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We have synthesized superconductive and nonsuperconductive samples of then-type high-Tc superconduct-
ing system Nd2CuO42xFy from the same batch. They give very similar normal state19F NMR results, with
decreasing spin-lattice relaxation time~T1) and the spin-spin relaxation time~T2E) and increasing negative line
shift on decreasing temperature. Our results seem to indicate that the fluorine is more likely to be substituted
into the O~2! sites between the Nd planes in this system.

I. INTRODUCTION

In 1989 a new high-Tc superconductor Nd1.85Ce0.15CuO4
was synthesized (Tc524 K! by the cation doping of the
mother compound Nd2CuO4.

1 Subsequently the anion-
dopedn-type high-Tc superconductor Nd2CuO42xFy was
discovered (Tc527 K!.2 In contrast to the previously re-
ported p-type high-Tc superconductors, the charge carriers
are not holes but electrons, and the doped elecrons have a
Cu 3d character. The fact that CuO2 planes in the high-Tc
superconductors can have both types of charge carriers was
believed to provide a test of the proposed theories for the
conduction mechanism of the high-Tc superconductors.

Nd2CuO42xFy has a tetragonal structure with a crystal
symmetryI4/mmm(T8 phase! and the lattice parameters are
a5b53.96 Å andc512.13 Å.2 A unit cell has two oxygen
sites O~1! and O~2!. O~1! is in the CuO2 planes whereas
O~2! is between the Nd planes as shown in Fig. 1. The TEM
~transmission electron microscope! and neutron scattering
gave no significant results as to the F2 ion substitution site,
and x-ray photoelectron spectroscopy gave opposite
results.3–6

NMR ~nuclear magnetic resonance! has been an important
probe for superconductivity.7–13 The 19F nucleus has a spin
1/2, large gyromagnetic ratio, isotope abundance of 100%,
and no quadrupole moment. Thus19F NMR can be a very
sensitive and effective probe for the electronic and magnetic
environments of Nd2CuO42xFy .

14,15

II. EXPERIMENT

The samples were prepared by the solid-state reaction
from stoichiometric mixtures of Nd2O3, CuO, and NdF3 . A
DTA ~differential thermal analysis! heat absorption peak at
916 °C, attributed to the sample decomposition, limited the
processing temperature below 910 °C. The stoichiometric
mixtures were calclined at 900 °C for 14 h in air, using a Pt
crucible. After regrinding, they were pressed into cylindrical
pellets and annealed at 890 °C for 14 h in flowing N2. The
pellets were furnace cooled to room temperatue with a cool-
ing rate of 3 °C/min~sample I!. A second annealing was
performed successively for a part of sample I in the same
condition for 10 h~sample II!. The x-ray diffraction patterns
for the prepared samples were in good agreement with

known results. The SEM~scanning electron microscope! and
SQUID ~superconducting quantum interference device! mea-
surements were also made on the samples.19F NMR mea-
surements at 45 MHz were made for the superconductive
sample I and the nonsuperconductive sample II well above
the superconducting transition temperature, between 100 and
300 K, employing a home-built pulsed NMR spectrometer.
The spin-lattice relaxation time~T1) and the spin-spin relax-
ation time~T2E), the resonance frequency shift, and the line
shape were measured employing solid echo sequences using
C6F6 as the

19F NMR reference. TheT1 was measured by
the saturation recovery method.

III. RESULTS AND DISCUSSION

Figure 2 is the SEM picture of the sample I, which shows
that the samples consist of small grains of severalmm. The
sample II showed a similar microstructure. The temperature
dependence of the SQUID magnetization measurements for
the two samples is shown in Fig. 3. For an applied magnetic
field of 10 G after zero field cooling, only sample I showed
superconductivity. The onset temperature of the supercon-
ducting transition is 22 K and the Meissner effect is observed

FIG. 1. Crystal structure of Nd2CuO42xFy .
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at 16 K. Both samples were paramagnetic at all temperatures
in 5000 G.

The 19F NMR intensities indicated that the two samples
contain comparable F contents. The two samples gave nearly
identical Gaussian line shapes as shown in Fig. 4. The single
Gaussian line shape seems to indicate that the substituted
F2 ions are located at only one oxygen site at least for the
most part.

