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Cu(1) NQR spectra of the CuO chain site in Y, _ Pr,Ba,Cu;0, (x = 0.1 and 0.2), and the **Cu(1)
NQR spin-lattice relaxation rates 1/T) in Y, oPr, ;Ba,Cu;0, have been measured. The half widths
are about three times wider than those of the pure YBa,Cu;O,. The peak frequencies are lowered
by the Pr doping. This seems to indicate a decrease of on-site holes at the Cu(1) site. The relaxation
rate 1/T, is found to obey the same temperature dependence, 1/T; = aT + b T? as reported for pure

YBa,Cu,0,.
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Introduction

Y, _.Pr,Ba,Cu;0; is an exceptional high-T¢ super-
conductor since among the rare earth ions especially
Pr damages the superconductivity of the Y123 com-
pounds. It is very interesting and important to make
clear the origin of this property of Pr. The coexistence
of superconductivity and magnetism observed for
0.4 £ x £0.6 is another interesting point.

We have investigated the NQR spectra and spin-lat-
tice relaxation rates of the Cu(2) nuclei of the CuO,
planesitein Y, _ Pr,Ba,Cu;0;.In[1] the Cu(2) NQR
spectra of Y, ¢Pr, ,Ba,Cu;0, and the nuclear spin-
lattice relaxation rate 1/T; of Y, ,Pr,,Ba,Cu;0,
were reported. The spectra are broadened on the high-
frequency side, and the spectral features are quite
different from those of the oxygen-depleted
YBa,Cu;0,_;, in spite of a similar decrease of T¢.
The 1/T, T data observed at high temperatures were
fitted to the equation 1/T,T =a + C/T + ), where
the a-term is due to the Korringa mechanism (mostly
due to the ¢ = 0 components of the spin excitations),
and the second term is due to the antiferromagneti-
cally enhanced relaxation process. It was concluded
that Pr doping enhances the 2D AF spin fluctuations
due to the decrease of the Weiss temperature.

* Presented at the XIIIth International Symposium on Nu-
clear Quadrupole Interactions, Providence, Rhode Island,
USA, July 23-28, 1995.

Reprint requests to Dr. Takashi Ohno.

In [2] a fit of the ®*Cu(2) NQR 1/T, data of the
CuO, plane site in Y, gPr, ,Ba,Cu;0, was made for
high temperatures. The Weiss temperature 6, 67 K is
smaller than that (=92K) of Y, ,Pr,;Ba,Cu,0,.
This shows that the AF spin-fluctuations are en-
hanced with increasing Pr doping. The pseudo spin-
gap behavior observed in Y, _ .Pr,Ba,Cu;0, (x = 0.1
and 0.2) was discussed in detail. The Arrhenius plots
of the reduced relaxation rates (1/T,T)us/(1/TiT)cw
were given, where (1/T, T')w is the expected relaxation
rate due to the AF spin fluctuations which obey the
Curie-Weiss law. Fairly good activation type fits

(/T T)obs/(1/ Ty T)ew = Aexp(— A/kg T) (1)

were obtained, and the pseudo spin-gap energies
were estimated to be 157K and 862K for
Y. oPry 1Ba,Cu;0, and Y, 3Pr, ,Ba,Cu;0,, respec-
tively. These results indicate the existence of an energy
gap A in the spectrum of the AF spin fluctuations
which contribute to the spin-lattice relaxation.

While Cu(2) NMR/NQR has extensively been stud-
ied because the CuO, plane plays the main role in the
high-T¢. superconductivity, Cu(1) NMR/NQR studies
are also important to elucidate as a whole the mecha-
nism of the high-T,. superconductivity in Y123 com-
pounds.

In this paper, Cu(1) NQR spectra of the CuO chain
site in Y, oPry ;Ba,Cu;0, and Y, ¢Pr, ,Ba,Cu;0,
are reported. In Y, oPr, ;Ba,Cu;0, also the *3Cu(1)
nuclear spin-lattice relaxation rate 1/7; has been mea-
sured.
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1. Experimental

The samples of Y, _ .Pr,Ba,Cu;0, (x =0.1 and 0.2)
were prepared by the conventional solid-state reac-
tion technique. They were annealed for 12 hours at
950°C and for 12 hours at 500°C with pure O, gas
flowing in the final stage. X-ray diffraction measure-
ments assured that they have no impurity phase. The
electrical resistances of these samples are plotted
against temperature in Figure 1. The transition tem-
peratures are 86 K and 73 K for x = 0.1 and 0.2, re-
spectively.

Temperature dependence of the ac susceptibility has
been measured with a commercial ac susceptometer
(Lake Shore Cryotronics, model 7000), and typical data
in an applied field of 1 Oe are shown in Figs. 2a and b
for Y, oPr, ;Ba,Cu;0, and Y, gPr, ,Ba,Cu;05, re-
spectively. T.'s are determined to be 88 K and 71 K,
respectively in reasonable agreement with the resistiv-
ity data. Both samples show nearly complete diamag-
netism, and no sign of contamination by a second
phase etc. was observed.

The spin-echo signals were measured with a con-
ventional phase-coherent type NQR spectrometer.
The NQR spectrum was obtained by recording the
integrated spin-echo intensity step by step at 1.4 K.
The spin-lattice relaxation rate 1/7, was measured by
recording the recovery of the nuclear magnetization
against the delayed time ¢t after the inversion 7 pulse
of the n/2 —  pulses.
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Fig. 1. Temperature dependences of the electrical resistivities
of Y, 4Pry ;Ba,Cu;0, and Y, ¢Pr, ,Ba,Cu;0,.
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Fig. 2. ac susceptibilities of Y, ,Pr,,Ba,Cu;O, (a) and
Y, sPry ,Ba,Cu;0, (b).

