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We report a set of nuclear quadrupole resonance~NQR! measurements including a spin-echo double-
resonance~SEDOR! experiment which provides convincing evidence that the additional chain Cu NQR line in
Ca-substituted YBa2Cu4O8 does stem from chain Cu sites disturbed by the ‘‘impurity’’ Ca ions. From an
analysis of signal intensities we conclude that ‘‘impurity’’ Ca ions, responsible for the additional line, substitute
Y 31. At high Ca doping, the concentration of the substituted Y sites,x8, is appreciably smaller than the
nominal Ca concentration,x. Since it isx8 which is responsible for a direct increase of the hole charge-carrier
concentration,n, effects connected with the increase ofn such as the planar Cu spin-lattice relaxation rate, the
NQR frequency, and the magnetic shift are only weakly dependent onx. Thus, the substantial increase of
Tc with x suggests that, besides the increase ofn, other effects have to play a role in theTc enhancement. One
such effect might be the opening of the spin pseudogap. At 150 K, both the main and additional Cu NQR lines
in nominal YBa1.9Ca0.1Cu4O8 show distinctly anomalies not seen in pure YBa2Cu4O8 that point out the Ca
doping induced structural phase transition recently observed in specific-heat, elastic-neutron-scattering, and
x-ray-diffraction measurements.

I. INTRODUCTION

The superconducting transition temperatureTc of the par-
tially Ca-substituted YBa2Cu4O8 increases from about 81 K
up to 91 K.1,2 The highestTc is achieved in compounds with
nominal chemical composition YBa1.9Ca0.1Cu4O8 ~Ref. 3!
or Y0.9Ca0.1Ba2Cu4O8.

1 To understand this substantialTc
enhancement it is crucial to know which of the two different
ions, Y31 or Ba21 the Ca21 is substituting. Recently, we
had intensively investigated this problem by Cu nuclear
quadrupole resonance~NQR!.3 Based on the analysis of an
‘‘additional’’ chain copper Cu~1! NQR line, which appears
through Ca substitution, we concluded that the major fraction
of Ca occupies the Ba site. A similar conclusion was reached
on grounds of electron-energy-loss investigations,2 which
have shown almost no change of hole carrier concentration
in Ca-substituted YBa2Cu4O8 as compared to the pure com-
pound implying that Ca21 is replacing the isovalent Ba21.

From other investigations,4 however, it is known that in
contrast to the Ca substitution, the Sr21 replacement of the
isovalent Ba21 does not changeTc at all. Another argument
against the substitution of Ba21 by Ca21 is their big differ-
ence in size. If the involved ionic radiirBa21 ~1.42 Å!,
rSr21 ~1.26 Å!, rCa21 ~1.12 Å! and rY31 ~1.02 Å! are com-
pared one notices that whilerBa21 and rSr21 are still some-
what compatible, the mismatch betweenrBa21 and rCa21

could pose a problem, such that one would rather expect the
Ca ion replacing the more matching Y instead of the huge Ba
ion. In addition, by Ca21 replacing Y13 the charge carrier
concentration in the CuO2 planes would increase thus ex-
plaining in a natural way theTc enhancement of the origi-
nally underdoped YBa2Cu4O8.

In a number of recent investigations5–7 there is growing
evidence that Ca potentially substitutes Y rather than Ba in
YBa2Cu4O8. To reconcile the opposite views concerning
the site Ca occupies in YBa2Cu4O8 we decided to revisit the

problem by performing new NQR, nuclear magnetic reso-
nance ~NMR! as well spin-echo double-resonance
~SEDOR! experiments in old and new Ca-substituted
YBa2Cu4O8 samples. We were also stimulated by recent
observations of anomalies in the elastic constant and the spe-
cific heat,8 and in the temperature dependence of lattice
parameters9,10 around T85150 K in Ca21-substituted
YBa2Cu4O8, that are possibly caused by a second-order
structural phase transition, even though there is no change
observed in crystal symmetry.9

II. EXPERIMENT

The samples were prepared by heating up to 1000 °C un-
der high oxygen pressure11 a mixture of oxides with nominal
chemical composition YBa22xCaxCu4O8 (x50, 0.02, 0.05,
0.1!. X-ray diffraction revealed a single-phase polycrystal-
line material without observable traces of YBa2Cu3O7 or
Y 2Ba4Cu7O152d . Tc was determined by dc magnetic sus-
ceptibility measurements in a 0.9 mT magnetic field. The
onsetTc values as obtained from the field-cooled experiment
are given in Table I.

