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We have measured the effect otaxis-aligned magnetic field on the long-range magnetic order of insu-
lating Nd,CuQ,, as-grown nonsuperconducting and superconductingda, ;-Cu0,. On cooling from room
temperature, NgCuO, goes through a series of antiferromagnéf\é) phase transitions with different non-
collinear spin structures. In all phases of J&AO,, we find that the applied-axis field induces a canting of
the AF order but does not alter the basic zero-field noncollinear spin structures. A similar behavior is also found
in as-grown nonsuperconducting N@Ce, 1£CuQ,. These results contrast dramatically with those of super-
conducting Nd g5Cey 15CuQy, where thec-axis-aligned magnetic field induces a static, anomalously conduct-
ing, long-range ordered AF state. We confirm that the annealing process necessary to make superconducting
Nd, g=Ce 1£CuQ, also induces epitaxial, three-dimensional long-range-ordered cubic (N@Q¢ap a small
impurity phase. In addition, the annealing process makes a series of quasi-two-dimensional superlattice reflec-
tions associated with lattice distortions of NdCe, 1sCuQ, in the CuQ plane. While the application of a
magnetic field will induce a net moment in the impurity phase, we determine its magnitude and eliminate this
as a possibility for the observed magnetic-field-induced effect in superconductingQ¢gl,:CuQ,. This is
confirmed by measurements of tfie#2,1/2,3 peak, which is not lattice matched to the impurity phase.
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[. INTRODUCTION field creates vortices in these superconductors, AF order
would be induced in the core of each vortéx?> For under-
High-transition-temperature (highT.) superconductiv- doped superconducting La,Sr,CuQ,, neutron scattering
ity occurs in lamellar copper oxides when hdlesr experiments show that a-axis-aligned magnetic field
electroné® are doped into the CuOplanes. For the parent (B|c axis) not only suppresses superconductivity but also
compounds of hole-doped materials such asdiE), and enhances the static incommensurate spin density wave order,
YBa,Cu;Og, the C#* spins order at relatively high tem- thus suggesting that such order competes directly with
peratures {300 and 420 K, respectivelyn a simple anti- superconductivity®*° Although muon spin resonar®eand
ferromagnetiqd AF) collinear structure that doubles the crys- nuclear magnetic resonance experiments in underdoped
tallographic unit cell in the Cu@planes®® Although the YBa,Cu;Og5 (Ref. 21 also suggest an enhanced AF order
parent compound of electron-doped copper oxides such awiginating from regions near the vortex core, neutron scat-
Nd,CuQ, also has AF spin structures doubling the Gu@it  tering experiments failed to confirm any enhancement of the
cell, the C&* moments order in three phases with two dif- static long-range order in YB&u;Og ¢ for fields up to 7
ferent AF noncollinear spin structures as shown in Figa) 1 T.?2?® Therefore, in spite of intensive effoft;?3the nature
and 1b).6=° These noncollinear spin structures appear inof the superconductivity-suppressed ground state in Tiigh-
Nd,CuQ, because of the presence of the magnetic exchangsuperconductors is still unknown.
interaction between Cii and N&*.1%! Compared to the The major difficulty in studying the ground state of hole-
hole-doped L@ ,Sr,CuQ,, the long-range AF order in doped hight. superconductors is the enormous upper criti-
electron-doped Nd ,CeCuQ, persists to much largex cal fieldsB., (>20T) required to completely suppress su-
(=0.12) 22 and coexists with superconductivity for even the perconductivity. ~Fortunately, ~electron-doped materials
highestT, (=25 K) material =0.15) 1> In contrast, su- generally haveB.,, for magnetic fields aligned along the
perconductivity in La_,Sr,CuO, emerges from a spin-glass axis, less than 10 342" a value easily reachable in neutron
regime and occurs over a wider doping concentration. scattering experiments. While recent experiments by Mat-
The close proximity of AF order and superconductivity sudaet al?® found that a 10-Tc-axis-aligned field has no
raises an interesting question concerning the role of longeffect on the AF order in the superconducting
range magnetic order in the superconductivity of copper oxNd, gCe, 1, CuO;, we showed that such fields in
ides. Theoretically, it was predicted that, when an appliedNd, gC&, 1:CuQ, enhance the AF moment and induce a di-
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b) of their coexistence is uncle&**Finally, superconductivity
in Nd,_,CeCuQ, can only be achieved by annealing the
as-grown samples at high temperatufes:31The annealing
-op process not only induces superconductivity in
Nd,_,Ce CuQy, but also produces structural superlattice re-
flections of unknown origiri?