2. Results and Discussion
2.1 NQR Spectrum

The Cu(1) NQR spectra of the CuO chain site at
1.4 K are shown in Figure 3. Figure 3a shows the
spectrum of Cu(1) in the pure YBa,Cu;0-, cited from
[3]. Figures 3b and ¢ show the spectra obtained for
Yo.oPry ;Ba,Cu;0, and Y, ¢Pr, ,Ba,Cu;0,, respec-
tively.

The  lines of  Y,,Pry,,Ba,Cu;0, and
Y, sPry ,Ba,Cu;0, are much broader than those of
YBa,Cu,0,. Their half widths are almost equal,
about 790 kHz, and more than three times larger than
those, 245 kHz, of the pure compound.

The peak NQR frequencies decrease with increas-
ing Pr doping: they are 22.05 MHz, 21.90 MHz and
21.62 MHz for YBa,Cu;0,, Y, ,Pr, ,Ba,Cu;0, and
Y, sPry ,Ba,Cu;0,, respectively.

Recent band calculations by Schwarz et al. [4] show
that the NQR frequency at the Cu site v, (Cu) may
be explained by contributions from the fractional
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Fig. 3. Cu(1) NQR spectra of the CuO chain site of the
pure YBa,Cu;O, (a), Y,,Pry,;Ba,CuO, (b) and
Y, sPr, ,Ba,Cu;0, (c) measured at 1.4 K. Figure 3a is cited
from [3] published by Yasuoka et al.

occupation of both the 3d holes and 4p electrons of
Cu ion:

2

where n; and v;, are the number of 3d holes and 4p
electrons and the NQR frequency per unit hole and
electron, respectively. As for the CuO, plane, the clus-
ter calculation of Ohta et al. [5] shows that the 4p
contribution to v4(Cu) does not depend on the com-
pound and is about — 65 MHz, that corresponds to a

3d 4
vQ(Cu) = nygvg® +ny,vg© s
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4p fraction of about 0.1 for all compounds. The 3d
hole contribution véd was calculated to be 117 MHz
per one hole. The observed NQR frequencies, there-
fore, correspond to changes of the hole number in the
Cu 3d orbital. Some authors [6, 7] have analyzed their
NQR frequency data observed in Cu oxide supercon-
ductors by (2). If it is assumed that (2) can approxi-
mately be applied to the Cu(1) sites, it is deduced that
the 10% Pr doping decreases the on-site holes at the
Cu(1) site by about 0.001, and 20% Pr doping by
about 0.003 comparing with those of YBa,Cu,;0-,
respectively. This gives an important hint to under-
stand the suppression of the superconductivity by the
Pr doping.

2.2 ®3Cu(1) NQR Spin-lattice Relaxation Rate

As for the Cu(2) nuclear spin-lattice relaxation rate,
the following consensus has been obtained; (i) in the
normal state, the relaxation rate 1/7, is very much
enhanced by the antiferromagnetic Cu spin fluctua-
tions x (Q g, ), (il) in the superconducting state, the
coherence enhancement peak has not been observed
just below T, and the relaxation rate 1/T; is propor-
tional to T3 well below T, which is very different
from the observations in the conventional BCS super-
conductors [8].

The 63Cu(1) nuclear spin-lattice relaxation rate
1/T, has been measured in the normal state of
Y, oPry ;Ba,Cu;0,. The signal to noise ratio of the
53Cu(1) NQR spin-echo signals is much worse than
that of the ®3Cu(2) NQR signals, and we had to accu-
mulate and average the signals for a long time. An
example of the recovery of the 3Cu(1) nuclear magne-
tization observed at 100 K is shown in Fig. 4, which is
considered to be single-exponential. The estimated
1/T; is plotted against temperature in Figure 5. It
should be noted that the present NQR relaxation rate
equals to 6 W and three times of the NMR relaxation
rate 2 W, where W is the transition probability be-
tween the adjacent nuclear spin levels split by the
quadrupolar interaction.

The data points are fitted to

1)T,=aT +bT? (3)

with the parameters a =9.34s ' K~! and b =212
x 10~*s~ ! K73, The best fitted curve is shown in
Figure 5. Pennington et al. [9] measured the 3Cu(1)
relaxation rate in pure YBa,Cu;O, up to 500 K and
got a temperature dependence with a = 55.2s ! K ™!
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Fig. 4. An example of the recovery of ®*Cu(1) nuclear mag-
netization of the CuO chain site in Y, Pr, ;Ba,Cu;0,.

and b =3.90 x 10™*s~! K~ 3. The relaxation mecha-
nism of 3Cu(1) is not yet understood. The a term of
1/T,T,9.34s~! K~ ! observed in Y, ¢Pr, ;Ba,Cu;0,
is about one-sixth of 552s !'K~! observed in
YBa,Cu;0,. If the a term is considered to be due to
the Korringa mechanism, this result reflects the de-
crease of the on-site holes at the Cu(1) site, that is, the
decrease of the density of states because of the Pr
doping. This fact is consistent with the decrease of the
63Cu(1) NQR frequency as described in 2.1.

3. Conclusion

NQR spectra of Cu(1) of the CuO chain site in
Y, oPr, ;Ba,Cu;0, and Y, ¢Pr, ,Ba,Cu;0-, and the
63Cu(1) NQR spin-lattice relaxation rates 1/T, in
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