For the NQR and SEDOR experiments, we used unori-
ented powder samples, whereas the NMR experiment was
done on ac-axis oriented powder sample.

All measurements were carried out by using standard
pulsed spectrometers and the signal-to-noise ratio was im-
proved by the phase alternating add-subtract spin-echo accu-
mulation technique.

The NQR and SEDOR were done in zero external field.

TABLE I. Tc values of the nominal YBa22xCaxCu4O8 samples
used in the experiments.

x 0 0.02 0.05 0.10
Tc ~K! 81 82 88 91
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The spectra were obtained either by Fourier transformation
of the spin echo or by scanning the frequency in discrete
steps and integrating the spin-echo signal. The spin-lattice
relaxation time,T1 , was determined by NQR using the
inversion-recovery pulse sequence. The NMR was per-
formed in an external magnetic field,B0 , of 9.03 T and the
spectra were obtained by Fourier transformation of the spin
echo.

In all our resonance experiments we used a slightly
damped resonance circuit with a rather small coil~and con-
sequently small samples! to achieve, if necessary, very short
pulses and thus broad spectral excitation. To prevent spark-
ing we kept the probe head in nitrogen gas at a pressure of 3
bars.

III. RESULTS AND DISCUSSION

A. Chain Cu NQR frequency and relaxation time

At first, we performed a set of measurements to provide
convincing evidence, that theadditionalCu line ~AL !, which
appears about 600 kHz above themain chain Cu~1! line
~ML ! in Ca-substituted YBa2Cu4O8,

3,12 does indeed stem
from chain Cu sites disturbed by the ‘‘impurity’’ Ca ions.
In Fig. 1 we present precise results for the temperature
dependence of the AL and ML frequency from
YBa1.9Cu0.1Cu4O8 in comparison with corresponding Cu~1!
data obtained from pure YBa2Cu4O8. Figure 2 shows the
spin-lattice relaxation rate, 1/T1 , measured on the same AL
and ML compared again with 1/T1 of Cu~1! in pure
YBa2Cu4O8. Two issues concerning the AL and ML are
obvious from the figures, namely, the following.

~i! The NQR frequencies,nQ , and relaxation rates of the
two lines exhibit the same temperature dependence, however

their values differ.nQ and 1/T1 of the ML are almost the
same as the corresponding parameters of the chain Cu~1! line
of pure YBa2Cu4O8.

~ii ! nQ and 1/T1 of both the ML and AL in
YBa1.9Ca0.1Cu4O8 show distinctly an anomaly at 150 K not
seen in pure YBa2Cu4O8, that points out to the doping in-
duced structural phase transition recently observed in spe-
cific heat,8 elastic neutron scattering,9 and x-ray diffraction10

measurements.
From ~i! and ~ii ! it is obvious that the ML and AL are

intimately connected, and the AL cannot arise from ‘‘stack-
ing faults’’ as proposed by Machiet al.12

B. Chain Cu spin-echo double resonance

To remove any doubts that the AL and ML come from Cu
sites that are close neighbors we performed a spin-echo
double resonance~SEDOR! experiment that involves simul-
taneously the AL Cu nuclear spins (I spins! and the ML Cu
nuclear spins (S spins!.

