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Absence of a magnetic-field effect on static magnetic order in the electron-doped superconduct
Nd1.86Ce0.14CuO4
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Neutron-scattering experiments were performed to study the magnetic-field effect on the electron-doped
cuprate superconductor Nd1.86Ce0.14CuO4, which shows the coexistence of magnetic order and superconduc-

tivity. The (1
2

3
2 0) magnetic Bragg intensity, which originates from the order of both the Cu and Nd moments

at low temperatures, shows no magnetic-field dependence when the field is applied perpendicular to the CuO2

plane up to 10 T above the upper critical field. This result is significantly different from that reported for the
hole-doped cuprate superconductors, in which the quasistatic magnetic order is noticeably enhanced under a
magnetic field.
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Extensive neutron-scattering studies have been perfor
on high-Tc superconductors in order to clarify the interpla
between the superconductivity and magnetism. In particu
in the hole-doped cuprate superconductor La22xSrxCuO4 and
related systems, static and dynamic properties of spin co
lations have been studied in considerable detail.1–5A remark-
able feature in the superconducting phase is that static
low-energy spin correlations are incommensurate, and

magnetic peaks are found at (1
2 , 1

2 6d) and (1
2 6d, 1

2 ).2,3 In
the optimally doped region, there exists an excitation g
and low-energy excitations are suppressed.6 On the other
hand, in the region where the hole concentration is; 1

8 , elas-
tic incommensurate peaks, originating from both the sp
density wave and the charge density wave, are observed
tinctly, suggesting the stripe model.4 In this underdoped
region, the coexistence of magnetic order and supercon
tivity is implied.7,8

In the electron-doped cuprate superconductor, howe
the number of neutron-scattering studies is rather limit
probably because a large single crystal is difficult
grow. Yamada et al. reported that the superconductin
Nd1.85Ce0.15CuO4 ~superconducting transition temperatu
Tc;18 K) shows a broad magnetic excitation peak at

commensurate position (1
2 , 1

2 ).9 It is also found that an exci
tation gap exists around 4.5 meV. Thus both hole- a
electron-doped cuprate superconductors show a gap beh
in magnetic excitations, although the magnetic correlati
are incommensurate and commensurate in hole-
electron-doped cuprate superconductors, respectively.
coexistence of magnetic order and superconductivity w
also suggested in an electron-doped system.10–12

Neutron scattering under a magnetic field is one of
important techniques that can be used to study the inter
between magnetism and superconductivity. The magne
field effect has been studied in superconduct
La22xSrxCuO4 (x50.10 and 0.12! and La2CuO41y . These
investigations showed that the static parallel stripe orde
enhanced under a magnetic field perpendicular to the C2
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planes.13–15 The enhancement of the elastic magnetic inte
sity is ascribed to vortices which stabilize the static magne
order in a larger region than the vortex cores.13–15 Theoreti-
cal studies were also performed intensively on the st
magnetic ordering induced near the vortex cores, which
consistent with experiments.16–24

In the case of the electron-doped cuprate supercondu
Nd22xCexCuO4, magnetic-field studies were performed on
for undoped Nd2CuO4,25 to the best of our knowledge. Th
main purpose of that study was to determine whether
magnetic structure is collinear or noncollinear. The magne
field was applied in the CuO2 plane and the magnetic struc
ture was found to be noncollinear. In the present study,
examined the magnetic-field effect of the static magnetic c
relations in Nd1.86Ce0.14CuO4 (Tc;25 K). Since the coher-
ence length is;100 Å in the electron-doped system,26

which is several times larger than that in La22xSrxCuO4, a
large magnetic-field effect can be expected. Furthermore,
upper critical fieldHc2 is less than 10 T in the electron
doped system, so that normal-state properties can easil
studied. It is found that the elastic magnetic peak is magn
field independent up to 10 T aboveHc2, suggesting that the
interplay between magnetic order and superconductivity
this system is considerably different from that in the ho
doped system.

A single crystal of Nd1.86Ce0.14CuO4 was grown by the
traveling solvent floating-zone method. The crystal was
nealed in an Ar atmosphere at 920 °C for 12 h.Tc is ;25 K,
as determined from a susceptibility measurement, and
shown in Fig. 1. From the data, the superconducting prop
is considered to be that of bulk in nature. The crystal used
this study is the one that was used in the previous stud11

The Ce concentration dependence of magnetic and super
ducting properties shows a systematic change in the tra
tion temperatures, indicating that the doped electrons are
mogeneously distributed.10,11 For x50.14, which was used
in this study, similar volume of a magnetically ordered pha
and superconducting phase coexist.10 It is likely that a
©2002 The American Physical Society09-1
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slightly inhomogeneous distribution of electrons causes
phases that are spatially separated. This phase separatio
havior is basically similar to that in La22xSrxCuO4.

The neutron-scattering experiments were carried out
the three-axis spectrometer TAS2 installed in the guide
of JRR-3M at the Japan Atomic Energy Research Institu
The typical horizontal collimator sequence was guid
208-S-208-808 with a fixed incident neutron energy ofEi
513.7 meV. Contamination from higher-order beams w
effectively eliminated using pyrolytic graphite filters. Th
single crystal was oriented in the~HK0! scattering plane.
Neutron-scattering experiments under magnetic fields w
performed up to 10 T using a type of split-pair supercondu
ing magnet cooled by cryocoolers. The field was appl
vertically to the scattering plane.

