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Incidence of doped holes in the CuQO» plane on the AF state was studied by Cu(1l) nuclear quadrupole
resonance (NQR) in slightly doped YBa2(Cui—,Li,)306+. compounds. Inhomogeneous distribution of doped
holes in the plane was detected in the low temperature measurements of transverse (1/T>) and longitudinal
(1/T1) relaxation rates. We establish that at lower T the holes motion slows down and we estimate that the
holes localize finally in restricted regions (~ 3 lattice constants) in the Coulomb potential of the Li* ions. Also
we compared the hole behavior in slightly doped YBa2(Cui—;Li,)306+. samples with that in slightly doped
Y:-,CayBasCus0s. A stronger trapping potential of the in-plane Li* impurities was concluded as compared
to slightly doped Y:_,Ca,Ba>Cu3Os compound with out-of-plane Ca’** impurities.

1. Introduction. Intensive studies for last two
decades of the underdoped cuprates showed the occur-
rence at low temperatures of a magnetic-disordered state
of the Cu?*t spin system in the CuO, plane with mag-
netic properties similar to that of the spin-glass systems
[1-9].

A large amount of work has been devoted to the
Las_,Sr,CuO4 (LSCO) system, in which the “spin
glass” behavior has been explained by the freezing of
the spin degrees of freedom associated with the doped
holes [2, 10]. The magnetic disordered state has been
found quite different depending on hole doping.

(a) For hole contents p, < 0.02 in LSCO such
a low temperature magnetic disorder coexists with long-
range antiferromagnetic (AF) order in the CuO, plane
and with superconductivity at 0.05 < pp < 0.1. The
doping dependence of the transition temperature into
the magnetic-disordered state called “spin-glass” at the
range 0 < pp, < 0.02 was found to scale as Ty ~ pj, [2, 3].

(b) For larger hole dopings only short-range AF ex-
ists in the CuQ5 plane, but the magnetic disordered state
is observed up to pp ~ 0.1 [5, 11, 12], i.e., the mag-
netic disorder coexists with superconductivity at 0.05 <
< pp < 0.1. In this 0.02 < pp < 0.1 doping range the
phase transition of the spin system in the CuO; plane
into this low temperature “cluster spin-glass” state oc-
curs at Ty ~ 1/ps [2, 12]. So, although most studies
reveal inhomogeneous distributions of the doped holes,
there is no consensus so far on the interpretation of their
origin. Some suggest that at low doping the holes are
self-organized in ensembles called “stripes”, i.e., hole-
rich “rivers” separated by antiferromagnetic boundaries
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(see, for example, Refs. [13—18]). Others, based mainly
on experiments on other families of cuprates, consider
the trapping potential of the dopant, defects, and disor-
der as sources of the inhomogeneity ! [10,19-22].

Indeed, magnetic-disordered states of the CuO,
spin system have also been found in other under-
doped cuprates. The phase diagram [23] of underdoped
Y, ,CayBayCu3s06 (YBCOg: Ca) in which the hole
doping is controlled by the out-of-plane heterovalent sub-
stitution Ca?T — Y3* has been found to suggest [5] the
existence of both the spin-glass and the cluster spin-glass
states at pp < 0.035 and pp > 0.035, respectively. The
slightly doped YBCOg: Ca also reveal the inhomoge-
neous distribution of the doped holes at low tempera-
tures. Authors of the EPR study [24] concluded that
doped holes are organized in ordered structures in the
CuO- plane, but our NQR studies evidence that the im-
purity ions play an important role for such hole inho-
mogeneity [25]. Also, the disorder due to ion substi-
tution in the crystal structure was concluded as being
the source for the cluster spin-glass state in underdoped
YBa;Cu3064, (0 < z < 0.5) [22], i.e., for the hole in-
homogeneity as well.