The SEDOR experiment proceeds as follows~see the in-
set in upper part of Fig. 3!. We perform a spin-echo experi-
ment on nuclear spinI , by applying anp/2-t-p radio-
frequency pulse sequence at thenQ of I and observing the
echo of theI spins;t denotes the time separation of the two
pulses. In addition, we apply, at timetF after thep/2 pulse,
anotherp pulse at the frequency of spinS. This pulse flips
theS spin and thus changes the local field produced byS at
I . Hence the echo formation ofI is disturbed and conse-
quently the echo reduced. The whole experiment works only
if the spinsI andS are coupled, meaning they have to be
close neighbors. We have performed a similar experiment in
Y 2Ba4Cu7O15.

13

We have employed two standard pulsed NQR spectrom-
eters with appropriate modifications for the double-

FIG. 1. Temperature dependence of chain63Cu~1! NQR fre-
quencies in YBa2Cu4O8 (n) and YBa1.9Ca0.1Cu4O8 (d, ML;
s, AL!. ML and AL stand formain and additional line. In Ca-
substituted YBa2Cu4O8 , a phase transition occurs at temperature
T8.

FIG. 2. Temperature dependence of chain63Cu~1! spin-lattice
relaxation rate, 1/T1 , in YBa2Cu4O8 (n) and YBa1.9Ca0.1Cu4O8

(d, ML; s, AL!.
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resonance experiments. We have chosen the one-coil radio-
frequency arrangement keepingt andtF constant (t 5 300
ms, tF 5 290ms!.14,15

Figure 3 presents the essential experimental result. The
lower part shows the 63Cu~1! NQR spectrum of
YBa1.9Ca0.1Cu4O8 powder at 100 K with its main~ML ! and
additional line~AL !. The upper part displays the reduction of
the I ~AL ! spin-echo when the flip pulse is applied. The
reduction is the strongest when the flip pulse frequency
matches the spinS ~ML ! frequency. This positive SEDOR
effect clearly demonstrates that the Cu spins of the AL and
ML are coupled, presumably through direct dipolar coupling.
Such a coupling is, of course, only possible if the sites de-
livering the AL and ML are close neighbors located, for in-
stance, on the same double chain.

C. Intensity ratio of the additional and main chain Cu line

After we have firmly established that the AL arises from
chain Cu~1! sites which are disturbed by the substituting Ca
ions, we turn our attention to the intensity ratioRI of the AL
and ML. This ratio depends strongly on the lattice site the Ca
ion occupies and on the origin and the extent of the distur-
bance. In order to proceed, we make the following assump-
tions concerning the origin of the different lines. The AL
comes from those Cu~1! sites that are quadrupolarly dis-
turbed nearest neighbors to a single Ca ion. The Cu~1! sites
without a Ca ion as a nearest neighbor deliver the quasi-
undisturbed ML, that behaves more or less as the Cu~1! line
in pure YBa2Cu4O8 ~see Figs. 1 and 2!. The leftover Cu~1!
sites having two or more Ca ions as nearest neighbors, are on
the other hand so much disturbed that theirnQ lines get
wiped out from the observed NQR spectrum. The number of

different Cu~1! sites and thus the intensity of lines they form
depends also on the distribution of Ca. We distinguish two
possibilities: the Ca is either uniformly distributed without
clustering or its distribution is completely random.

We will now discuss three cases of substitution:
~i! Ca21 ions replace exclusively the higher-valent Y31,
~ii ! Ca21 ions replace exclusively the isovalent Ba21,
~iii ! Ca21 ions substitute partially Ba21 and Y31.
Case~i!. Each Ca ion has eight equivalent Cu~1! nearest

neighbors. By simple counting the following expressions for
RI can be deduced:RI54x/(124x) for uniform and
RI54x/(12x) for random distribution,x denoting the Ca
concentration per YBa2Cu4O8 chemical formula unit. As
expected, the two expressions yield practically the sameRI
for small x.

Case~ii !. The number of equivalent Cu~1! nearest neigh-
bors around each Ca21 reduces to four. Consequently, the
previousRI expressions change in thatx is replaced by
x/2.

