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Cu nuclear quadrupole resonance (NQR) measurements have been made on Y;_,Ca,Ba,_,LLa,Cu,Oyg to study
the effects of disorder on the electronic state in samples where codoping with Ca and La ensures that there is
no large change in the number of doped holes per Cu. It is found that there is a systematic increase in the static
charge disorder induced by codoping. There is also a small increase in the Cu spin-lattice relaxation rate 1/ 63TI
for temperatures above the superconducting transition temperature 7., which can be accounted for by a small
decrease in the normal-state pseudogap energy. 1/ 63T1 does not follow the expected T-> temperature depen-
dence for temperatures far below 7., which may be a consequence of the inhomogeneous electronic state.
However, there is no evidence that codoping induced disorder leads to any reduction in the Cu NQR intensity
for temperatures above 7T,, even though the average hole concentration is close to the boundary where a
reduction in the Cu NMR intensity might be expected.
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INTRODUCTION

There have been a number of reports of a partial or com-
plete reduction in the Cu nuclear magnetic resonance (NMR)
and nuclear quadrupole resonance (NQR) intensities in the
La,_Sr,Cu0O, and Y,_,Ca,Ba,Cu;0,_s families of high tem-
perature superconducting cuprates (HTSCs) as the tempera-
ture is decreased, which commences when the number of
doped holes per copper is less than ~0.13."> A complete
loss also occurs for certain values of x and y in
La,_,_(Nd,Eu),Sr,Cu0,,%' and a partial loss occurs in
Srgglag (CuO, (Ref. 11) and Pr,_,Ce CuO, (Ref. 12) for x
<<0.13. This reduction or wipeout has been attributed to ef-
fects that include charge-stripe order? or an inhomogeneous
slowing down of the spin dynamics.® The dynamic inhomo-
geneities have been observed in inelastic neutron scattering
measurements,'3~1% and they have been interpreted in terms
of dynamic phase separation into hole-rich and hole-poor
regions.!”~1°

The effect of a slowing down of the spin or charge dy-
namics on the Cu NMR intensity can be understood by not-
ing that when the characteristic spin or charge fluctuation
rate decreases, it will lead to a large increase in the Cu spin-
lattice relaxation rate 1/7, that will be maximized when the
fluctuation rate is comparable to the NMR or NQR
frequency. This effect is well known in magnetically ordered
systems where 1/7) dramatically increases as the tempera-
tuare is reduced toward the magnetic ordering
temperature.”?! For Cu in the HTSCs, the Cu spin-lattice
relaxation time can become comparable or smaller than the
time between the 7., and 7, pulses leading to a reduction in
the detected Cu NMR intensity. There have been reports that
the Cu NMR signal is partially recovered at low tempera-
tures where the spin and charge inhomogeneities are static on
the NMR and NQR time scales.®2>23

While there are different mechanisms that can lead to a
slowing down of the spin and charge dynamics, it is has been
argued that the slowing down occurs inhomogeneously with
decreasing temperature.’ It is possible that static disorder in-
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duced by the dopant atoms>?* can lead to a pinning of the

dynamic inhomogeneities and thus lead to the observed re-
duction and wipeout of the Cu NMR intensity with decreas-
ing temperature. It should also be noted that there is evidence
for very short range charge and spin inhomogeneities.?>%%
Since the reduction or wipeout of the Cu NMR intensity is
doping dependent,'~ it is important to study samples where
structural and charge disorder can be induced without a large
change in the average hole concentration. For this reason,
NQR measurements were made on Y;_,Ca,Ba,_JIa Cu,Oq
that was codoped with Ca and La, and the results are re-
ported in this paper.