The phase diagram of LSCO in which the hole dop-
ing is controlled by the in-plane heterovalent substitu-
tion Lit — Cu®?* was found similar to that in LSCO
and YBCOg: Ca, a boundary between two types of low
temperature magnetic disordered states was defined as
pr ~ 0.03 [26, 27]. However resistivity measurements
do not show metallic behavior nor superconductivity in
the LasLi, Cuy—,O4 compound [28]. This fact suggests
that behavior of the doped holes in the CuO2 plane with
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Lit impurities is different from that in the compound
with out-of-plane impurity ions.

In this paper we report the results of an extensive
study of the dynamics of doped holes and their distribu-
tion in the CuOs plane of the YBas(Cuj—,Li,)30614
(z = 0.005, 0.01, 0.02, 0.04 and 0.06, z < 0.1) AF
compound, in which the hole doping is achieved by the
heterovalent substitution Lit — Cu(2)?t in the CuO,
plane. Such heterovalent substitution produces 3z/2
holes per unit cell in the CuO plane, i.e. the hole con-
tent in the samples must be p, ~ 0.0075, 0.015, 0.03,
0.06 and 0.09, respectively. However as it was shown
in [29], small batch-dependent part (15% maximum) of
Li-atoms occupies the Cu(l) sites. Such substitution
does not influence the hole doping of the planes. If we
suggest homogeneous distribution of Li atoms in Cu(1)
and Cu(2) sites then the hole doping is pr, = z. Thus es-
timation of the hole doping pp = 3z/2 is the upper limit
in our samples, but real doping is closer! to pp = 3z/2
than to p, = 2, and hereafter we will suppose that all Li
goes into the planes, so that pp, = 3z/2.

The Néel temperature exceeds 120K for all sam-
ples. The conducting properties of slightly doped
YBay(Cuj—,Li, )30 (YBCOg: Li) are not known but
this compound is not superconducting at any hole dop-
ing. This suggests that the behaviors of holes in
YBayCusz0Og with in-plane and out-of-plane impurities
are rather different. To compare with the situation in the
parent compound, we have done studies on the undoped
sample YBasCu3Og.09. Also we compared the hole be-
havior in slightly doped YBCOg: Li samples with that
in slightly doped YBCOs: Ca [25].

2. Experimental procedure and results. The
electronic magnetic moments of Cu(2)2* order antifer-
romagnetically below T = 420K for pure YBa;Cu3Os,
both within the CuO. plane and between the adjacent
planes, with moments aligned in the planes. A single
bilayer of CuO. planes produces a hyperfine magnetic
field of about 1kOe on the Cu(l) nuclei [30]; but in
the actual crystal it cancels out due to the symmetric
position of Cu(1l) with respect to the two neighboring
Cu(2) ions pertaining to adjacent CuO. bilayers. So,
for the nuclear spins of the nonmagnetic Cu(1)™ ion one
observes a pure nuclear quadrupole resonance (NQR)
spectrum at vo = 30.2MHz for 3Cu at 4.2K. A con-
sequence of this cancellation of the internal field is that
the Cu(1) nucleus is a good probe of what is happen-
ing in the planes. One can expect that the disturbance
of the AF network by doped holes will inevitably break
down this cancellation and influence both spectroscopic
and dynamic properties of the Cu(1) nuclear spins. Such

an influence was observed for YBay;Cu3QOg4, (z = 0.1—
0.4) [31] and for YBCOs: Ca [25].

Samples of YBCOg: Li, with z = 0.005, 0.01, 0.02,
0.04 and 0.06 and concentrations of oxygen 0.05 <
< z < 0.1, and a reference powder sample of undoped
YBasCu3z0g.99 were prepared by standard solid-state
reaction. These samples are called below as Li0.5%,
Li1%, Li2%, Li4%, Li6% and YBCOg, respectively.
A home-built-pulsed NMR/NQR spectrometer was used
for measuring Cu(1) NQR spectra and relaxation.