To understand the effect of a magnetic field on supercon-
-op ductivity in Nd; g<Ce, 14CuQ,,?° one must first determine its
c influence on the residual AF order without the complication

b of superconductivity. Since the residual AF order in super-
Tl,a conducting Nd_,Ce CuQ, has the same magnetic sgtgructure
; as that of the insulating N€CuQ, at low temperatures; in-

Ndz(IIuO4 (Bllcl:-ans) vestigating the field effect on AF orders in NeuO, will
c) (1/2,3/2,0) ® B=0T 1 resolve this issue. Second, the effect of Ce doping
o | in Nd,CuQ, can be studied by performing magnetic
field experiments in as-grown nonsuperconducting
TnH Nd,; gCe& 1£CUQ,. Finally, to resolve the nature of the coex-
isting superconducting and AF orders in NdCe CuQ,, we
also need to understand the microscopic origin of the super-
lattice reflections and the effect of a magnetic field on these
reflections.

This article describes experiments designed to understand
the effect of ac-axis-aligned magnetic field in all noncol-
linear spin structure phases of deuO, and in residual AF
order of as-grown nonsuperconducting and superconducting
Nd; gCe& 1£Cu0,. For Nd,CuQy, previous work showed that
a magnetic field applied parallel to the Cu@lanes trans-
forms the spins from the noncollinear to collinear AF
structure®® We find that a field applied perpendicular to the
CuG, planes only induces a canting of the AF moment, and
1000 does not change the noncollinear nature of spin structures in

all phases of NgCuQ,. For nonsuperconducting
0 Nd; gCe& 1CuQy, a 7-T c-axis-aligned field does not en-

FIG. 1. Spin structure models and temperature dependent scatance the AF moment at low temperature. Finally, we con-
tering at AF and ferromagneti&M) Bragg positions in NgCuO,. firm that the annealing process necessary to make supercon-
The schematic diagrams show the non collinear spin structures iffucting Nd g£Ce& 15CuQ, also induces epitaxial, three-
(a) type-l (75<T<275 K) and type-lll T<30 K) phases, anth) dimensional ordered cubic (Nd,G€); (space grouda3,
the type-Il (36<T<75 K) phase. The closed and open circles inand lattice parametemyo=11.072 A) as an impurity
(c)(e) represent the scattering intensityBat 0 and 7T, respectively, phase>34In addition, the annealing process causes a series
for fields aligned along the axis (B¢ axis). of Quasi-two-dimensional superlattice reflections associated

with lattice distortions of N¢gCe1:Cu0,. While these
rect quantum phase transition from the superconducting statfuasi-two-dimensional superlattice reflections have no field-
to an anomalously conducting antiferromagnetically orderednduced effect, we determine the field-induced effect in the
state aB,.%° The induced AF moments scale approximatelyimpurity phase and show that such effect cannot account for
linearly with the applied field, saturate Bt,, and then de- the anisotropy in field-induced intensity between the
crease for higher fields, indicating that the field-induced AFB||c axis andB|ab plane. To further demonstrate that field-
order competes directly with the superconductitity. induced scattering is an intrinsic property of the supercon-

Although electron-doped Nd,Ceg,CuQ, offers a unique ductor, we probed Bragg reflections exclusively from
opportunity for studying the superconductivity-suppressedNd, g:Ce, 1:CuO, by performing experiments using a hori-
ground state of higf-. copper oxides, the system is some- zontal field magnet. The results confirm that AF signal arises
what more complicated than hole-doped materials such afsom the suppression of superconductivity by tbexis-
La,_,Sr,CuQ, and YBgCu;Og_ « for three reasons. First, it aligned field in N gCe, 1:Cu0,.?°
contains two magnetic iongare-earth N&" and Cé§™"),
and the ordered Cu sublattice induces the long-range AF
ordering of Nd ions® The effect of an appli?ad figld Il EXPERIMENTAL DETAILS
on rare-earth N&™ magnetic moments and their ordering  Our experiments were performed on the BT-2 and BT-9
is unknown. Second, for even the highest, triple-axis spectrometers at the NIST Center for Neutron Re-
(=25 K) Nd,_,CeCuQ, (x=0.15), superconductivity co- search and on the E4 two-axis diffractometer at the Berlin
exists with the long-range residual AF order, and the naturé&leutron Scattering Center, Hahn-Meitner-InstitytéMI ).
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We measure the momentum transfey (g, ,q,) in units of ~ sembly was mounted on a mini-goniometer and inserted di-
A1 and specify the reciprocal space positions in reciprocatectly to the sample chamber of the HM2 magnet.
lattice units (rlu) (H,K,L)=(q,a/2m7,qya/2m,q,c/2m) ap- In an attempt to determine the homogeneity of the an-
propriate for the tetragonal unit cells of NouO, (space nealed superconducting and as-grown nonsuperconducting
group l4/mmm a=3.944 and c=12.169 A) and NdigCe&Cu0,, we performed neutron diffraction mea-
Nd, gCey 16CUO, (space groupl4mmm a=3.945 andc  Surements on both samples. The results confirm that super-
=12.044 A), wherea and ¢ are in-plane and out-of-plane lattice reerctlon§ ex!st_only in syperconductmg sampfes,
lattice parameters, respectively. and are resolutlon_ limitedindicating a correla_tlon length
For NIST experiments, the collimations were, proceeding]arger than 3.00 Ain the CuQ plane and relatively broad
from the reactor to the detector, 406’ -sample-40-80' along thec aX|s(s_ee Secs, l.V and)\/AIthoughthe_ §harpness
(fullwidth at halfmaximun), and the final neutron energy of the superlattice reflections and susceptibility measure-
was fixed atE,=14.7 meV. The monochromator, analyzer ments suggests that the crystal is homogeneous with bulk