Case~iii !. The observed single AL comes from Cu~1! sites
that are nearest neighbors either to Ca at Y site or to Ca at Ba
site. We assume that whatever Ca does not contribute to the
AL leaves Cu~1! undisturbed. The correspondingRI is going
to be somewhere between the values for cases~i! and ~ii !.

Figure 4 depictsRI vs x for cases~i! and ~ii !, with a
uniform and a random Ca distributions. The diagram in-
cludes for each sampleSi ( i51,2,3) with nominal concen-
trationxi50.10,0.05,0.02, a horizontal hatched bar that rep-
resents the experimental ratioRI ,expt between the AL and ML
intensity corrected bynQ

2 (ML)/ nQ
2 (AL)50.94. The thick-

ness of the bar corresponds to theRI ,expt error limits whereas
its length equals to the sample’sx. As one can notice, all
three bars do not touch theRI(x) curves calculated for
YBa22xCaxCu4O8 @case~ii !#. Within the scope of our as-
sumptions, this eliminates the possibility that Ca21 could

FIG. 3. SEDOR spectrum~a! and NQR spectrum~b! of chain
63Cu~1! sites in YBa1.9Ca0.1Cu4O8 at 100 K. The spin echo of the
63Cu~1! AL ( I spin! is observed. The reduction of the spin echo is
the strongest when the flip pulse frequency matches the63Cu~1! ML
(S spin! frequency. The inset in~a! shows the used SEDOR pulse
sequence.

FIG. 4. Intensity ratio,RI , of the additional and main Cu line vs
the Ca concentration,x, per YBa2Cu4O8 chemical formula unit.
For the explanation of the different symbols see the text.
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replace exclusively Ba21. On the other hand, the fact
that S3 touches the RI(x) curves calculated for
Y 12xBa2CaxCu4O8 @case~i!# tells us that forx50.02 the
AL has to arise from Cu~1! sites disturbed by Ca at Y site.
The fact thatS2 andS1 cross theRI(x) curves calculated for
Y 12xBa2CaxCu4O8 reveals that with increasingx, Ca does
replace Y only partially. The corresponding partial amount,
let us name itx8, is represented through the doubly hatched
area. In Table II we collect the relevant parameters of the
different samples.

The RI analysis shows that actually case~iii ! applies,
where the major part of Ca replaces Y and the rest presum-
ably substitutes Ba. In accordance with this finding, the
proper description of Ca-substituted YBa2Cu4O8 should
read Y12x8Cax81yBa22yCu4O8 with x81y equal tox, the
nominal Ca content. By this new description the chemical
formula YBa1.9Ca0.1Cu4O8 of our x50.10 sample having
x850.062 should be corrected to Y0.938Ba1.962Ca0.1Cu4O8.
The evidence that at high doping levels Ca replaces also Ba
besides Y has been found in recent extensive x-ray structure
refinement investigations by Schweret al.16

As an important result, it thus turned out that, at high Ca
doping, the concentration of substituted Y sites,x8, is appre-
ciably smaller than the nominalx. Since it isx8 which is
responsible for a direct increase of the hole charge carrier
concentration,n, one can understand why the increase ofn
and the effects connected with it, as for instance the planar
Cu~2! spin-lattice relaxation rate3,7 and the magnetic shift,7

are so weakly dependent onx.

D. Planar Cu Knight shift

The planar Cu~2! Knight shift Kspin in Y-Ba-Cu-O is a
sensitive indicator ofn in the CuO2 planes. With increasing
n, Kspin increases as well as changes its temperature depen-
dence. To check how Ca doping influencesKspin we mea-
sured the temperature dependence of the total magnetic shift
Kab of the c-axis oriented powderx50.10 sample for the
c'B0 orientation.Kab was determined from the63Cu~2!
central line by the same fitting procedure as used in Refs. 17
and 18 taking into account, of course, the change ofnQ and
the linewidth through Ca doping.