Y,_,Ca,Ba,_,ILa Cu,O4 was chosen for this study because
ideally, hole doping by Ca should be canceled by electron
doping by La. Ca substitutes for Y that is between the two
CuO, planes, and La substitutes for Ba that is between a
CuO, plane and a CuO filled chain. Thus, substitutional dis-
order can be studied without any major hole doping effects.
The hole concentration p in the parent compound (p~0.12
doped holes per Cu) is also near the hole concentration
boundary where a reduction of the Cu NMR and NQR inten-
sities is observed in La,_,Sr,CuO, and Y,_,Ca Ba,Cu;0;_s
(p<<0.13).2 It should be noted that there is no evidence for a
similar reduction of the Cu NMR and NQR intensities in the
pure compound. However, there is the possibility that the
introduction of structural and electronic disorder might in-
duce a reduction and localized pinning of dynamic inhomo-
geneity. However, we show below that there is Ca and La
induced charge disorder, but there is no evidence for a reduc-
tion in the Cu NQR intensity that could signal pinning of the
dynamic inhomogeneities.

EXPERIMENTAL DETAILS

The samples were synthesized from a stoichiometric mix
of Y,03, CaCOj3, Ba(NOs),, La,05, and CuO. This was de-
composed in air at 700 °C and then the powder was ground
and pressed into pellets. It was followed by reactions at 910,
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930, and 945 °C in O, at 60 bar with intermediate grinding
and pressing into pellets. The phase purity was confirmed by
x-ray diffraction measurements. The superconducting transi-
tion temperature 7. was measured using a superconducting
quantum interference device magnetometer. The T, values
were 81, 86.5, 85, 88.5, and 88 K for x=0, 0.03, 0.05, 0.10,
and 0.15, respectively. The small increase in 7. indicates that
there is some initial doping effect that has saturated for x
=0.03.

All the Cu nuclear quadrupole resonance (NQR) measure-
ments, except the Cu NQR intensity measurements, were
made using a homebuilt NQR apparatus with a mu-metal
shield and powder samples as previously described.”’” The Cu
NQR spectra were obtained using a Hahn echo sequence,
Tan-T-To~T, Where 7., was between 1.5 and 2 us and the
time between the /2 pulse and the 7 pulse, 7, was
9-10 us. The spectra were obtained by Fourier transforming
the second half of the echo and then summing the spectra
measured at discrete frequencies.

The Cu spin-lattice relaxation rate was obtained using an
inversion recovery pulse sequence, T,-T;-T.,-T-T,-T, Where
T Was between 1.5 and 2 us. 1/ 63T1 was obtained by fit-
ting the magnetization recovery M(7;) to

M(7y) =M[1 -2 exp(-37,/%T))]. 1)

The additional factor of 3 is added in order to enable a direct
comparison between the NQR and NMR spin-lattice relax-
ation rates.

Cu NQR intensity measurements were made using a Tec-
Mag spectrometer. The NQR spectra were taken using the
point-by-point method and a Hahn echo sequence where the
pulses 7., and 7, were 6 and 12 us, respectively, and 7 was
13 ws. This resulted in a Fourier transformed spin-echo line-
width that was much less than the linewidths of the spectrum
being measured. The intensity at each frequency was ob-
tained by integrating the spin echo. Since the spin-echo in-
tensity is a function of 7, the spin-echo intensity must be
extrapolated back to 7=0. This was done using a Hahn echo
sequence by varying 7 and integrating the spin echo. For the
HTSCs, the magnetization can be expressed as

2 1277
M(T)=M06Xp<— T_;)eXp<_E(TZ) ) (2)
2¢g

The first factor is the Redfield contribution and it is related to
the spin-lattice relaxation process. For YBa,Cu,Og, it has
been shown that 75;,=5.6T;' when obtained using NQR.?®
The second factor is a Gaussian decay function, where 75, is
the Gaussian spin-spin relaxation time. It arises from elec-
tron mediated indirect nuclear spin-spin couplings between
neighboring Cu spins having the same Larmor frequency.?*-3
However, it was not possible to fit the data to Eq. (2) using
the measured 7'} values and a full Gaussian component. This
is an unavoidable consequence of using a narrow excitation
range that does not lead to an artificial broadening of the Cu
NQR spectrum. For this reason, we used Eq. (2) to fit the
spin-spin magnetization data and an additional exponential
factor, exp(—=27/T5;).
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FIG. 1. Plot of the room temperature Cu NQR spectra from
Y,_,CaBa,_,La Cu,Og for x values of 0, 0.05, 0.10, and 0.15. The
arrow indicates increasing x. Left inset: Plot of the 3Cu NQR line-
width against x. Right inset: Plot of the **Cu NQR linewidth against
temperature for x=0.15.