2.1. Transverse nuclear relaxation of Cu(1). The
transverse decay curves were obtained by varying the
delay T between the two radio frequency pulses of a stan-
dard spin-echo sequence (7/2—7—m) allowing to pro-
duce a spin echo A(27). For the transverse relaxation
the fitting function used was

A(27) = A(0) exp [_ (QT/TQ)M] . (1)

The spin-echo decay curves of Cu(1) nuclei in the refer-
ence YBCOjg sample could be fitted well by Eq.(1) with
N2 > 1, and was found independent of temperature in
all the temperature range studied, from 4.2 to 300 K.

In all Li-samples a peak in the T variation of the
transverse relaxation rate of Cu(1) is observed. At tem-
peratures close to this peak temperature the spin echo
decay curves cannot be fitted by Eq.(1), but at tem-
peratures far from the peak a good fit is obtained with
N2 ~ 1. One can perform a complete analysis of the
data by assuming that there are two types of copper sites
with different nuclear transverse relaxation rates. Simi-
lar behavior of the transverse relaxation Cu(1) was found
in slightly doped YBa;Cu3Ogs4, (0 < 2z < 0.4) [31] and
Y,_,Ca,BasCu3O0¢ (y = 0.02 and 0.04) [25]. Then the
best fitting procedure was obtained using Eq.(2) which
includes a fraction P of fast relaxing component with
a “stretched”-exponential relaxation curve and a long
relaxing fraction 1 — P with a pure exponential relax-
ation curve (Fig.1),

A(27) = A(0) { P-exp [_ (2T/T21)N2] +

+(1— P)exp [— (2T/T22)] } 2)

It was established for all Li-samples that the peak
at low T corresponds to the fast relaxing Cu(l) nu-
clei (Fig.2a), and that the behavior of the slow relax-
ing Cu(1) nuclei is similar to that in undoped YBCOs.
Thus slow relaxing Cu(1l) nuclei are not “sensitive” to
hole doping. The N2 parameter in function (2) related
to the fast relaxing Cu(1l) reaches a minimum value at
the temperatures of the peak (Fig.2b).
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Fig.1. The Cu(1l) echo decay curves in the Li2% sample

at certain temperatures. Solid lines are fitting results by

Eq.(2), which resumes to the single component Eq.(1) for
the two extreme temperatures, 52 and 4.2K

In all YBCOg: Li samples we detected another peak
in the transverse relaxation rate Cu(l) at T ~ 65—
70 K. The temperature of the peak doesn’t depend on the
hole content and the maximum value of 1/T5 increases
with doping. A similar behavior of the Cu(1) nuclear
transverse relaxation at 7' ~ 65— 70K was observed in
slightly doped YBa;Cu3O0g4, (0.1 < z < 0.4) [31] and
Yl_yCayBaQCU306 (y = 0.02 and 004) [25] In this
temperature range the analysis of the spin-echo decay
curves measured in the YBas(Cuy_,Li,)306 (2 = 0.02,
0.04 and 0.06) samples showed that it is not possible
to separate the curves into two contributions by Eq.(2).
Good fits are obtained with Eq.(1) with a nearly expo-
nential behavior (that is N2 ~ 1) (Fig.2b). Thus we
conclude that the peak at T' ~ 65-70K in samples with
z = 0.02, 0.04 and 0.06 is due to transverse relaxation
rate enhancement of all Cu(1) nuclei. In samples with
the smallest Li substitutions (z = 0.005 and 0.01) fitting
by Eq.(1) gives N2 < 1 at T ~ 65-70K. This evi-
dences a distribution of the transverse relaxation rates,
i.e. only part of Cu(1) nuclei shows an enhanced trans-
verse relaxation.