The final results together with the correspondingKab data
from YBa2Cu3O7 ~Ref. 19! and YBa2Cu4O8 ~Ref. 18! are
presented in Fig. 5. As it is well known,Kab consists of a
temperature independent orbital and temperature dependent
spin part~Knight shift! Kspin. Further, it is known from pre-
vious NMR studies that in the limits of error bars the orbital
shifts of YBa2Cu3O7 and YBa2Cu4O8 are the same, even
though then values in their CuO2 planes are quite different.
Having this in mind, we assume that the change ofn by Ca

substitution as well the substitution itself do not affect the
orbital shift of Cu~2!, which we therefore take the same in all
three compounds.

Comparing now the three sets of shift data in Fig. 5 re-
veals thatKab in YBa1.9Ca0.1Cu4O8, similar to Kab in
YBa2Cu4O8, decreases with decreasing temperature, a sig-
nature that the compound is still underdoped, even though
with a doping level somewhat higher than in YBa2Cu4O8.
From Fig. 5 it is also apparent that the doping level in
YBa1.9Ca0.1Cu4O8 is definitely much lower than in
YBa2Cu3O7. This fact then raises the question: why do
both compounds have almost the sameTc? It seems that,
besides the increase ofn, other effects have to play a role in
theTc enhancement. The minimal increase ofn through Ca
doping, as revealed by the shift data, is in qualitative agree-
ment with the result from ourRI analysis.

E. Effect of Ca doping onnQ and T1 of planar Cu

Since Ca21, as theRI analysis has shown, predominantly
occupies the Y site it should, due to the missing charge,
strongly influence the electric field gradient~EFG! and hence
nQ of the rather closely positioned Cu~2! in the nearby
CuO2 plane. The estimations based on a point charge model
using for Cu an antishielding Sternheimer factor
(12g`)'20 show, however, that due to geometrical rea-
sons,nQ of the eight Cu~2!, which are the nearest neighbors
to the Ca21 ‘‘impurity,’’ decreasesonly by 0.4 MHz ~the
statement, in Ref. 3, thatnQ increases in this case, is incor-
rect!. For the 16 Cu~2! next nearest neighbors which are
almost twice as distant from Ca21 than the nearest ones,
nQ decreases by 0.23 MHz, a value not much less than the
previous 0.4 MHz.

The experimental63,65Cu~2! NQR lines in Ca-substituted
YBa2Cu4O8 exhibit two features, a bulge on the low-

TABLE II. Parameters of the nominal YBa22xCaxCu4O8

samples used in the experiments.

Sample S1 S2 S3

x 0.10 0.05 0.02
x8 0.062~6! 0.035~3! 0.019~1!

RI ,expt 0.29~2! 0.16~1! 0.081~5!

FIG. 5. Temperature dependence of the total magnetic shift,
Kab , of the planar Cu~2! in the c-axis oriented powder of
YBa1.9Ca0.1Cu4O8 (d), YBa2Cu4O8 ~dashed line! from Ref. 18
and YBa2Cu3O7 ~dotted line! from Ref. 19, for thec' B0 orien-
tation.
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frequency side of the line that grows withx and a frequency
shift of the peak of the line toward the higher frequencies.3,12

For thex50.10 compound, this frequency shift amounts to
approximately 0.1 MHz with respect to Cu~2! nQ in pure
YBa2Cu4O8. The position of the bulge on the low fre-
quency side of the line is in qualitative agreement with the
estimated frequency decrease of Cu~2! that are nearest neigh-
bors to the Ca21 ‘‘impurity’’ at the Y 31 site.

It is an experimental fact that the planar CunQ in
Y-Ba-Cu-O increases with growingn with a slope of ap-
proximately 23 MHz/hole/Cu.17 To get the positive fre-
quency shift due to then increase in thex50.10 sample we
have to take into account also the estimated20.23 MHz
which the 16 next nearest Cu~2!, that essentially deliver the
bulk of the NQR line, experience directly from the ‘‘impu-
rity’’ Ca 21. The shift we are interested in is then equal to
0.33 MHz which corresponds toDn'0.014 hole/Cu~2! in
the x50.10 compound. ThisDn compares well with the
0.015 hole/Cu~2! one gets in case thex850.062~6! holes,
introduced by the Y31 substitution through Ca21, distribute
equally over the two planes and the double chain.

