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Doping-dependent reduction of the Cu nuclear magnetic resonance intensity
in the electron-doped superconductor Pr,_.Ce CuQy,
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3Cu nuclear magnetic resonance (NMR) measurements on the electron-doped high-temperature supercon-
ducting cuprates Pr,_,Ce CuO, reveal a large temperature-dependent reduction in the Cu NMR intensity for
x=<0.125 and below room temperature. Our results show that the previous report of a reduction in the 8¢y
NMR intensity in SrjgLajy ;CuO, with 0.1 doped electrons per Cu is not specific to this superconductor. Rather,
the doping-dependent reduction appears to be intrinsic to the electron-doped superconductors. Our results
provide further evidence that there is a symmetry in the electron-doped and hole-doped superconducting phase
diagrams where a significant temperature-dependent reduction of the Cu NMR intensity occurs for less than

~0.13 doped holes or doped electrons per Cu.
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Understanding the high-temperature superconducting
cuprates (HTSCs) has been complicated by a reduction or
wipeout of the Cu NMR intensity that has been reported
from studies on some of the hole-doped high-temperature
superconducting cuprates (HDHTSCs). Specifically, a large
decrease in the Cu NMR intensity occurs in the
La, Sr,CuO, and Y, ,CaBa,Cu3;0,_5 families of
HDHTSC:s that is large when the number of doped holes per
copper is less than ~0.13.""* A complete temperature-
dependent wipeout of the Cu NMR intensity is observed
for certain values of x and y in La, , ,(Nd,Eu),Sr,CuO,
(Refs. 1 and 5-8), and a static charge-ordered state has been
reported in La; g75sBag 1,5Cu0, that leads to a complete sup-
pression of the superconducting state.”

The appearance of a reduction or wipeout of the Cu NMR
intensity in some of the HDHTSCs has been attributed to
phenomena that include charge-stripe ordering'® or a slowing
down of the spin dynamics.> It may arise from a temperature-
dependent slowing down of the dynamic inhomogeneities
that have been reported in low-energy inelastic neutron-
scattering measurements.!!~'* These dynamic inhomogene-
ities have been interpreted in terms of dynamic phase sepa-
ration into hole-rich and hole-poor regions.'>~!7

The effect of a slowing down of the dynamic inhomoge-
neities on the spin dynamics can be illustrated with a simple
model where a Lorentzian spectral density of spin fluctua-
tions is assumed. In this case, the spin-lattice relaxation rate
1/T, can be written as 1/T,=9hj7./(1+w;77), where h is
the magnitude of the fluctuating local field at the nucleus,
hwy is the energy of the nuclear Zeeman splitting, and 7, is
the characteristic spin-fluctuation time. A slowing down of
the fast electronic spin fluctuations can occur via a
temperature-dependent increase in 7. that causes 1/7; to in-
crease and 1/7 will maximize when 7.=1/w;. In the case of
the Cu nuclei, T can become too short for the NMR spectra
to be observed, resulting in a loss of the Cu NMR signal. The
Cu NMR signal can be partially recovered at low tempera-
tures where 1/7, is much less than w;, which has been ex-
perimentally observed in some HDHTSCs.!®% A slowing
down will also lead to a peak in the La 1/7; in
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La,_,_,(Nd,Eu),Sr,CuO,, which has also been reported.>>8

We have recently shown that a reduction of the Cu NMR
intensity also occurs in the Sry¢Laj;CuO, electron-doped
HTSC (EDHTSC) but not the Pr; ¢sCe, ;sCuO, EDHTSC.'8
These superconductors represent the two classes of
EDHTSCs. However, it is not known if the appearance of a
Cu NMR intensity reduction is somehow intrinsic only to the
SrygLlay CuO, EDHTSC because it is not possible to make
good quality samples with La concentrations different from
0.1. For this reason, we have performed a study of the Cu
NMR intensity in Pr,_,Ce CuO, extending from x=0.10 to
x=0.20 and report our results in this Brief Report. We show
that there is a reduction in the Cu NMR intensity only for
x=<0.125.

The synthesis of Pr,_,Ce CuQy is reported elsewhere.!” T,
was measured using a superconducting quantum interference
device magnetometer and applied magnetic fields of 2 mT.
The T. values were 19, 21, 23, and 17 K for x=0.10, 0.125,
0.15, and 0.20, respectively. These values are similar to those
obtained by Brinkmann et al.?® Some of the samples were
also ¢ axis aligned in an epoxy resin in a magnetic field of
0.8 T, as described previously."”