2.2. Longitudinal nuclear relaxation of Cu(1).
The longitudinal relaxation recovery curves were
obtained using the standard three-pulse techniques
(w/2)—t' —(n/2—7—x) where the first /2 pulse satu-
rates the NQR line, and the spin-echo sequence allows
to measure the recovery A(t') of the longitudinal nuclear
magnetization after the evolution time #'. The curves
measured for all samples were fitted by function:

A(t") = A(co) {1 — B -exp [—(t’/TI)NI] } G

Data for the undoped reference sample are well fit-
ted in all the (4.2—150K) temperature range with N1 ~
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Fig.2. (a) Temperature dependence of transverse nuclear
relaxation rate of ®*Cu(1) in the samples Li6% (circles),
Li4% (triangles), Li2% (squares) and YBCOs (black cir-
cles). Gray symbols represent the T>~*(T') obtained from
experimental data with fitting function (1), open sym-
bols are Ts1~!(T) of the fast relaxing Cu(1) nuclei ob-
tained with fitting function (2) for YBCOsg: Li. Inset:
T-dependence of the T>~'(T) of ®*Cu(1) in the samples
Li1% (rhomboids), Li0.5% (stars) and YBCOs (black cir-
cles). Gray arrows point to the Tb; *(T) peaks. (b) T-
dependence of N2 in Equation (2) for the samples Li6%
(circles), Li2% (squares) and Li0.5% (stars). Gray arrows
point to the minimum of N2

~ 0.65, i.e. suggesting non-exponential relaxation; the
1/Ty was found almost temperature independent. The
data analysis using function (3) showed a peak in the T
dependencies of 1/T; in the Li-samples with z = 0.02,
0.04 and 0.06 at T ~ 50K, ~ 31K and ~ 29K, re-
spectively (Fig.3a). Such a peak in the longitudinal re-
laxation of Cu(1) was not found in the Li-samples with
z =0.005 and z = 0.01.

For the Li-samples with z = 0.04 and 0.06, the longi-
tudinal relaxation recovery curves measured at tempera-
tures close to the 1/T} peak values cannot be fitted well
enough by function (3). As for the T, analysis, the shape
of the curves suggests two contributions in the longitudi-
nal relaxation originating from two kinds of Cu(1) nuclei
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Fig.3. (a) The temperature dependence of the longitudinal
relaxation rate of ®*Cu(1) in the samples Li6% (grey cir-
cles), Li4% (grey triangles), Li2% (grey squares) and ref-
erence sample YBCOg (black circles). The values of 1/T
are obtained by fitting the longitudinal relaxation recovery
curves by function (3). The 1/Th; of fast relaxing Cu(1)’s
for the Li6% sample (open circles) were obtained by Eq.(4)
as discussed in the text. Gray arrows point to the 1/T1;
peaks. (b) Longitudinal relaxation recovery curve for the
Li6% sample measured at temperature T = 28.7 K (open
circles). The solid line is the best fit by Eq.(4)

with very different relaxation rates (Fig.3b). This dis-
tinction by 1/T; of two kinds of Cu(1) nuclei was also
found in slightly doped Y;_,Ca,BasCu3O¢ (y = 0.02
and 0.04) [25]. There it was found that the longitudinal
relaxation was enhanced only for part of the Cu(1) nu-
clei. Other Cu(1) nuclei keep a T value equal to that
out of the peak in Ty *(T'), close to that of the undoped
reference sample. The longitudinal relaxation recovery
curves were fitted by function [25]:

A(t') = A(o0) - l{1 —B-exp [_(t'/TH)N”] } n

+C- {1 — B -exp [—(t’/le)le] }] : (4)

where T7; and T, were the longitudinal relaxation times
of fast and slow relaxing Cu(1) nuclei. We applied this
function to our data measured for the Li6% sample (an
example of fit for T' = 29 K is shown in Fig.3b). The val-
ues of 1/T13, Ni2 and the saturation factor B obtained
at certain temperatures out of the 1/T; peak were im-
posed in the fits of the function (4). The 1/T41(T') values
for fast relaxing Cu(1) nuclei are shown in Fig.3a. For
the Li2% and Li4% samples the difference between re-
laxation rates of fast and slow relaxing Cu(1) were found
rather small as compared to that found for YBCOg: Ca
samples. Therefore the fits with Eq.(4) do not give re-
liable estimates of the relaxation parameters for these
z values. Nevertheless we can conclude that in slightly
doped YBay(Cu;_,Li,)306 with z > 0.02 the Cu(1) nu-
clei also separate into fast and slow relaxing components.