As already apparent fromKspin results, also the change of
Cu~2! nQ due to Ca substitution indicates only a modest
increase ofn for the optimalx50.10 whenTc reaches its
maximum. This once again supports the notion that besides
the increase ofn still other effects have to be involved in the
observedTc enhancement.

Finally, what is the effect of Ca substitution on Cu~2!
T1? It is well known for pure YBa2Cu4O8 that (T1T)

21

reaches a maximum at a temperatureT* and that the drop of
(T1T)

21 at lower temperatures is connected with the open-
ing of a spin pseudo gap. At temperatures aboveT* , 1/T1 of
Cu~2! almost does not change by Ca substitution.3,7 It could
be that the partial substitution of Y by Ca, as demonstrated
by Kspin, nQ andRI , does not increasen sufficiently to be
detected in 1/T1 Cu~2! aboveT* .

Interesting, however, is thatT* definitely decreases with
rising Ca content.7 There are hints that the formation of the
spin pseudo gap might be influenced by the interplane cou-
pling in double-layer Y-Ba-Cu-O compounds.22 One can
imagine then that Ca at Y sites disturbs the interplane cou-
pling and thus lowersT* . If true this could offer an expla-
nation for the unusually strong increase ofTc at rather mod-
est increase ofn. On the other hand,T* is very close to
T8 so that a possible interdependence between them might
exist. Further measurements, for instance on Y, could help to
clear some of these open questions.

F. Phase transition at 150 K

As mentioned in the Introduction8–10 and also seen in the
temperature dependence ofnQ and T1 of both the AL and
ML, a small but sharp change of various material parameters
appears atT8 5 150 K in Ca-substituted YBa2Cu4O8 for x
> 0.025. SinceT8 remains constant forx values in the range
0.025–0.10,8 whereTc rises almost 10 K, it is questionable
whether there is a link between the transition atT8 and the
superconducting properties. Most of the parameter anomalies
at T8 are indeed minute. For instance, the steplike relative
decrease ofnQ of both AL and ML is only about 0.06%~see
Fig. 1!. Similarly, the relative shrinking of the lattice param-

etersa andb amounts to no more than 0.025%.9 This reduc-
tion of the lattice parameters can account for the observed
drop of nQ at T8, as can be easily estimated from the 1/r 3

dependence of the EFG on the distance of an ionic point
charge.

Less clear is another anomaly we discern atT8, namely
the ratio of the 1/T1 values of AL and ML. This ratio dimin-
ishes from the constant value 1.21~2! aboveT8 to the con-
stant value 1.14~1! belowT8. The problem, to begin with, is
that we do not understand why the AL relaxes faster than the
ML. The Ca21 ‘‘impurity’’ which is responsible for the AL
formation, sits at the Y site and is thus quite distant from the
chain Cu~1!. It seems that the influence of the Ca21 impurity
onto Cu~1! is indirect and has to be mediated by the bridging
apex oxygen which can easily effect the EFG and the mag-
netic hyperfine coupling of Cu~1!. The later parameter is
operative in the Cu~1! spin-lattice relaxation and may change
at T8. This speculation gets support from a recent x-ray
structural study20 which reveals an anomaly in the bond
length of the apex oxygen atT8.

To find out more about the transition atT8 we wanted to
see how it does affect the Ba ion. For this purpose we made
some preliminary measurements looking at the temperature
dependence of the NQR spectrum andT1 of naturally abun-
dant 137Ba in the most studied YBa1.9Ca0.1Cu4O8 sample.
The preliminary results are presented in Figs. 6 and 7.