Cu NMR measurements were made in an applied
magnetic field of 9.2 T using a Hahn echo sequence,
Tan—T—T,—T, Where the pulses 7., and 7, were 6 and
12 ws, and 7 was 20 us. The spectra were obtained at dis-
crete frequency steps by integrating the spin echo. A Ag coil
and resistor were used to reduce the Q and ensure that the Q
was only weakly dependent on temperature. It was measured
using a network analyzer. The spectra were corrected for the
Q, mass, and Boltzmann factors.

The spectral intensity is also affected by the transverse
relaxation time (7,) that can depend on temperature as well
as the fact that measurements cannot be made at 7=0. There-
fore, the spin-echo intensity was also measured as a function
of 7 and the magnetization M(7) was extrapolated back to
7=0 for a fixed pulse duration. In the HDHTSCs, M(7) can
be written as M(7)=M,exp(-27/ T2R)exp(—27'2/T§g). The
first factor arises from the spin-lattice relaxation and it is
known as the Redfield correction.?! The second Gaussian
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FIG. 1. Plot of the *Cu NMR spectra from a Pr; gCe;,CuOy
powder sample against frequency for an applied magnetic field of
9.2 T and at 10, 30, 40, 60, 100, and 294 K. The arrow indicates
increasing temperature. The spectra were corrected for Q and the
Boltzmann factor. Left inset: Plot of T; against temperature mea-
sured at the peak frequency. Right inset: Plot of the integrated e
NMR intensity F against temperature after the T; correction and
normalized to the high-temperature value.

factor arises from the electron-enhanced indirect nuclear
spin-spin coupling between neighboring Cu nuclei.?>? This
factor reduces to exp(—27/T,) in the absence of spin-spin
coupling, if there are significant short-wavelength spatial in-
homogeneities or if all the spins are not flipped by the exci-
tation pulse. It has also been reported for temperatures near
and below the temperature where the reduction in the Cu
NMR intensity is observed in some of the HDHTSCs. It also
occurs in Sryglag ;CuO, and Pry g;5Ce 15CuO, below 300 K.
For this reason, the magnetization at 7=0 was estimated by
fitting the spin-echo intensity to M(7)=M,exp(=27/T5),
where 1/T5=1/Tox+1/T,.

The ®*Cu NMR spectra from the Pr, ¢Ce;,CuO, powder
sample are plotted in Fig. 1 for temperatures increasing from
10 to 294 K. As noted previously, the spectra contain a nar-
row region that can be attributed to **Cu 1/2 < —1/2 transi-
tions from unoriented grains'®?* and it is similar to that ob-
tained from unoriented Sry¢La,y;Cu0,.'%2>?7 For c-axis
aligned samples, the peak for the ab plane parallel to the
applied magnetic field occurs near 103.82 MHz and the peak
for the ¢ axis parallel to the applied magnetic field occurs
near 104.4 MHz. This is consistent with previous measure-
ments on aligned samples.'” Since 3Cu has a nuclear spin of
I=3/2 and an appreciable nuclear quadrupole moment, two
additional quadrupole peaks are expected. However, they are
not observed in this compound or in the other EDHTSC,
SrygLag Cu0,.'82-27 It has been suggested that the electric-
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FIG. 2. Plot of the ®*Cu NMR spectra from a c-axis aligned
Pr; g5Ceq 15CuO, with the ab plane parallel to the applied magnetic
field of 9.2 T against frequency and at 10, 40, 100, 180, and 293 K.
The spectra were corrected for Q and the Boltzmann factor. Left
inset: Plot of T; against temperature measured at the peak fre-
quency. Right inset: Plot of the integrated %Cu NMR intensity F
against temperature after the T; correction and normalized to the
high-temperature value.

field gradient is small and charge disorder broadens the two
expected quadrupole satellites.'®!® Note that the °Cu NMR
spectra occur at a higher frequency.

