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Magnetic-field effect on static antiferromagnetic order above the upper critical field
in Nd1.85Ce0.15CuO4
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We use neutron scattering to study the effect of ac-axis-aligned magnetic field on superconducting
Nd1.85Ce0.15CuO4 for fields above its upper critical field. We also determine the effect of such a field on the
cubic impurity phase (Nd,Ce)2O3. By comparing these data with previous field-induced results on other
electron-doped materials, we conclude that while the impurity phase is responsible for scattering at (1/2,0,0),
application of a magnetic field does induce a quantum phase transition from the superconducting to an anti-
ferromagnetic state in electron-doped high-Tc superconductors.
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One of the most important unresolved problems in hig
transition-temperature~high-Tc) copper oxides concerns th
nature of the correlated electron state at low tempera
when superconductivity is suppressed.1 While such a state in
conventional Bardeen-Cooper-Schrieffer superconductor
a homogeneous diamagnetic metal, there are reasons t
lieve that many other quantum states compete with super
ductivity in high-Tc copper oxides.2–9 Determining the clos-
est competing ground state and establishing the evolutio
such a state when superconductivity is destroyed by a m
netic field will strongly constrain possible physical explan
tions for superconductivity. For p-type underdoped
La22xSrxCuO4 ~LSCO!, transport measurements have r
vealed that the field-induced normal state is a cha
insulator.10 Although subsequent neutron scattering expe
ments showed that application of a magnetic field enhan
incommensurate spin-density-wave~SDW! order,11,12 the
transition from the superconducting state to the SDW s
was never observed because the upper critical fieldBc2 for
LSCO is beyond the capability of the current neutron m
surements. Similarly, neutron scattering experiments
fields up to 7 T failed to confirm static SDW as a competi
ground state to superconductivity in underdoped superc
ducting YBa2Cu3O6.6.13,14

Fortunately,n-type doped high-Tc copper oxides gener
ally have much lowerBc2.15–17 While initial measurements
found no observable field-induced effect f
Nd1.86Ce0.14CuO4,18 we showed thatBc2 ~for a c-axis-
aligned field! is only 6.2 T for Nd1.85Ce0.15CuO4 ~NCCO!
and suppression of superconductivity by such a field indu
a commensurate SDW order.19,20 For two-dimensional anti-
ferromagnetic~AF! ordered copper oxides, structure fact
calculations show that magnetic scattering should ce
around (1/2,1/2,0) and/or its equivalent positions.21 While
the observation of a field-induced AF peak at (1/2,1/2
suggests that antiferromagnetism competes with super
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ductivity, the appearance of (1/2,0,0) and (0,1/2,0) magn
reflections is puzzling.19 Recently, Manget al.22 found that
the annealing process necessary to make supercondu
NCCO also induces epitaxial cubic (Nd,Ce)2O3 as an impu-
rity phase. While this impurity phase is lattice matched w
thea-b plane of NCCO, its lattice parameter along thec-axis
is about 10% smaller than that of NCCO. Manget al.22 also
claim that the epitaxial cubic (Nd,Ce)2O3 has long-range
order parallel to the CuO2 planes of NCCO but extending
only ;5ac along thec axis, thus giving rise to structura
peaks that occur at one subclass of half-integer NCCO Br
peaks withL50 ~zero momentum transfer along thec axis!
such as (1/2,1/2,0), where AF peaks occur. Although
confirmed the presence of such an impurity pha
(Nd,Ce)2O3 in our samples has ac-axis coherence length o
about 220620 Å full width at half maximum~FWHM! @Fig.
1~c!# and therefore essentially forms three dimensional lo
range structural order.20

Since application of a magnetic field will induce a n
ferromagnetic~FM! moment in the impurity phase at pos
tions (1/2,1/2,0) and (1/2,0,0),22 it is important to determine
how much of the scattering at (1/2,1/2,0) and (1/2,0,0)
theBuuc-axis geometry19 originates from (Nd,Ce)2O3. While
the magnetic field dependence of (1/2,0,0) appears to be
similarly with that of (1/2,1/2,0) below 7 T,19 we show here
that these two families of reflections have quite differe
field-dependent behavior at higher fields. By comparing
field dependence of the scattering with impurity scattering
these positions, we conclude that suppression of super
ductivity by a c-axis-aligned field enhances scattering
(1/2,1/2,0) and (1/2,3/2,0). However, the field-induced
tensity at (1/2,0,0) is likely due to the impurity phase.