, , : . superconductivity, it is not clear how the residual AF order,
and filters were all pyrolytic graphite. We aligned the GUO g nerstructure, and superconductivity coexist microscopi-
planes in the horizontdH,K,0] scattering plane and applied cally in the material.
the vertical magnetic field along theaxis (Bl|c axis). In
this geometry, we can access reciprocal space at any
(H,K,0). To determine the anisotropy of the field-induced
effect, we also performed experiments in thé,K,L) scat- Before describing the field effect on the long-range mag-
tering plane where the applied vertical fields are along thenetic order of NdCuQ,, we briefly review its zero-field be-
[1,—1,0] direction B|lab plang. For E4 measurements at havior. As shown in Refs. 6-9, the Cu spins in O,
HMI, we used a 40-40’ -sample-40 collimation with a fixed ~ first order into the noncollinear type-I spin structure below
incident neutron energy of;=13.6 meV. A pyrolytic Tyn;=275 K [Fig. 1(@]. On further cooling, the Cu spins
graphite filter was placed in front of the sample to eliminatereorient into type-ll (at Ty,=75K) and type-lll (T3
higher-order contamination. The HM-2 4-T horizontal field =30 K) phases. In the type-Il phagEig. 1(b)], all the Cu
magnet was used to applycaaxis-aligned field while prob- spins rotate by 90° about theaxis from the type-I phase.
ing theL modulation of the scattering. Although these mea-They rotate back to their original direction beldw; in the
surements are crucial in determining the field-induced magtype-Ill phase[Fig. 1(a)]. The closed circles in Figs.(d),
netic structure, the highly restricted access angles of thé&(d), and 1e) show the temperature dependence of the scat-
magnet limit the regions of reciprocal space that can beering at (1/2,3/2,0), (1,1,0), and (1/2,1/2,0), respectively.
probed. In  horizontal field measurements onClear AF phase transitions are seegf, Tyo, andTys, as
Nd; g=C& 1CuQ,, the crystal was aligned in theH(H,L) marked by the arrows in Fig.(d), confirming previous
zone and the applied field was along traxis. work5~° The large intensity increase of the (1/2,3/2,0) peak

We grew a single crystal of NCuQ, (4720 mm) and below ~20 K is associated with staggered moments on Nd
crystals of NdgCe 1£CuO, using the traveling solvent sites induced by Cu-Nd coupling. Magnetic structure factor
floating zone techniqu&. The Nd,CuOQ, crystal used in the calculations indicate that the (1/2,1/2,0) reflection has a van-
experiments is as-grown. We also performed experiments oishing intensity in the type-l/itype-Ill phases and becomes
as-grown nonsuperconducting NgCe, 1:CuQ, and super- finite in the type-ll phase. The large intensity jumps of
conducting  NggCe);«Cu0O,.  Superconductivity in (1/2,1/2,0) atTy, and Tyz shown in Fig. 1e) clearly bear
Nd,; g=Cey 1CUQ, was obtained after annealing the samplesthis out. Since NgCuQ, only has AF phase transitions at
in a flowing Ar/O, gas mixture with a partial oxygen pres- zerofield, the intensity of the nuclear Bragg peak (1,1,0) has
sure of~10"° ATM at 1000° C for 100 h. Magnetic suscep- no magnetic contributions and hence is essentially tempera-
tibility measured on small pieces of crystals 200 mg) cut  ture independenfFig. 1(d)]. To estimate the magnetic mo-
from the samples used for neutron experiments show theents of Nd and Cu in different phases of J&dO,, we
onset of bulk superconductivity @t~ 25 K with a transition normalized the intensity of AF peaks at (1/2,1/2,0) and
width of 3 K. With ac-axis-aligned field of 4 Oe, the zero- (1/2,3/2,0) to that of the weak (1,1,0) or strong (2,0,0)
field-cooled data show a complete screening of the flux. Imuclear Bragg peak. The estimated Nd and Cu moments dif-
the field-cooled case, the crystal expels 18% of the flux, infer dramatically depending on the chosen Bragg peaks, due
dicating that the bulk superconductivity has at least 18% ofprimarily to extinction but also Nd absorption of the large
the volume fraction. The susceptibility of bld,Ce CuQ, in  crystal (Table ). In particular, the intensities of the strong
the CuQ planes is several times larger than that perpendicupeaks such as (2,0,0) are severely extinction limited, which
lar to them. The large magnetic anisotropy means that averestimates the magnitude of the ordered moment.
c-axis-aligned field acting on the magnetic momeind and For superconducting N@sCe, 1:CuQ,, a B|c-axis field
Cu) produces a large torque on the sample. To prevent thanduces long-range ordered AF peaks at low temperatures
samples from rotating under the influence @|-axis field, that obey the selection rules[(=(2m+1)/2,=(2n
they were clamped on solid aluminum brackets. For experi-+1)/2,0)], [(=(2m+1)/2,£n,0)], and [(=m,=(2n
ments at NIST, the bracket was inserted inside a He filled+ 1)/2,0)] with m,n=0,1,22° While magnetic peaks at
aluminum can mounted on a standard 7-T split-coil super{1/2,0,0) and (1/2,1/2,0) are purely field induced and not
conducting magnet. For HMI experiments, the sample aspresent in zero field, (1/2,3/2,0) type reflections associated

