
relaxing centers, and the ordinary orthorhombic component, 
which resembles the spectrum of the ortho-I phase, can be 
assigned to the slowly relaxing centers. The 6 3 ~ ~ ( 2 )  NQR 
line shape is best described by a sum of two Gaussian curves. 

One of them, which has a mean-square half-width of 500 
kHz, can be assigned to the rapidly relaxing copper nuclei, 
and the other curve (200 KHz) can be assigned to the slowly 
relaxing nuclei. In general, the experimental results are con- 
sistent with the model of quasi-one-dimensional or "ribbon" 
correlations in the ordering of the spins and charges in the 
Cu02 planes. 

It has been discovered that the integrated Cu(2) NQR 
intensity at 4.2 K is 113 smaller in the spectra of the com- 
pounds with x=6.92, 6.94, 6.96, and 6.98 than in the spec- 
trum of the sample with x=7.00. This finding confirms the 
data in Ref. 14, which were obtained in copper NQR mea- 
surements at 300 K. The decrease in the Cu(2) NQR inten- 
sity by 113 as the oxygen index varies from 7.00 to 6.98 
apparently arises because the transverse relaxation time of 
the Cu(2) nuclei becomes excessively short in a certain por- 
tion of the volume of the substance with a reduced concen- 
tration of holes in the Cu02 layers. 
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')we note, incidentally, that with such a value of 7, the maximum rate of 
motion of a hole along a ribbon v - a , f i / ~ ,  is found to be approximately 
equal to 2.7X lo7 cmls, which, together with the effective mass of the 
current carriers m, , gives a Fermi energy of -0.2 eV. 
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