The single crystals of superconducting NCCO used
present work were described in detail before.19,20 They have
a Tc of 25 K and aBc2 of 6.2 T at 5 K asdetermined from
the resistivity measurements. The high field measurem
©2004 The American Physical Society10-1
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were taken at the E4 two-axis diffractometer using
VM-1, 14.5-T vertical field magnet at the Berlin Neutro
Scattering Center, Hahn-Meitner-Institute~HMI !. The colli-
mations were 408-408-Sample-408 with one pyrolytic graph-

FIG. 1. Spin structure models, summary of reciprocal sp
probed in the neutron experiments, and effect of a magnetic fiel
the AF and impurity peaks at 5 K.~a!, The non-collinear type-I/III
spin structure of the AF order in NCCO.~b!, Classification of field-
induced magnetic peaks at 5 K(,Tc). Moderate field induces
peaks at ((2m11)/2, (2n11)/2,0), (m,(2n11)/2,0), and ((2m
11)/2,n,0), wherem,n50,1. The field-induced peaks can be cla
sified into two types with different magnetic field dependence ab
Bc2. The closed circles represent peaks with increasing inten
aboveBc2, while the open circles show peaks with decreasing
tensity aboveBc2. The closed squares indicate structural Bra
peaks where the intensity scales with increasing field and disp
only a small anomaly acrossBc2. ~c! L-scans around the AF pea
~1/2,1/2,0! at 0 T and 7 T magnetic field along the@1,21,0# direc-
tion. Since the applied magnetic field is parallel to the CuO2 planes,
the observed field-induced enhancement can be attributed al
entirely to the polarization of Nd moments in the impurity phase
~Nd,Ce!2O3. The FWHW of the field-induced scattering along th
c-axis (DL) is 0.05660.006 ~r.l.u.!, indicating a minimum coher-
ence lengthj of about 18ac or 220620 Å along thec-axis of
(Nd,Ce!2O3 ~usingj'ac/DL). Radial scans along~d! (H,0,0), ~e!
(H,H,0), ~f! (H,3H,0), and ~g! (H,H/2,0) directions at various
fields. The data were collected on the E4 two-axis spectromete
HMI.
10451
e

ite ~PG! filter and the incident beam energy (Ei) was fixed at
13.6 meV. For fields below 7 T, we used BT-9 and BT
triple-axis spectrometers at the NIST Center for Neutron R
search with PG monochromator,Ei514.7 meV, two PG fil-
ters, and collimations of 408-468-408-808. For the experi-
ments, we label wave vectorsQ5(qx ,qy ,qz) in Å21 as
(H,K,L)5(qxa/2p,qya/2p,qzc/2p) in the reciprocal lattice
units ~rlu! appropriate for the tetragonal unit cell of NCC
~space groupI4/mmm, a53.92 andc512.07 Å). The im-
purity phase (Nd,Ce)2O3 has space groupIa3 and lattice
parameteraNO511.702 Å.20

Figures 1~a! and 1~b! plot the schematic diagram o
canted AF NCCO and reciprocal space probed in the exp
ment, respectively. At zero field, weak superlattice pea
were observed at (1/2,0,0), (1/2,1/2,0), (1/2,3/2,0), a
(1,1/2,0).20 Application of a magnetic field induces magnet
scattering at (1/2,1/2,0) and (1/2,0,0) type positions as w
as intensity at FM Bragg peak positions such as (1,1,0).19,20

As a function of applied field, the field-induced scattering
(1/2,1/2,0) was found to initially increase linearly with field
saturate aroundBc2, and finally decreases for larger field
On the other hand, the field-induced FM scattering at (1,1
increases continuously from 0 T to 14.5 T and shows
major anomaly aroundBc2. These results suggest the pre
ence of a phase transition from the superconducting stat
an antiferromagnetically ordered state atBc2.19 While the
new measurements at the AF position (1/2,3/2,0)@Fig. 1~f!#
confirm the earlier results at (1/2,1/2,0)@Fig. 1~e!#,19 scans
around (1/2,0,0)@Fig. 1~d!# and (1,1/2,0)@Fig. 1~g!# posi-
tions behave quite differently. Instead of decreasing for fie
above Bc2, the field-induced scattering appear to satur
above 8 T (.Bc2).

To compare the field-induced scattering from the impur
phase with that at (1/2,0,0), (1/2,1/2,0), and (1/2,3/2,0)
Buuc axis, we realigned the crystal in the (H,H,L) zone
where the applied vertical field is along the@1,21,0#, the
cubic edge direction of (Nd,Ce)2O3.20 By measuring the
field dependence of the scattering at (1/4,1/4,1.1), (1,1,2
and (0,0,2.2) positions, we are probing the magnetic fi
effect of the impurity phase on (1/2,0,0), (1/2,3/2,0), a
(1/2,1/2,0) for theBuuc-axis geometry,20,22 respectively, as
summarized in Table I. Figure 2 shows the outcome of
experiment for fields up to 14.5 T. Since (1/4,1/4,1.1) is n
an allowed structural Bragg position for (Nd,Ce)2O3, the
scattering there is featureless at zero field@Fig. 2~a!#. On
increasing the magnetic field from zero to 14.5 T at 5 K, t
field-induced intensity increases with increasing field and
sentially saturates for fields above 7 T~Fig. 2~a!!. For
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TABLE I. Miller indices of Nd1.85Ce0.15CuO4 and equivalent
cubic (Nd,Ce)2O3 reflections assumingaNO52A2aNCCO511.072
andcNCCO512.07 Å.