Ill. RESULTS ON INSULATING Nd ,CuQ,
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TABLE I. The magnitude of magnetic moments calculated by (1/2,1/2,0) without the presence of superconductivity, we
normalizing the AF intensity at (1/2,1/2,0) and (1/2,3/2,0) to thatperformed experiments d@=5 K (<Ty3) where NgCuQ,
of the weak (1,1,0) or strong (2,0,0) nuclear Bragg reflection.has the identicaltype-lll phasg spin structure as that of
From the powder diffraction measurements on®dO, Ref. 7, the  Nd, ..Ce, ;4CUO, at T=5 K [see Figs. (8 and 1c)]. No
ordered Cu moment was estimated to be 4@t 80 K and Nd  sjgnal was observed.
moment was 0.46g at 5 K. In computing the Cu and Nd moments,  rigre 2 shows scans around the AF positions (1/2,3/2,0),
we assumed that the Nd moment does not contribute to magnet /2,1/2,0), (1/2,0,0), and structural Bragg reflection
scattering above 50 K and that the Cu moment does not changg 1’0) ’At 'zero f}eid énd 5 Kclosed circles in Fig. @], we
below 50 K. observe a resolution-limited magnetic peak at (1/2,3/2,0) as
expected from the type-lll spin structure. However, scans

HKLH T > > 100 around (1/2,1/2,0) and (1/2,0.0Figs. ab) and 2c)] show

(1,1,0) Mcy (ug) 0.1 0.1+x0.01 0.12-0.04 no evidence of the weak structural superlattice peaks seen in
Myg (ug)  0.16+0.01 0 0 the superconducting N@<Ce, ;:CuQ, sample?**2The slop-

(2,0,0) Mcy (ug) 1.2 1.2£0.2 1.0:0.2 ing background along thiegH,0,0] direction around (1/2,0,0)

is due to the small scattering angles for this scan. On appli-
cation of a 7-TBJ/c-axis field, long-range FM ordering is
induced as seen by the added magnetic intensity to the
with the zero-field AF order [Fig. 1(@] are also (1,1,0) structural Bragg peak intensiti¥ig. 2d)]. Such an
enhanced®"® Furthermore, AF order appears to saturate aenhancement is most likely due to the polarization of the Nd
B¢, while the ferromagneti¢FM) intensity at (1,1,0) con- moment in the sample. On the other hand, the lack of inten-
tinues to rise for fields abov®.,.° To see if aB| c-axis field sity changes between O0- and 7-T data at
can also induce magnetic peaks around (1/2,0,0) an¢1/2,3/2,0), (1/2,1/2,0), and (1/2,0,0) positiditégs. Za)—

Nd,CuO, (Blic-axis)
0.49 0.50 0.51 0.45 0.50 0.55

a) (H,3H,0) Blic-axis | b) (H,1/2,0)
15000 | T=5K —0— B=0T| ~ T1=5K

~O— 7T ai! !;, 4 400
¢ W 300

10000 |
£ 5000
£
)
- 0 } + t y
€ =
3 600 |-) (H,0,0) T=5K d) (#v:";vlg) foo 1 12000 FIG. 2. Effect of aB|c-axis field on the AF
o P 2? peaks(half integey and field-induced FM peaks

500 w ? 22 4 8000 in the type-lll [(a)-(d)] and type-lI[(e)-(h)] AF
w o 5 phases of NgCuQ,. Scans aroundl(a) and (e)]

400 | wm ¢ }2 d 4000 AF Bragg reflections (1/2,3/2,0)[,(b) qqd ]
(1/2,1/2,0),[(c) and (g)] (1/2,0,0) (position of

, 'T.CIMKD 0 the field-induced scattering observed in supercon-

0.45 0.50 055  0.98 1.00 1.02 ducting Nd gsCe.15Cu0,), and[(d) and (h)] the
H (r.lu.) FM Bragg peak (1,1,0) at 5 Ktype-Ill phase
0.49 0.50 0.51 0.480 0.500 0.520 and 55 K(type-ll phas¢ The closed and open
300 e) ('|.|,3|.|,0) ' ' f) (|l|,|.|,0) ) T 4000 circles represent identical scans at zero and 7-T

field, respectively. They width of the zero-field
and field-induced FM scatterings are resolution-
limited and identical, thus implying an in-plane
1 2000 correlation length larger than 300 A. The solid
and dotted lines are Gaussian fits.