In the ~HK0! scattering zone, magnetic Bragg peaks

observed at (12 1m, 1
2 1n,0), wherem and n are integers,

except at (6 1
2 6m,6 1

2 6m,0) and (6 1
2 6m,7 1

2 7m,0). It is

FIG. 2. Temperature dependence of the (1
2

3
2 0) Bragg peak un-

der zero magnetic field in Nd1.86Ce0.14CuO4.

FIG. 1. Temperature dependence of the magnetic susceptib
under a zero-field-cooled condition with the magnetic field of 10
for Nd1.86Ce0.14CuO4.
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also reported that superlattice peaks, which originate from
superstructure caused by the heat treatment and are al
temperature independent, are superimposed on these
netic peak positions.27 Figure 2 shows the temperature d

pendence of the (12
3
2 0) Bragg intensity under zero magnet

field. The intensity at (12 1m, 1
2 1n,0) is described as

I 5C$MCu~T! f Cu12MNd~T! f Nd%
21I lattice, ~1!

where C is a constant,I lattice is the superlattice scatterin
intensity, andM (T) and f are ordered staggered momen
and form factors for the Cu21 and Nd31 ions, respectively.
Above 100 K, this reflection almost originates from the s

FIG. 3. Neutron elastic intensity around the commensurate

sition (1
2 , 3

2 ,0) in Nd1.86Ce0.14CuO4 under magnetic fieldsH50 and
10 T and atT515, 45, and 75 K. The magnetic field is applie
perpendicular to the CuO2 plane. The solid lines are the results
fits to a Gaussian function for the zero-field data.
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perstructure. With decreasing temperature, the Cu and
moments order gradually, and a contribution from the or
of the Cu moments becomes comparable to that from
superstructure around 50 K. Below;20 K the order of the
Nd moments develops rapidly so that most of the scatte
intensity originates from the magnetic order and the con
bution of the Nd moments becomes comparable to that of
Cu moments. It was reported thatMCu(10 K);0.1mB and
MNd(10 K);0.05mB in Nd1.86Ce0.14CuO4 if the moments
are assumed to be homogeneously distributed.11

Figure 3 shows the magnetic field dependence of the n

tron elastic intensity at (12 , 3
2 ,0) in Nd1.86Ce0.14CuO4. The

magnetic field is applied perpendicular to the CuO2 plane.
The magnetic peak width is slightly broader than the inst
mental resolution11 although the superlattice peak is almo
resolution limited in the~HK0! plane.27 At 75 K, where most
of the scattering intensity comes from the structural dist
tion, there is no magnetic-field effect up to 10 T, which
reasonable. At 45 K aboveTc , where about one third of the
intensity comes from the static magnetic order, mostly of
Cu moments,28 the magnetic-field effect is still missing. F
nally, at 15 K belowTc , where about 80% of the intensity i
magnetic in origin and the Cu and Nd contributions a
comparable,28 there is almost no magnetic-field dependen
even at 10 T, which is aboveHc2. This result is significantly
different from that reported for the hole-doped system,
which the quasistatic magnetic order is enhanced und
magnetic field.13–15

As mentioned at the beginning for hole-dop
La22xSrxCuO4, it is theoretically predicted that the stat
magnetic order is stabilized and enhanced around the vo
cores with an application of magnetic field,16–24 indicating
that dynamic spin fluctuations in the superconducting ph
can be easily pinned by the vortices. If such a strong pinn
effect also exists in the electron-doped system, the magn
field should enhance the static magnetic order. Since alm
the same volume of magnetic and superconducting ph
coexist in Nd1.86Ce0.14CuO4,10 the enhancement of the elast
magnetic intensity is expected to be clearly observable.

A puzzling question is how the magnetically order
phase and superconducting phase coexist in the elec
doped system. We mentioned that the two-phase beha
probably originates from the phase separation of the do
carriers, which is also probable in La22xSrxCuO4. Although
e
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S
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the correlation length of the magnetically ordered phase
the CuO2 plane is similar in the both systems (;100 Å), the
difference between the two systems is the correlation len
perpendicular to the CuO2 plane. In a nearly optimum-dope
region of La22xSrxCuO4, magnetic correlations are almo
two dimensional. On the other hand, the correlation length
Nd1.86Ce0.14CuO4 is estimated to be about 100 Å,11 which is
fairly large. Therefore, the magnetically ordered state is
pected to be robust in Nd1.86Ce0.14CuO4 against magnetic
fields, which is consistent with the experimental resu
Even in this case, however, a static magnetic order m
appear in the superconducting region when the magn
field exceedsHc2 and the superconducting region turns to
in the normal state. Therefore, the absence of a magn
field effect is surprising.

A probable scenario for the absence of the magnetic-fi
effect would be as follows. The superconducting phase
an excitation gap as reported in Nd1.85Ce0.15CuO4,9 and the
gap does not close even aboveHc2, so that a quasielastic
component still does not appear. This behavior is similar
that observed in optimally doped La22xSrxCuO4,29 in which
an in-gap state develops but the gap still remains unde
magnetic field, although the applied field is much smal
thanHc2. It is also possible that the superconducting pha
in the Nd22xCexCuO4 system lies in the overdoped phase,
which the magnetic fluctuations are shorter ranged,3 and thus
a long-range magnetic order does not appear easily. In o
to clarify this in detail, the magnetic-field dependence of t
excitation spectra should be measured. We plan to perf
neutron inelastic scattering experiments under a magn
field in future.

In summary, our neutron-scattering experiments unde
magnetic field in the electron-doped cuprate supercondu
Nd1.86Ce0.14CuO4 demonstrate that the static magnetic ord
of both the Cu and Nd moments shows no magnetic-fi
dependence up to 10 T which is aboveHc2. This is in sharp
contrast to the static magnetic order in the hole-doped s
tem.
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