In this Brief Report, we are interested in the SCu NMR
intensity and it can be seen in Fig. 1 that there is a broaden-
ing of the spectra and a decrease in the absolute intensity. It
has previously been shown that the broadening is due to Pr*,
which is a van Vleck paramagnet.'® To obtain the integrated
intensity, it is important to measure T; under the same exci-
tation conditions with a 7., of 6 us. The resultant spin-spin
relaxation data did not contain a Gaussian factor and could
be fitted to M(7)=M,exp(-27/ T;), where the T; data are
plotted in the inset in Fig. 1 against the temperature. While
this can occur because not all of the nuclear spins are flipped,
we note that measurements on aligned samples with shorter
7..;» pulse lengths also reveal the absence of a Gaussian com-
ponent. Similar behavior is observed in SrygLaj;CuO, for
temperatures below 300 K. It can be seen in the left inset in
Fig. 1 that T, is a weak function of temperature down to
60 K. In all cases, T, is above 100 us and hence the T,
correction to the integrated *Cu NMR intensity is not large.
This can be compared with La,_ Sr,CuO,4, where TZ can be
below 20 us.2 The integrated *Cu NMR intensity is plotted
in the right inset in Fig. 1. It is apparent that there is only a
small decrease in the “*Cu NMR intensity at low tempera-
tures that could be due to supercurrent screening effects.
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FIG. 3. Plot of the *Cu NMR spectra from a Pr; ¢Cey ;CuOy
powder sample against frequency for an applied magnetic field of
9.2 T and at 10, 50, 100, 180, and 293 K. The arrow indicates
increasing temperature. The spectra were corrected for Q and the
Boltzmann factor. Left inset: Plot of T; against temperature mea-
sured at the peak frequency. Right inset: Plot of the integrated e
NMR intensity F against temperature after the T; correction and
normalized to the high-temperature value.

There is also no large decrease in the *Cu NMR intensity
for Pr; 45Ce 15CuQy, that has a lower number of doped elec-
trons per Cu. This can be seen in Fig. 2, where the ®Cu
spectra are plotted for a c-axis aligned sample and when the
applied magnetic field is parallel to the ab plane. Previous
measurements were done on unoriented powder samples. '8
The resultant ®*Cu NMR integrated intensity is plotted in the
right inset in Fig. 2 after the T; correction using the experi-
mental data in the left inset in Fig. 2. There is only a small
decrease in the integrated intensity at low temperatures that
may be because of supercurrent shielding in the supercon-
ducting state.

However, it is clear in Fig. 3 that there is a large
temperature-dependent decrease in the “*Cu NMR intensity
for x=0.10. Here, we plot the *Cu NMR spectra at different
temperatures from a Prj ¢CeyCuO, powder sample. The
%Cu NMR spectrum at 293 K is similar to that seen in
Pr; sCe(,CuO,. However, there is a rapid reduction in the
%Cu NMR intensity with decreasing temperature. This can-
not be attributed to a large decrease in T;, as can be seen in
the left inset in Fig. 3. There is a small decrease in T, from
121 ps at 293 K to 73 us at 75 K, and then T; increases.
The resultant *Cu NMR integrated intensity is plotted in the
right inset in Fig. 3 after the T; correction. It is apparent that
the reduction occurs for temperatures below room tempera-
ture.
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FIG. 4. Plot of the integrated %Cu NMR intensity F normalized
to the high-temperature value against temperature for Pr,_ Ce, CuO,4
with x=0.10 (filled circles), x=0.125 (filled down triangles), x
=0.15 (open up triangles), and x=0.20 (open circles). Also shown is
the integrated intensity from a c-axis aligned Pry g5Ce 15CuO,4 with
the ab plane parallel to the applied magnetic field (crosses). Inset:
Plot of the integrated %Cu NMR intensity at 293 K against the Ce
fraction and normalized to the x=0.15 value.

The ®Cu NMR integrated intensity is plotted in Fig. 4
for all the samples after the small 7, correction. It is clear
that there is a large temperature-dependent decrease in the
%Cu NMR intensity starting below 293 K for x=0.10 and
x=0.125. However, there is only a small or negligible
decrease in the %Cu NMR intensity below 7, for
x=0.15-0.20 that is probably due to supercurrent shielding
effects.

While there is a clear reduction in the **Cu NMR intensity
with decreasing temperature for x=<0.125, it is apparent in
the inset in Fig. 4 that there is no reduction in the intensity at
room temperature within the experimental uncertainty. Here,
we plot the integrated **Cu NMR intensity at room tempera-
ture after correction for the mass, Q, Boltzmann factor, and
7.

In conclusion, we observe a large temperature-dependent
reduction in the ®*Cu NMR intensity in the Pr,_ Ce CuO,
family of EDHTSCs for x=<0.125 and below room tempera-
ture. The previous observation of a doping-dependent reduc-
tion in Sry¢lay ;CuO, suggests that this reduction is intrinsic
to the EDHTSCs. A temperature-dependent reduction in the
%Cu NMR intensity has also been reported from measure-
ments on La,_ Sr,CuO4 and Y,_,CaBa,Cu;0,;_s for low
hole doping where the loss in intensity is significant for
x<<0.13. This shows that a symmetry exists between the
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electron-doped and hole-doped superconducting phase dia-
grams. It should be noted that for both doping conditions,
there are no changes in the Cu spin-lattice or spin-spin re-
laxation rates that can be associated with an onset of a NMR
intensity reduction. Therefore, it is possible that the slowing
down of the spin dynamics occurs inhomogeneously.
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