The intensity comparisons for all samples were made us-
ing a rigid coil made from Manganin wire embedded in ep-
oxy. The Manganin wire ensured that the coil resonance
width was large and that the Q, of the coil was only weakly
temperature dependent and not affected by the sample over
the measured temperature range. Thus, only a small change
in the rf power was required to maintain the same 7, at all
temperatures. The Q, was measured using a network ana-
lyzer. The samples were finely ground and placed in quartz
tubes where the sample length was enclosed within the coil.
The spectra were also corrected for the Boltzmann factor and
the sample mass.

RESULTS AND ANALYSIS

It is apparent in Fig. 1 that there is an increase in the e
NQR linewidth with increasing x. Here, we only plot the
%Cu NQR spectra from the CuO, planes because we were
limited by the tuning range of the coil. The >Cu NQR spec-
tra occur at a lower frequency and intensity. The resultant
%3Cu NQR linewidths are plotted in the left inset of Fig. 1.
The data in Fig. 1 can be understood by noting that the
Cu NQR frequency v, in the HTSCs is given by v,
=[(eQV.,)/(2h)]V1+7?/3, where V., is the maximum prin-
ciple component of the electric-field-gradient tensor, eQ is
the nuclear electric quadrupole moment, and # is the asym-
metry parameter given by #=(V,-V,)/V_, with [V_|
=|V,,|=|V,|. The electric-field-gradient principal axis is
along the ¢ axis and hence 7 is zero for Cu in the CuO,
plane,’! which leads to vy=(eQV,,)/(2h).

vy has experimentally been observed to correlate with
p in the HTSCs.20323 For example, vy=33+18p in
La,_,Sr,CuQ,. It has recently been argued that this correla-
tion is predominately due to two effects: holes in the 3d,2_,2
orbital and virtual hopping from the neighboring oxygen to
the unoccupied Cu 4p orbital.>® The contribution from the
distant ions is small and it has been estimated to contribute
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FIG. 2. Plot of 1/ 63TIT against temperature for
Y,_,Ca,Ba,_La,CuyOg with x=0 [open circles (Ref. 34)], x=0.03
(filled triangles), and x=0.15 (filled circles). The solid curves are
fits to the data using Eq. (4) that includes a normal-state pseudogap
factor and a spin-fluctuation factor. Inset: Plot of the fitted
pseudogap energy against x.

only 2.59 MHz to the La,_,Sr,CuO, NQR frequency. Thus,
any local charge disorder will lead to a distribution in V_, that
will lead to an increase in the Cu NQR linewidth. Therefore,
it is possible that the increase in the Cu NQR linewidth arises
from charge disorder induced by the Ca and La cosubstitu-
tion. From the correlation between v, and p found in
La,_ Sr,CuQ,, it is possible to estimate that the linewith for
Y55Cag 1sBa; gsLag sCuyOg  corresponds to Ap==+0.03.
This is approximately % of the Ap estimated from the Cu
NQR data in La,_,Sr,CuQO,, where the charge distribution
was attributed to nonuniform doping by Sr.?* The small in-
crease in the “*Cu NQR frequency seen in Fig. 1 corresponds
to an increase in p of no more than 0.007.