T=55 K Qi T=55 K

A

=H,0,0 T=55K h) (H,H,0
a) ( ) ) 15:55 K) Jes 1 3000

\
400 %@ P o
W ¢\ 4 2000
%\5 j pﬁéo {1000
200 L— . . . 0
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Counts/min.
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Nd ,,CuO , (Bll c-axis)

0.49 0.50 0.51 048 0.50 0.52
1 500 L} L} L) L} L) L}

a) (H,3H,0) —e— B=0T |b) (H,1/2,0)
T=100K —o— 7T | T=100K
1000 4 400

¢
500 | g !¢ ; wi 4 300

=1

g 0 ' ' ' ' ; ' FIG. 3. Effect of aBj/c-axis field on the AF

£ c) (H,0,0) T=100 K d) (H,H,0) CQ peaks(half integey and field-induced FM peaks

3 T=100 K 0 4 2000 in the AF type-l phasd(a)—(d)] and paramag-
¢ \ netic [(e)—(h)] state of NgCuQ,. Scans around

400 %& fo) é? [(@ and (e)] AF Bragg reflections (1/2,3/2,0),
%!I / 4 1000 [(b) and ()] (1/2,1/2,0),[(c) and (9)] (1/2,0,0)
(o]

dO (position of the field-induced scattering observed
in superconducting Ng<Ce, ;<CuQy), and [(d)
and (h)] the FM Bragg peak (1,1,0) at 100 K

200 1 I 1 1 i I 0

0.45 0.50 0.55 0.98 1.00 1.02 (type-1 phasg and 300 K (paramagnetic stae
H (r.Lu.) The closed and open circles represent identical
0.49 0.50 0.51 0.48 0.50 0.52 scans at zero and 7-T field, respectively. Since no
200 o) (H3Ho) " (HH0) T=300K y 200 peaks are observed at half integer positions in the
T=,306 K e paramagnetic state, the low-temperature scatter-
o) ing at these positions must be entirely magnetic
¢ ® mm‘ ¢ in origin. In addition, there are no structure su-
100 'Cfx’ OOM% Q e o&b 100 perlattice reflections aroundH(K,L)=(=*(2m
(o) 0 +1)/2,+(2n+1)/2,0) wherem,n=0,1 as seen
£ in the superconducting N@Ce,:CuC,. The
E solid and dotted lines are Gaussian fits.
L2} 0 t t y t 0
§ g) (H,0,0) T=300K h) (H H 0)
© 200 | O’° * T—300 100
TEE iy 33023
© 50
o L L L L L L o
0.45 0.50 0.55 0.98 1.00 1.02

(c)] indicates that the applied field neither enhances the typenagnetic field effect data taken in the type-l phase at 100 K
[l AF order nor induces a new AF state. In contrast, a 7-Tand in the paramagnetic state at 300 K. Again, we find that a
Bl|c-axis field induces magnetic scattering at all these posi7-T BJc-axis field neither induces new magnetic order at
tions belowT, in superconducting Nos<Ce, 1:Cu0,.?° (1/2,1/2,0) and (1/2,0,0) nor enhances the AF (1/2,3/2,0)
To determine the effect of a 7-T field on the type-ll peak present in a type-I phadeigs. 3a)—(c)]. The enhance-
phase, we repeated the measurements around (1/2,3/2,ahent of the (1,1,0) Bragg intensity is still present at 100 K,
(2/2,1/2,0), (1/2,0,0), and (1,1,0) positions at 55 K. Thebut is too small to observe in the paramagnetic state at 300
outcome of the experiments plotted in Figee)22(h) clearly K. The absence of peaks around the (1/2,3/2,0) and
shows that a 7-T field only induces FM ordering at (1,1,0)(1/2,1/2,0) positions at 300 K indicates that the low-
and has negligible effect on the intensities of type-ll AFtemperature reflections at these positions are entirely mag-
Bragg reflections. Comparing Figse?—(h) with Figs. 2a)—  netic in origin.
(d), we find that the FM enhancement of the (1,1,0) reflec- In Fig. 4, we summarize the effect of magnetic fields on
tion is smaller in the type-ll phase &t=55 K, and the AF and FM ordering on NgCuQ,. At 5 K in the type-lll
(1/2,1/2,0) reflection that is forbidden in the type-Ill spin phase, the integrated intensity of the residual AF (1/2,3/2,0)
structure becomes visible. peak decreases slightly with increasing fidlgig. 4(a)],
Since the high temperature type-l phase has the samehile the field-induced FM (1,1,0) intensity increases qua-
magnetic structure as a type-lll phase but without the comdratically with increasing fieldFig. 4(b)]. The decreasing
plication of significantly polarized Nd moments, measure-(1/2,3/2,0) intensity with field suggests a small canting of
ments there should provide information concerning the fieldhe CUNd) moments towards the field direction. The qua-
effect on only the Cu moments. Figure 3 summarizes thelratic increase in the (1,1,0) intensity indicates that the field-
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Nd ,CuO , (Bl c-axis)