NCCO NO uFNO(H,K,L)u NO NCCO

(0,1/2,0) (1,1,0) 0 (1,0,1) (1/4,1/4,1.1)
(1/2,1/2,0) (2,0,0) 11.14 (0,0,2) (0,0,2.2)
(1/2,3/2,0) (4,2,0) 16.85 (4,0,2) (1,1,2.2)
0-2
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the (1,1,2.2) peak, which is an allowed reflection
(Nd,Ce)2O3 ~Table I!, the applied magnetic field has a wea
effect on its intensity@Fig. 2~b!#. As a function of increasing
magnetic field, the field-induced intensity increases slow
and essentially saturates for fields above 7 T@Fig. 2~b!#. In
comparison, the field-induced scattering at (1/2,3/2,0) in
Buuc-axis geometry initially increases with increasing fie
but then decreases with increasing field for B larger than
@Fig. 1~f!#. The field-dependence of the scattering at
(0,0,2.2) and (1/2,1/2,0) maximizes aroundBc2 and de-
crease slightly aboveBc2.

For AF ordered copper oxides, the magnetic scatter
should only appear at (1/2,1/2,0) and/or its equivalent p
tions. Assuming that the field-induced intensity is entire
magnetic, we normalized the structural integrated inten
measured at NIST and HMI to 1 at 0 T@except at (1/2,0,0)
and (1/4,1/4,1.1), where the superlattice peak (1/2,0
arises from lattice distortion of the CuO2 plane and scattering
across (1/4,1/4,1.1) is featureless as required by theIa3
space group of (Nd,Ce)2O3]. The field-induced magnetic in
tensities of (1/2,0,0) and (1/4,1/4,1.1) are normalized to 1
6 T. Since a 7 Tc-axis-aligned field has no effect o
(1/2,3/2,0) in the parent compound Nd2CuO4 and non-
superconducting as-grown Nd1.85Ce0.15CuO4,20 we assume
that such a field also has no effect on the residual AF orde
superconducting Nd1.85Ce0.15CuO4. At (1/2,1/2,0)@Figs. 3~c!
and 3~d!# and (1/2,3/2,0)@Fig. 3~b!#, the field-induced scat
tering peaks aroundBc2 and decreases for larger fields. A
(1/2,0,0) @Fig. 3~a!# and (1,1/2,0)~not shown!, the field-
induced intensity behaves similarly to that of (1/2,1/2,0) a
(1/2,3/2,0) for fields less than 6.2 T but clearly does n

FIG. 2. Effect of a Buu@1,21,0# field on the impurity
(Nd,Ce)2O3 peaks at 5 K. At zero field, (Nd,Ce)2O3 peaks were
observed at~b! (1,1,2.2), ~c! (0,0,2.2), and~d! (1/2,1/2,0). Mod-
erate field induces peaks at~a! (1/4,1/4,1.1), and enhances~b!
(1,1,2.2), ~c! (0,0,2.2) and~d! (1/2,1/2,0). The spectrum show
radial scans for~a!, ~b!, and~d!, while a rocking curve is presente
in ~c! because of a large background from a strong Bragg reflec
that is found in a radial scan~Ref. 20!. The data were collected o
the E4 two-axis spectrometer at HMI.
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decrease for fields up to 14.5 T. Finally at the Bragg pe
position (1,1,0)@Fig. 2~e!#, the field-induced scattering has
quadratic field dependence for fields belowBc2, and then
increases further with increasing field with a reduced slo