There is no evidence that the static charge distribution
changes with temperature. This can be seen in the right inset
of Fig. 1, where the ®®*Cu NQR linewidth is plotted for
Y35Cag 15Ba; gsLag 15CuyOg to low temperatures. The e
NQR linewidth is nearly independent of temperature, which
suggests that the underlying charge distribution is also inde-
pendent of temperature. In particular, there is no large in-
crease in the ®*Cu NQR linewidth at low temperatures that
has been reported in some HTSCs, which has been attributed
to the high temperature inhomogeneous spin and charge dy-
namics that have sufficiently slowed at low temperatures so
that they appear static on the NMR and NQR time
scales.62223

The spin-lattice relaxation rate data are plotted in Fig. 2
for Y,_.Ca,Ba,_,L.a,Cu,O4 with x=0, x=0.03, and x=0.15
as 1/ 63TIT. In overdoped HTSCs, where the normal-state
pseudogap is small, it has been argued that the increase in
1/% T,T with decreasing temperature is due to antiferromag-
netic spin fluctuations.’>3*3> These will affect 1/°°T,T be-
cause for metallic and magnetic systems, the magnetic relax-
ation rate can be written as®°
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(1,7)" = %ﬁkBﬁE IA(q)IZ%’w"), (3)
q @o

where o, is the NMR angular frequency, |A(q)| is the form
factor containing the hyperfine coupling constants, and
X'(q,w) is the imaginary part of the dynamical spin suscep-
tibility. Using the hyperfine coupling model applied to the
HTSCs,?” it can be shown that |A(q)| is peaked at the anti-
ferromagnetic wave vector.

It is possible to use the dynamical spin susceptibility of
Millis et al.®® and the assumed temperature dependence of
the antiferromagnetic correlation length® to predict from Eq.
(3) that 1/ 63T1 T=ay9/(T+ 1), where a, and ¥ are constants.
This is the temperature dependence found in overdoped
HTSCs.?* The presence of a pseudogap in the underdoped
and hole-doped HTSCs* leads to a departure from this tem-
perature dependence.*! The pseudogap can be accounted for
by writing 1/63T1T as 1/63T1 T=[ay9/(T+9)]P, where P is a
function that decreases with decreasing temperature. Using a
triangular density of states for the normal-state pseudogap in
YBa,Cu,Os, it is possible to fit the 1/%7,T data to

1/OT\T=[aTy/(T+ T K1 — 2k,TIE,)
X[tanh(E/2kgT) | In(cosh(E,/2kzT))}, (4)

where E, is the pseudogap energy, kg is the Boltzmann con-
stant, and z=4.55.4

It can be seen in Fig. 2 that Eq. (4) provides a good fit to
the data where ay=66 s™' K~! and T;,=25 K for all x values
in the figure. The fitted values of E, are plotted in the inset of
Fig. 2, where it can be seen that there is a small decrease in
E, with increasing x. This may be due to the small doping
effect mentioned earlier. However, the data clearly show that
the charge disorder induced by Ca and La codoping does not
have a significant effect on the spin dynamics as probed by
1/ 63TlT. Furthermore, the spin-lattice magnetization recov-
ery above T, could be fitted to a single 63Tl. This can be
compared with materials that show spin disorder that leads to
a distribution in ®7,.7-2%*3 Thus, our data are also consistent
with the absence of a significant spatial distribution in the
spin-fluctuation spectrum above T.,.

The 1/63T1 data below T, for x=0.15 (Fig. 3) do not show
the temperature dependence found in the pure sample. We
first note that the magnetization recovery could not be fitted
to a single 1/ 63Tl. This implies a distribution in 1/ 63T1 that
has been observed in other compounds when the electronic
state is spatially inhomogeneous.”?**3 In this situation where
there is no specific model for the 1/%7, distribution, the
magnetization recovery can be fitted to

M(7)=M[1 -2 exp(-[37°T,1"]. (5)

The resultant exponent 7 is plotted in the inset of Fig. 3, and
it can be seen that it systematically decreases below 7. The
departure from a single 1/ 63T, is unlikely to be due to flux-
oids because n for the pure compound is 1 below ~40 K.*

For a Fermi liquid and in the absence of spin fluctuations,
it is possible to show that 1/ 63Tl is proportional to
TIN(E)f(E)[1-f(E)]dE, where N(E) is the density of states
and f(E) is the Fermi function. For a d-wave superconductor,
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FIG. 3. Plot of 1/ 63T1 against temperature from