L) Ll L] L) L] 200
130 |a) (1/2,3/2,0) T=5K b) (1,1,0) T=5K
type lll type lll 4 150
120
® ¢ o0 . 4 100
110 ¢ o ¢ ¢
4 50
100
= ; ' ; o Y ' ; 0 FIG. 4. Effect of aB||c-axis field on the inte-
5 10 | ¢) (1/2,3/2,0) T=55K d) (1/2,1/2,0) T=55K 160 grated intensity of AF and FM Bragg reflections
£ typell typell in all AF phases of NgCuQ,. The field depen-
8 dence of the integrated intensity @ (1/2,3/2,0)
2 Q ¢ ¢ o 130 and (b)(1,1,0) 4 5 K in a type-lll phase;(c)
2 05‘ ¢ * ¢0 Q o o (1/2,3/2,0) and(d) (1/2,1/2,0) at 55 K in a
% ® ¢ ¢ 440 type-ll phase;(e) (1/2,3/2,0) and(f) (1,1,0) at
= ¢ 100 K in a type-l phase. The quadratic field-
% 0.0 : : : : : : 30 dependent FM intensity is clearly evident (i)
§, 12 le) (1/2,3/2,0) T=100K ) (1,1,0) T=100K and (f),_ suggesti_ng that fielt_nl-inducz_ad F_M mo-
£ type | type | od 2 ments increase linearly with increasing field.
10 |
®
[ ¢
8@ ® * ¢ ¢ 110
6 -
1 L 1 I) (! L 1 0
0 2 4 6 0 2 4 6

B (T)

induced C@Nd) FM moments increase linearly with increas- IV. RESULTS ON AS-GROWN NONSUPERCONDUCTING
ing field, as the measured neutron intensity is proportional to Nd; gsCep 15CUO,
square of the magnetic moment. At 55 K in the type-Il phase,

we find that while the AF (1/2,3/2,0) and (1/2,1/2,0) reﬂec'netic field has no effect on the long-range AF order in all

tions change negligibly with fielgFigs. 4c) and 4d)], the phases of NgCuQ,, one still needs to determine the mag-

|(nlglf|2? dl?r:?)?ss?;vigam increases quadratically with INCTEAS etic  field effect on as-grown nonsuperconducting

Figures 4e) and 4f) show the data obtained in the type-I Nd, 55C&.16CUG, because Ce doping may influence the mag-

phase at 100 K. As expected, the results are very similar tg.enc response qf the system tecais-aligned field. Con-.
istent with earlier work on as-grown nonsuperconducting

those of type-Ill phase except for the decreased coefficient §d1_85CQ)_15CUO4,12 we find that the system orders antiferro-

the (1,1,0) intensity quadratic curve compared to the type-lI ; ; ) i "
phase. Such a decrease is expected due to the reduced Sgr‘gga_gnetmally with a type-l/type-Ill structure. In addition, the

e oo L - I O, and h
ceptibility of the Nd contribution to the field-induced FM kno?/\r/z\l\i/r%pst?rz?yp;ﬁa:;es pure NeCe15Cu0, and have no
moments at higher temperatures. '

Finally, we measure the temperature dependence of thfe Figure 5 summarizes the effect of a 7efaxis-aligned
S ield to the AF structure of as-grown NgC uQ,. At
scattering at (1/2,3/2,0), (1,1,0), and (1/2,1/2,0) under 3ero field and 5 K, we find the gAF pealﬁ at E(131'1/52C,3/2‘1E(I¥)g.

B||c-axis field to determine its influence across different AFS(a)], no magnetic scattering at (1/2,1/2,(5ig. 5(b)] and

phase trqnsit_io_ns. On application of a 7-T field, Iong'range(1/2,0,0)[Fig. 5(c)], consistent with the type-l/type-Ill struc-
FM ordering is induced below 250 K as seen by the added ture (see Figs. 2 and)3 On application of a 7-Tc-axis-

magnetic intensity to the (1,1,0) structural Bragg peak intenyjigned field, the scattering remains unchanged at the AF
sity [Fig. 1(d)]. A 7-T field thus induces FM moments on Cu position (1/2,3/2,0)Fig. 5@a)] but is enhanced dramatically
(Nd) sites not far belowl'y;. On the other hand, there is very at the FM position (1,1,0)Fig. 5(d)]. In addition, we find no
little intensity change between 0 and 7-T at the (1/2,3/2,0)evidence of field-induced peaks at (1/2,1/2Big. 5(b)] and

and (1/2,1/2,0) positions acro$g, andTys [Figs. Xc) and  (1/2,0,0)[Fig. 5c)]. On warming the system to room tem-
1(e)]. Therefore, it becomes clear that antiferromagnetism irperature, the AF (1/2,3/2,0) peak disappears, thus indicating
all three phases of NCuQO, and transitions across them are that the low-temperature intensity is entirely magnetic in ori-
not strongly affected by the applied magnetic field. gin. Since the (1/2,3/2,0) reflection has the same temperature