3. Discussion. 3.1. Low temperature “spin-glass”
state. The '3°La NQR data obtained in the undoped
La;CuO4 compound with spin-less Zn?t impurities
which substitute the plane Cu?t ions has revealed that
a peak in the T dependence of 1/T; occurs at temper-
atures of about 70-100K [32]. The authors suggest
that this modification of the longitudinal relaxation rate
can be driven by fluctuations of local moments induced
by spin-less impurities. In reference [25], an undoped
YBCOg: Zn,Tm compound was studied, where a small
part (2%) of the Cu(2)2* plane ions was substituted by
the iso-valent Zn?*t spin-less impurity and 5% of Y3t
were substituted by iso-valent Tm®*. Due to the differ-
ent ionic radii, such substitutions still create some disor-
der in the YBCO structure. However, no modification of
the longitudinal and transverse relaxation rates of Cu(1)
nuclei was found at low temperatures.

Therefore the peaks in the Cu(1) relaxation rates ob-
served in YBCOg: Li are not driven by the disorder in-
troduced by impurities. We rather conclude that it is
the slowing down of the doped holes motion that gives
rise to slow magnetic fluctuations on the Cu(1) sites and
results in the enhancement of the longitudinal and trans-
verse relaxations of Cu(1l) nuclei at low temperatures.
This is supported by the fact that a similar behavior of
the Cu(1) relaxation is observed in other lightly doped
YBCO cuprates: YBayCuszOgy, (0.1 < z < 0.4) [31]
and Yl_yCayBazcugoe (y = 0.02 and 004) [25] Un-
fortunately the accuracy of our 1/T; and 1/T> data for
fast relaxing copper were not enough to decide whether
the relaxations are produced by fluctuating magnetic or
electric field. In YBCOg: Ca the 1/T» of fast relaxing
85Cu(1) at the peak temperature was larger than that for
63Cu(1). Since the gyromagnetic ratio for 5°Cu is larger
than for ®3Cu, contrary to the quadrupole moments, this
indicates the magnetic origin of the relaxation. We can
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also conclude that the transverse relaxation in our case
is not determined by the nuclear magnetic dipole-dipole
interactions, because the natural abundance of %°Cu is
more than two times less than that of %3 Cu, and 1/} for
65Cu would be less than for 82 Cu due to this mechanism.

The peak in longitudinal relaxation rate appears
when the fluctuations become slow enough to reach the
Cu(1) NQR frequency 3-107 Hz. As for the enhancement
of the transverse relaxation rate, it only occurs when the
rate of magnetic fluctuations becomes as low as 1/T5,
i.e., of the order of tens kHz [33, 34]. The enhancement
of the nuclear longitudinal relaxation rate is produced by
the fluctuations of magnetic field perpendicular to the
quantization axis of the nuclear-spin system [35]. On
the contrary, the enhancement of transverse relaxation
rate is produced mainly by the low-frequency fluctua-
tions parallel to the quantization axis [35].

In YBCOg: Li in the absence of external magnetic
field, the quantization axis for the nuclear spins of the
twofold-coordinated Cu(1) coincides with the principal
axis of the axially symmetric tensor of electric-field gra-
dient and is parallel to the crystallographic ¢ axis. The
existence of peaks for both longitudinal and transverse
relaxation rates indicates that the fluctuating magnetic
fields have components both perpendicular and parallel
to the c-axis. The latter apparently appear due to the
out-of-plane components of the electronic magnetic mo-
ments of Cu(2)?* located near the doped hole [2, 3, 10].
The enhancement of the longitudinal relaxation rate,
which can be assigned to the loss of hyperfine field
compensation at the Cu(l) site was observed in our
YBCOs: Li only for dopings pp, > 0.03 (z > 0.02). But
the 1/T, peak caused by the fluctuating out-of-plane
component of the Cu(2)2* is observed in all Li-doped
samples, i.e. at pp > 0.0075. Both kinds of mag-
netic fluctuations occur due to the motion of the doped
holes in the CuO, plane. In Ref. [36] authors showed
that heterovalent substitution in cuprates (of the kind
Ca?™ — Y3t in YBCOg: Ca) gives rise to the appear-
ance of the thermally activated doped holes in the CuO»
plane.