The Ca doping broadens the137Ba NQR line which in
addition gets a broad base with smeared structure~see Fig.
6!. There is no well-separated additional line as in the Cu~1!
case. The temperature dependence of the frequency of the
137Ba line’s peak can be seen in the inset of Fig. 6~full
circles! together with the data for pure YBa2Cu4O8 ~dashed
line! from Ref. 21. There is hardly a difference between the
two sets of data as well no anomaly appears atT8.

The same is valid for 1/T1 of the central part of the
137Ba NQR line ~Fig. 7!. The corresponding data in pure

FIG. 6. 137Ba NQR spectrum from YBa1.9Ca0.1Cu4O8 at 160 K.
Inset: the temperature dependence of the137Ba line’s peak in
YBa1.9Ca0.1Cu4O8 (d) and YBa2Cu4O8 ~dashed line! from Ref.
21. The arrow shows the phase transition temperatureT8 in Ca-
substituted YBa2Cu4O8 .
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YBa2Cu4O8 are again taken from Ref. 21. We observe,
however, that the base part of the137Ba line relaxes faster
than the central part which is less disturbed by quadrupolar
interactions. From Ba NQR studies in pure YBa2Cu4O8
~Ref. 21! we know that the Ba spin-lattice relaxation is due
to phonons and thus predominantly of quadrupolar origin. At
the moment we do not know whether the additional relax-
ation the base part in YBa1.9Ca0.1Cu4O8 is experiencing, is
of quadrupolar or magnetic origin. Measurements on the
135Ba can clarify this question.
The inability to see any anomaly in 1/T1 and nQ of

137Ba in YBa1.9Ca0.1Cu4O8, of course, does not necessarily
mean that Ba does not experience the transition atT8. Prob-
ably, the anomaly is too small to be discerned in the less
precise Ba NQR data.

IV. SUMMARY

By a set of NQR measurements including a SEDOR
experiment, we provide convincing evidence that the addi-

tional Cu~1! line, AL, which appears about 600 kHz above
the main chain Cu~1! line, ML, in Ca-substituted
YBa2Cu4O8,

3,12 does indeed stem from chain Cu sites dis-
turbed by the ‘‘impurity’’ Ca ions. Through an analysis of the
intensity ratio of the chain Cu AL and ML,RI , we conclude
that the ‘‘impurity’’ Ca ions, responsible for the AL, substi-
tute Y31.

In addition, theRI analysis has shown that at high Ca
doping, the concentration of the substituted Y sites,x8, is
appreciably smaller than the nominal Ca concentration,x.
Since it isx8 which is responsible for a direct increase of the
hole charge carrier concentration,n, one can on one hand
understand why the increase ofn and the effects connected
with it, as for instance the planar Cu~2! spin lattice relaxation
rate,nQ and the magnetic shift, are so weakly dependent on
x.

On the other hand, the substantial increase ofTc with x
suggests that, besides the increase ofn, other effects have to
play a role in theTc enhancement. One of such effects might
be the opening of the spin pseudo gap as revealed by the
maximum of Cu~2! (T1T)

21 at temperatureT* . With rising
Ca content,T* definitely decreases.7 There are hints that the
formation of the spin pseudo gap might be influenced by the
interplane coupling in double layer Y-Ba-Cu-O
compounds.22 Thus, one can imagine that Ca at Y sites, be-
sides increasingn, could also disturb the interplane coupling
and so lowerT* which in turn would boost the increase of
Tc . This, of course, is only a speculation that needs to be
more substantiated.

At T8, nQ and 1/T1 of both the main and additional Cu~1!
line in YBa1.9Ca0.1Cu4O8 show distinctly anomalies not
seen in pure YBa2Cu4O8, that point out the Ca doping in-
duced structural phase transition recently observed in spe-
cific heat,8 elastic neutron scattering, and x-ray diffraction10

measurements. However, most of the anomalies observed at
T8 are indeed minute. Therefore, the inability to see them in
1/T1 and nQ of 137Ba in YBa1.9Ca0.1Cu4O8 probably just
lies in the insufficient precision of the collected137Ba NQR
data.
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