Y 35Cag 15Ba; gsLag5CusOg below (open circles) and above (filled
circles) 7. The curve is a best fitted to 1/ 63 T\=a,T™". Inset: Plot of
the stretched exponential exponent used to fit the magnetization
recovery with Eq. (5) against temperature.

it is easy to show that 1/ 63T1=a1T"’" at low temperatures
where m is 3.4 This has been found in pure YBa,Cu,Og
(Ref. 40) and YBa,Cu;0; (Ref. 32) at low temperatures.
However, a value of m close to 1 has been reported from
measurements on La,_ Sr,CuO, (Ref. 32) that is known to
have extensive charge disorder, where Ap can be
as large as 0.06 and increases with decreasing temperature.?*
It can be seen in Fig. 3 that the low temperature
Y 55Cag 1sBa; gsLag 1sCuyOg data can be fitted to 1/ (’3T1
=a;T"" with m=1.74, which is clearly below the value ex-
pected for a spatially homogeneous d-wave superconductor.
This departure could be a consequence of spatial inhomoge-
neities.

There is no evidence that the disorder induced by Ca and
La cosubstitution leads to any reduction in the Cu NQR
intensity at 100 K. This can be seen in Fig. 4 where
the Cu NQR spectra are plotted at 100K for
Y,_.CaBa,_LaCu,Og with x=0 and x=0.15 after the mass
and Q, corrections. The x=0 %Cu NQR spectra are narrow
and do not overlap the ®Cu NQR spectra, and hence, only
the ®*Cu NQR spectra are shown. The solid curve is a three-
Gaussian fit to the data. The x=0.15 spectra are broad, and
the %Cu and %Cu NQR peaks overlap. The spectra were
fitted to four Gaussians to represent the broad and asymmet-
ric ©Cu and ®*Cu NQR peaks. The best fit is shown in Fig. 4,
and the ®Cu and ®Cu peaks have the intensity ratios ex-
pected from the isotropic abundance. The fitted **Cu NQR
intensity was corrected for the fact that the data were taken at
a finite 7, and the intensity at 7=0 was estimated by measur-
ing M(7) as a function of 7 at the peak frequency. This was
fitted to Eq. (2) with the additional exp(=27/T,;) factor and
the intensity extrapolated back to 7=0. This resulted in a
%Cu NQR intensity of 1+0.12 for x=0 and 0.96+0.14 for
x=0.15, where the intensities were scaled by the mean value
for x=0. These values are equal within the experimental un-
certainly.

The ®Cu NQR intensity of YBa,Cu,Og was also mea-
sured as a function of temperature above 7, and the results
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FIG. 4. Plot of the Cu NQR spectra from
Y,_CaBa,_La,CuyO4 at 100 K with x=0 (open circles) and x
=0.15 (filled circles). The solid curves are multiple Gaussian fits to
the data as described in the text. The data have been corrected for
the mass and Q,. Inset: Plot of the integrated %cu NQR intensity
against temperature for YBa,Cu,Og and scaled to the high tempera-
ture value. The data were corrected for mass, Q,, and the spin-echo
decay.

can be seen in the inset of Fig. 4. It is apparent that there is
no loss of the %Cu NQR intensity within the experimental
uncertainty.

CONCLUSION

In conclusion, cosubstitution by Ca and La in
Y,_,CaBa,_ [IaCu,Og4 only leads to a small change in the
average hole concentration as estimated from the 7, values.
However, there is a systematic increase in the %Cu NQR
linewidths that can be interpreted in terms of charge disorder
that increases with increasing x. There is no evidence for a
concomitant spatial variation in the spin-fluctuation spectrum
as probed by 1/63T1T above T.. Below T, there is a spatial
distribution in 1/ 63T1 that may arise from inhomogeneous
spin dynamics. It is found that the spatially induced disorder
above T. does not lead to a reduction in the Cu NQR inten-
sity even though YBa,Cu,Og has a hole concentration close
to that where a reduction in the Cu NQR intensity might be
expected based on measurements on some of the other
HTSCs.
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