The freezing of these spin degrees of free-
dom in the slightly doped Las ,Sr,CuOy4
(z < 0.02) [2, 5], LasCu;_.Li,04 (2 < 0.03) [27],
and Y;_,Ca,BasCu30¢ (y < 0.07) [5] at T' < Ty gives
rise to the transition of the plane Cu?* spin system into
the disordered magnetic state called “spin glass” which
is superimposed on the pre-existing AF long-range
order with Ty ~ pp. The Ty obtained in our study as
the peak temperature in Ty *(T') is smaller in Li0.5%
(pn = 0.0075) than in Li1% (ps = 0.015): respectively,
32K and 38K (Fig.4). These data suggest that the
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50 r ® YBCOg:Li-our data, NQR Cu (1)
45 0 YBCOy:Ca-mSR, Ref. [5]

40+ 0 YBCO,:Ca-NQR Cu (1), Ref. [25]
35k 4 YBCO4:Ca-mSR, Ref. [37]

Fig.4. Ty and T, in slightly doped YBCOs: Li and
YBCOg: Ca. SG and CSG are spin-glass and cluster spin-
glass states in the picture

Cu(2) spin system in YBCOg: Li (z < 0.01) transfers
at T < Ty to the type of low temperature spin-glass
state reported in Ref. [2, 5, 27]. The linear behavior
of Ty has been explained theoretically in [10] if the
freezing of transverse degrees of freedom is associated
with the many-Skyrmion spin texture produced by
randomly distributed defects. Our samples do not
show the linear behavior of T} as well as that found in
YBCOg: Ca [25, 37] and LSCO [15].

In the YBCOg: Li with z > 0.02 (pr > 0.03) the
transition temperature to the disordered magnetic state
obtained as the peak temperature in the Cu(1l) trans-
verse relaxation rate becomes lower with increasing hole
doping (Fig.4). Such an evolution is consistent with the
transition below T, of the plane Cu®" spin system into
the disordered magnetic state called “cluster spin glass”
with Ty ~ 1/ps [1, 5, 27]. In reference [20] the interac-
tions between more than two Skyrmion impurity states
was considered as a possible origin of the cluster spin
glass phase. The CuQO- spin system undergoes a phase
transition into the cluster spin glass state at T < T
in which the clusters of the AF correlated spins freeze
due to their mutual interaction below T, estimated by
authors of Ref. [2] as Ty ~ 1/psp. In YBCOG6: Li with
z > 0.02 (pr, > 0.03) the temperatures of the 1/T, peaks,
which might be assimilated to T,, ! has an evolution
with hole doping close to Ty ~ 1/ps. Thus the bound-
ary in the phase diagram between two kinds of the dis-
ordered magnetic states is located in the range 0.015 <
< pp < 0.03. This boundary in the LasCu;_,Li,O4 was
found at z = pp ~ 0.03 [27].

3.2. Doped hole distribution in the CuQOs plane.
The origin of the peaks in the Cu(1l) transverse relax-
ation rate at T ~ 65—-70K is not clear now. This
peak was found in slightly doped YBasCu3Og, [31]
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Fraction P of the fast relaxing Cu(1) nuclei and area S of the CuOz2 plane occupied by localized holes at the T of the
1/T> peak in the samples YBCOg: Li and YBCOg: Ca [25]

Sample YBaz(Cul_zLiZ);’,Oe Yl_yCayBazcu;’,Oe
X, Z 0.005 0.01 0.02 0.04 0.06 0.02 0.04
(pr) | (0.0075) | (0.015) | (0.03) | (0.06) | (0.09) | (0.01) (0.02)