Although our results show conclusively that a 7-T mag-
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dependence as (1/2,1/2/3}he absence of a field-induced ity, we not only need to show that similar field-induced ef-
effect at (1/2,3/2,0) is direct evidence of no field-inducedfects are not there in the parent compound and as-grown
effect at (1/2,1/2,3) in as-grown nonsuperconductingnonsuperconducting Nd<Ceg, ;:CuQ,, but we also have to
Nd,; gCe 1:CUG,. Therefore, we conclude that a 7efaxis-  rule out other spurious effects. One possible spurious effect
aligned magnetic field has negligible effect on the AF orderis the formation of cubic (Nd,CeDs; as an impurity phase

of the system. due to the partial decomposition of NgCe, ;-CuQ, crystal
during the annealing proce¥%3*In general, impurity phases
V. RESULTS ON SUPERCONDUCTING Nd; gCe; 1£CuO, resulting from a heat treatment procedure should create pow-
AND THE EFFECT OF CUBIC (Nd,Ce),04 der lines unrelated to the original underlying lattice. How-
IMPURITY PHASE ever, the cubic (Nd,CelD; stabilizes as an oriented crystal-

We begin this section by summarizing the effect of aline lattice in the crystal because of its close lattice parameter
c-axis-aligned magnetic field on magnetic scattering of suMatching to the tetragonal planes of MMgC&1Cu0, (a

perconducting NegeCey, ;:CUO,. Below T, such a field in- =3-945 A and ayo~242a). To distinguish the cubic
duces magnetic scattering dtx(2m+1)/2,=(2n+1)/  (Nd,Ce)Os from Nd, g:Ce 15CUO,, one needs to perform
2,0], [=(2m+1)/2,+n,0], and[ =m, = (2n+1)/2,0] with scans along the-axis direction as the lattice parameter of the
m,n=0,1,22° Figure 6 shows our survey scans at variousformer (ayo=11.072 A) is significantly different from that
places in reciprocal space. At zero field, N&Ce, ;:CuO,  of the latter €=12.07 A). Table Il summarizes the Miller
orders antiferromagnetically in the type-Ill structure and hasndexes of the nonzero structural factors for the cubic
magnetic peaks at*1/2,+3/2,0) and (-3/2,=-1/2,0). An  (Nd,Ce)0O; assuming the MyO; structure type. For com-
inspection of Fig. 6 reveals that in addition to the magneticparison, we also label their corresponding Miller indexes in
(3/2,1/2,0) peakFig. 6(b)], there are structural reflections at the tetragonal unit cells of N@:Cey 1:CuQ,.

most superlattice positions in tleeb plane. To estimate the fractional volume of the cubic

To demonstrate that the field-induced effect in Ref. 29 andNd,Ce), 05 in our superconducting Ng:Ce&, 1:CuQ,, we

Fig. 6 indeed arises from the suppression of superconductialigned the crystal in theH,0,L) and H,H,L) zones and

As-grown Nd, ..Ce, ,.CuO, (Blic-axis)

350 . . . . . .
a) (H,3H,0) ® B=0T|b) (H,H,0)

T=5K O 6.9T T—5K
300 | 1 350

250 O;mlh %w % @%ﬁ% Loos

200 ' . .
0.48 0.50 0.52 0.46 0.5 0.54
H(r.l.u.) FIG. 5. Effect of aB|c-axis field on the
0.46 0.50 0.54 0.96 1.00 1.04 AF peaks_(half integej and field-induced FM
g T T T T T T 800 peaks in  as-grown nonsuperconducting
E 500 _c) (_H,0,0) d) SH’H!O) P Nd; gCe, 15CUQ,. Scans arounch) the AF Bragg
& T=5K T=5K o reflection  (1/2,3/2,0), (b) (1/2,1/2,0), (c)
= ? \ 1600 (1/2,0,0), andd) the FM Bragg peak (1,1,0) at5
O 450t + ¢ / \Q K. (e) Scattering in the paramagnetic state at 300
+ o \ 1 400 K around (1/2,3/2,0).(f) Temperature depen-
M ;>¢¢¢ / o dence of the scattering at the FM Bragg peak
400 | # ¢$ W (1,1,0) position. The closed and open circles rep-
L L L L 1 L 200 resent identical scans at zero and 7-T field, re-
spectively.
160 T T T T T 800
e) (1/2 3/2 ,0) T-300K Q (1,1,0)
150 |
41 600
140
130 F 41 400
120 | 1200
110 (] (] ] (] (] (] (]
0.48 0.50 0.52 0 100 200 300
H(r.L.u.) T(K)
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Nd, .. Ce,,,CuO , (T=5K, Bll c-axis)