To estimate the contribution of the impurity scattering
different lattice positions, we normalize the nuclear Bra
peaks from the impurity phase to the superlattice reflectio
Assuming the latter has only the contributions from the i
purity phase~which is the upper bound!, we can determine
the field dependence of (Nd,Ce)2O3 and compare that with
the field-induced effect at (1/2,1/2,0) and (1/2,3/2,0) qu
titatively. The open circles in Fig. 3 show the field
dependence of the impurity scattering based on inten
gains from impurity nuclear Bragg peaks. Consistent w
earlier results,20 we find that impurity scattering cannot ac
count for the observed field-induced intensity at AF pea
However, we confirm that the scattering at (1/4,1/4,1.1) a
(1/2,0,0) positions are indistinguishable to within the error
the measurements.22 In an independent experiment on supe
conducting Pr0.89LaCe0.11CuO4,23 a similar electron doped
material where the cubic impurity phase (Pr,La,Ce)2O3 has a
nonmagnetic ground state and no field dependence belo

n

FIG. 3. Field dependence of the integrated intensities of AF,
and impurity peaks as a function of field at 5 K. The magnetic fi
was applied along thec axis for AF and FM peaks~closed markers!
and the@1,21,0# direction for impurity peaks~open markers!. The
circles are data taken at NIST while triangles and squares are
separate experiments at HMI. The integrated intensity at~b!,
(1/2,3/2,0)-residual AF and (1,1,2.2);@~c! and~d!#, (1/2,1/2,0) and
(0,0,2.2); are normalized to 1 at 0 T, while~a!, (1/2,0,0) and
(1/4,1/4,1.1) data are normalized to 1 at 6 T since there is
(Nd,Ce)2O3 peak at 0 T for (1/4,1/4,1.1).~e! shows the field de-
pendence of induced FM peak (1,1,0). The dotted line in~e! shows
a quadratic fit to the data below and upper critical field (Bc2

56.2 T). ~f! represents the difference between (1/2,1/2,0) a
(0,0,2.2) shown in~c!. The dashed lines in~a!–~d! and ~f! are
guides to the eye and arrows indicate the upper critical field
determined from transport data~Ref. 19!.
0-3
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T,24 Fujita et al. found enhanced AF order at (1/2,3/2,0) f
fields up to 5 T. Above 5 T, this AF order decreases w
increasing field, consistent with the field dependence
(1/2,1/2,0) in Ref. 19 and (1/2,3/2,0) of NCCO@Figs. 1~e!
and 2~b!#. However, Fujitaet al.23 did not find any field-
induced effect at the (1/2,0,0) and (1,1/2,0) positions in th
experiments. In view of this fact and the similarities betwe
the field-induced scattering at (1/2,0,0) and (1/4,1/4,1
@Fig. 3~a!#, we conclude that the (1/2,0,0) scattering repor
in Ref. 19 is due to the impurity (Nd,Ce)2O3 phase. Al-
though this is in agreement with Manget al.,22 we emphasize
that the central conclusion of Ref. 19, i.e., AF order is e

FIG. 4. Comparison of the field-induced effect at residual
peak (1/2,3/2,0) in theBuuc-axis geometry with that at (1,1,2.2) i
the Buuab-plane geometry~along the @1,21,0# direction!. At
(1/2,3/2,0), the scattering intensity grows belowTN'38 K. To
compare the field-induced intensity at (1/2,3/2,0) with that from
polarization of (Nd,Ce)2O3 at (1,1,2.2), we normalize the inte
grated intensity of the structural superlattice reflection at (1/2,3/2
to that of (1,1,2.2) at 0 T and 5 K.
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hanced with the suppression of superconductivity, rema
unchanged and is completely consistent with measurem
on Pr0.89LaCe0.11CuO4.25

In Fig. 4, we compare the field-induced scattering fro
(Nd,Ce)2O3 at (1,1,2.2) with that of (1/2,3/2,0). For NCCO
with type-I/III magnetic structure, the long-range AF order
NCCO will contribute to the magnetic scattering
(1/2,3/2,0). Since superlattice peaks are temperature in
pendent below 50 K,19,20 we can use the intensity o
(1/2,3/2,0) superlattice peak at zero field and 50 K for co
parison with the (1,1,2.2) peak from (Nd,Ce)2O3. Figure 4
shows that the field-induced intensity at (1/2,3/2,0) has o
a small contribution from (Nd,Ce)2O3.

In summary, we have performed neutron scattering
periments on the effect of ac-axis aligned magnetic field on
superconducting Nd1.85Ce0.15CuO4 for fields above its upper
critical field. We determined the field-effect on the cubic im
purity phase (Nd,Ce)2CuO3. By comparing these data with
our previous field-induced results, we conclude that the
purity phase is responsible for the unexpected scatterin
(1/2,0,0). This simplifies the interpretation of the results
the unusual AF NCCO reflections. However, an applied fi
does induce a quantum phase transition from the super
ducting state to an AF state in electron-doped high-Tc super-
conductors.

We are grateful to Y. Ando, D.-H. Lee, H. A. Mook, Sudi
Chakravarty, Steve Kievelson, K. Yamada, and S. C. Zh
for helpful discussions. We thank K. Prokes for technic
assistance. This work was supported by the U.S. NSF DM
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