As shown in Fig. 5, the two samples gave very similar
line shift in the whole temperature range. The negative line

FIG. 2. SEM~scanning electron microscope! picture of the su-
perconductive Nd2CuO42xFy .

FIG. 3. Temperature dependence of magnetization for the super-
conductive and nonsuperconductive Nd2CuO42xFy .

FIG. 4. Room temperature line shapes of the superconductive
and the nonsuperconductive Nd2CuO42xFy . The zero frequency
corresponds to the C6F6 .

FIG. 5. Temperature dependence of the negative line shift for
the superconductive and the nonsuperconductive Nd2CuO42xFy .
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shift increases with decreasing temperature. The negative
line shift indicates the presence of the core polarization.8,16,17

The exchange interaction between non-s conduction elec-
trons and local 1s core electrons can give rise to a contact
hyperfine interaction between the local 1s core electrons and
the nucleus, which is proportional to the spin polarization of
the non-s band. The direction of the hyperfine field due to
the core polarization is opposite to that of the applied field,
causing a negative line shift. The non-s band Pauli suscepti-
bility is temperature dependent, resulting in a temperature-
dependent shift. A similar negative Knight shift would be
found for the fluorine substituting into either of the oxygen
sites.

Figure 6 shows the spin-spin relaxation time measure-
ments. TheT2E also decreases with decreasing temperature
for the two samples, which corresponds to a line broadening.
In these samples both theT1 and theT2E are very short, with
comparable values. The observed temperature dependence of
theT2E indicates that the fluorine nuclei are under the influ-
ence of the Nd31 paramagnetic ions according to a resonant
photoemission study. It shows the Nd 4f –O 2p hybridiza-
tion in Nd1.85Ce0.15CuO4.

18 A Nd 4f –F 2p hybridization
would be possible if the doped F2 ions substitute for the
O~2! sites between the Nd planes in Nd2CuO42xFy . By this
hybridization, the F nucleus will be directly affected by the
Nd 4f electrons. It should also be noted that the
Cu 2d–F 2p hybridization would yield a similar result.

Figure 7 shows the spin-lattice relaxation time measure-

ments. While theT1 increases with decreasing temperature
in most solids, it decreases with decreasing temperature for
both samples of Nd2CuO42xFy . This temperature depen-
dence may be explained by the Kondo effect observed in this
system. An electrical resistivity minimum at low tempera-
tures, the Kondo effect, arises from the exchange interactions
between the localized magnetic moments and the conduction
electrons.19–21 The rare earth 4f electrons are highly local-
ized and the direct coupling between localized Nd31 mo-
ments is negligibly small except at very low temperatures.
Thus the rare earth metallic systemR22xCexCuO4 can show
the Kondo effect even in the nondilute case.22,23 A Kondo
effect was also observed in the Nd2CuO42xFy ,

3 which may
cause the magnetic fluctuation of the Nd 4f electrons to
increase with decreasing temperature, leading to the greater
spin-lattice relaxation rates. However, this argument can
work only on the assumption that the conduction electrons
are delocalized enough to influence the F site in any case.

The observed NMR behaviors~T1 , T2E , and the negative
line shift! of the superconductive and the nonsuperconduc-
tive Nd2CuO42xFy are very similar in the whole tempera-
ture range. This seems to indicate that the microscopic envi-
ronment at the substituted oxygen site is very similar in the
two samples in the normal state, and that the fluorines are
more likely to be substituted into the interplane O~2! sites,
since the conductive CuO2 plane environments are expected
to be noticeably different in the two systems.

In summary, the normal state19F NMR behaviors of the

FIG. 6. Temperature dependence of spin-spin relaxation time
(T2E) for the superconductive and the nonsuperconductive
Nd2CuO42xFy .

FIG. 7. Temperature dependence of spin-lattice relaxation time
~T1) for the superconductive and the nonsuperconductive
Nd2CuO42xFy .

53 2267BRIEF REPORTS



superconductive and the nonsuperconductive Nd2CuO42xFy
were observed to be nearly identical. The temperature depen-
dences of the spin-lattice relaxation time~T1) and the spin-
spin relaxation time~T2E), and the negative line shift were
also explained. Our results indicate that the fluorine substi-
tution is more likely to occur in the O~2! sites between the
Nd planes in the Nd2CuO42xFy system.
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