P 27(3)% | 57(2)% | 89(2)% | 86(2)% | 89(2)% | 60(4)% | 85(3)%
s 14(2)% | 34(2)% | 67(2)% | 63(2)% | 67(2)% | ~40% ~60%

and Y;_,CayBayCu3O¢ (y = 0.02 and 0.04) [25] com-
pounds, but was not found in our undoped YBCOg nor
in undoped YBCOg: Zn,Tm [25]. Thus we assume that
the 1/T> peak at T ~ 65-70K is due to mobile holes
behavior and not due to the disorder. In [25] we con-
cluded that the homogeneous distribution and free mo-
tion of the doped holes occurred above the temperature
of this peak in slightly doped YBCOg: Ca. Even at the
doping pr, = 0.01 an enhancement of the transverse re-
laxation rate was seen for all Cu(1) nuclei. As for Li
samples studied here, fitting the T' ~ 65-70K data by
equation (1) shows an enhancement of all Cu(1)’s in our
YBCOs: Li samples only for z > 0.02 (pp, > 0.03). Thus
the holes in slightly doped YBCOg: Li compound with
in-plane Lit impurities seem to be more bound with
the impurity center than in slightly doped YBCQg: Ca
compound with out-of-plane CaZt.

The observed separation of the transverse and lon-
gitudinal relaxation rates of Cu(1) nuclei into two kinds
evidences an inhomogeneous distribution of the doped
holes at low temperatures. The impurity ions likely play
an important role in this inhomogeneous distribution of
the holes and in the emergence of spin-glass behavior,
as it takes place, for example, in LSCO, where part of
trivalent La®* is replaced by divalent Sr?* [10, 20]. It is
natural then to assume that the in-plane Lit ions, which
are centers of electrostatic attraction for the holes as
well, are the relevant pinning centers for the doped holes.
Therefore at low temperatures one can expect that the
motion of the doped holes is localized in the vicinity
of the Lit sites, so that the fraction P of fast relaxing
Cu(1) nuclei (see Table), which sense the slow magnetic
fluctuations induced by slow motion of the doped holes
in the CuQO, plane, is a measure of the spatial extent of
the regions with localized holes. The fraction 1 — P of
other Cu(1) nuclei has relaxation rates similar to that
at Cu(1) in hole-free YBCOg which points out that they
are far enough from the regions where holes localize.

The area occupied by holes at the temperatures of the
peak in 1/T> Cu(l) can be estimated from the fraction
P of fast relaxing Cu(1). In this case the area is defined
as S = 1—+/1 — P if the hole motion is not correlated in
adjacent CuO- planes. The obtained values of the area S

are gieven in Table for all YBCOg: Li samples. However
if one of the components in the Cu(1) transverse relax-
ation rate exceeds the other one by more than a factor 4
or 5, the error on the estimated P becomes substantially
bigger than that shown in Table. Moreover S has a fast
variation for P values close to 1. For example, a varia-
tion of P from 0.9 to 1.0 changes S from 0.68 to 1. Thus
the estimation of the area occupied by doped holes seems
not very reliable for YBCOg: Li samples with z > 0.02.
However, comparing the area S in slightly doped sam-
ples YBCOg: Ca [25] and YBCOg: Li at similar hole
doping suggests stronger bonding of the holes with n-
plane Li* ions than with out-of-plane Ca?* ions.

Our present study also allowed us to evidence that
the freezing of the magnetic fluctuations at Cu(1) site
occurs in YBCOQg: Li at higher temperatures than in
YBCOgs: Ca (Fig.4). This also suggests a stronger
trapping potential of the in-plane Lit impurities. The
stronger influence of the LiT impurity potential on the
doped holes is also supported by the other facts. First,
the superconductivity in YBCOg: Li is not induced at
any doping level, while YBCQOg4: Ca shows supercon-
ducting properties at high enough doping [38]. Second,
Cu(2) ZFNMR experiments performed in YBCOg: Ca
and YBCOg: Li [39] showed wipe-out effect in the
YBCOg: Ca compound, but in YBCOg: Li the wipe-out
effect wasn’t complete for similar hole dopings. More-
over, muon spin rotation experiments in the same com-
pounds showed that T 5 decreases slower with doping in
YBCOg: Li than in Ca-doped YBCOg (Fig.5).

The size of the microscopic regions occupied by holes
cannot be directly obtained from our NQR experimental
data and requires at least some further analysis. In [25]
we estimated the size of the regions by using a simple
model in which the doped holes regions formed around
Ca?t impurities are disks in the CuO, plane. Square
samples (100 x 100 lattice constants) of the CuO, plane
were considered, with the Ca impurities at random po-
sitions. The disk diameter was increased until the total
fractional area occupied by the disks reached for both
samples of YBCQg: Ca the experimental values of S
obtained from NQR data. This procedure took into ac-
count the overlapping of the disks. Radius of the disks
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Fig.5. Comparison between the Néel temperature for
YBCOg: Ca with that for YBCOg: Li compounds obtained
from muon spin rotation

for YBCOg: Ca (pn ~ 0.01 and 0.02) samples was esti-
mated as r;, ~ 4 lattice constants at temperature of the
peaks in 1/T%. Using the same model for our YBCOg: Li
samples with pp ~ 0.0075, 0.015 and 0.03 we obtained
rp ~ 3 lattice constants. Even taking into account that
the real hole doping pp, in our samples might be slightly
less than 3z/2, the estimation of rp, will not change dras-
tically. The distance between impurities in the CuO,
planes is | ~ 1/,/pp, so the size S of the disks for sam-
ples with z < 0.02 is less than the mean distance, i.e.
2rp, < 1. Thus one can explain the linearity of S(py) with
hole doping at z < 0.02 obtained from the Table data
by assuming that the single impurity regime occurs then
in the CuO> plane. In this regime the microscopic re-
gions occupied by doped holes are not overlapping. One
expects that at temperatures much smaller than T, the
doped holes are completely localized on fixed orbitals
around the Li™.

4. Conclusion. In conclusion, our Cu(l) NQR
study of slightly doped YBas(Cu;_,Li,)306+., has pro-
vided evidence for an inhomogeneous distribution at low
temperatures of the holes doped into the CuO. plane
by the heterovalent substitution Lit — Cu(2)**. It
was found that part of the Cu(1) nuclei has the same
transverse relaxation rate as in undoped YBasCusQOg.gg
sample. Thus part of the Cu(1) nuclei does not sense
any hole motion in the CuQOs plane. This inhomoge-
neous distribution of doped holes was also detected in
the low T' measurements of 1/7, in the samples with
z > 0.02. At low temperatures the doped holes localize
in restricted regions in the vicinity of the Li* pinning
centers. The analysis of the spin-echo decay curves has
allowed us to show that the area of these regions in the
CuO; plane scales with p at the smallest hole dopings.
At the temperature at which 1/T5 is maximal, the radius
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of the regions occupied by holes is estimated as r, ~ 3
lattice constants around the impurity ions. This value
is less than that estimated for YBCOg: Ca samples [25].
Moreover, the distribution of the Cu(1l) nuclear relax-
ation rates observed at the second peak value of 1/T5
(T ~ 65—-T0K) also suggests that doped holes are more
strongly bound with the in-pane Li™ ion than with the
out-of-plane Ca?" ions in Y;_,Ca,BasCu30s.

The observed peaks in 1/T» and 1/T; allowed us
to evidence that a slowing down of the magnetic fluc-
tuations at the Cu(1) sites is induced by the doped
hole motion. The evolution with doping of the transi-
tion temperature to the magnetic disordered state sug-
gests that the low temperature “spin-glass” regime oc-
curs in the YBCOg: Li samples at small hole doping
pr < 0.015-0.03 and that the “cluster spin-glass”
regime occurs for larger Li dopings. The boundary be-
tween these two regimes is close to that (p, ~ 0.03)
found for LasLi,Cu;_, 04 compounds [26, 27].
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