1.85
2200 [a) (0,1/2,0) b) (3/2,1/2,0 ® B=0T | 1200
1800 | 4 900
1400 |
<1 600
1000 |
4 300
soo 1 1 1 1 1 1
0.46 0.50 0.54 046 0.50 0.54
K(r.l.u)
0.46 0.50 0.54 1.46 1.50 1.54
2000 fc) (1/2,1/2,0 d) (0,3/2,0) FIG.. 6. Effect of aB||c-axis field on the inte-
1 1200 grated intensity of AF Bragg reflections and su-
1600 [ perlattice positions aff=5 K in the (H,K,0)
<1 900 scattering plane of superconducting
1200 Nd; gCe& 1CU0,. The field dependence of the
4 600 integrated intensity of (8 (0,1/2,0), (b)
800 (3/2,1/2,0), (c) (1/2,1/2,0), (d) (0,3/2,0), (e)
£ 1 300 (3/2,3/2,0), (f) (1,3/2,0),(9) (2.1/2,0), and(h)
E 00 b — (1/2,1,0). The filled circles represent 0-T data
1] while the open circles are identical scans at 7 T.
§ T T T T T T 600 The scattering at (3/2,3/2,0) is mostly from the
8 e) (3/2,3/12,0 ) (1,3/2,0) epitaxial cubic (Nd,Ce)O; (see belowand has a
600 1 1 500 weak field-induced effect up to 7 T. Note the ob-
servation of clear superlattice peaks at
(1/2,0,0), (1/2,1,0), and (1,3/2,0) positions dis-
400 | 41 400 allowed by cubic (Nd,Ce)03. The solid lines are
¢ Q. Gaussian fits.
(o) -1 300
zoo 1 1 1 ¢ 1 1
1.46 1.50 1.54 1.46 1.50 1.54
K(r.l.u)
0.46 0.50 0.54 0.96 1.00 1.04
350 N ) T ) ) ) )
h) (1/2,1,0) 41 1000
300 4 800
250 1 600
200 - 400

performedc-axis scans along thel/2,0L] and[3/2,3/2L]  (Nd,Ce),0; (2,2,2) Bragg peak {8700 counts/minuje
directions, respectively, at room temperature. Figure 7 plotsith the very weak (1,0,1 21160 counts/minute) reflec-
the outcome of the experiment. Along the'2,0L ] direction  tion of Nd; gCe, 1:CuQ,, we estimate that (Nd,C&p5 has a
[Fig. 7(a)], sharp resolution-limited Bragg peaks correspond+volume fraction 1. 10 °. Alternatively, if we use the very
ing to the cubic (1,1 2) and (1,1+4) reflections are ob- strong (2,0,0)¢1.08x10° counts/minute) reflection of
served at (1/2,8;2.176) and (1/2,6;4.35) in the tetragonal Nd, g<Ce, ;£CuQ,, we find a volume fraction of 220103
Miller indexes of Nd gCey 1:CUQ,, respectively(Table Il).  for (Nd,Ce),0;. However, the very strong fundamental
Along the [3/2,3/2].] direction, the cubic (Nd,CePD, peaks are severely extinction limited, and this overestimates
(0,6,0), (0,6,2), and (0,6,4) peaks are observed at the exhe (Nd,Ce)O; volume fraction[just as the ordered Cu mo-
pected place$Fig. 7(b)]. The observation of sharp Bragg ment is overestimated in Table | using the (2,0,0) refledtion
peaks from (Nd,Cg)O; along thec axis and in the Cu®  Therefore, the estimate using the weak; e, ;:Cu0,
plane indicates that cubic (Nd,G€&; forms a three- structural peaks is more reliable.

dimensional long-range order in the matrix of Forthe cubic (Nd,CeO; with thela3 space group sym-
Nd; gCé& 1£CUO,. By comparing the large metry, structure factor calculations show a vanishing inten-
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TABLE Il. The calculated latticed spacings, structural factors,

and Miller indexes for the cubic (Nd,Cg&); (NO) assumingayo 1000 ¢ T T . T T
=11.072 A. For comparison with experiments, we also label their a) (1/2,0,L) Nd»O Nd203
corresponding Miller indexes in the tetragonal unit cell of [ Nd203 (132)3 ll|‘ (111’
Nd, gCe 1£Cu0, (NCCO) along the[1/2,1/2]], [1/2,0L], and s (115), =il
[3/2,3/2L] directions. Nd203 — ® N i

100 £ (113 i ) | |
NO (H,K,L) dspacing(®) |F(H,K,L)] NCCO (H,K,L) F l/ 1y, ]
(0,0,2) 5.539 11.14 (0,0,2.178) c - ,’\ w — .
(0,2,0) 5.539 1114 (0.504,0.504,0) E 10 JW ]
(0,2,2) 3.917 7.18 (1/2,1/2,2.178) 2 i N ' t N5 |
(0,2,4) 2.477 16.85 (1/2,1/2,4.351) 5 b) (3/2,3/2,L) (064)
(1,1,2) 4523 40.11 (1/2,0,2.176) S Nd203 T
(1,1,4) 2.611 22.68 (1/2,0,4.35) Nd203 o Netz03 (063 i
(0,6,0) 1.846 27.92 (1.512,1.512,0) (064) (062) (060) ll‘ I||l
(0,6,2) 1.751 48.51 (312,3/2,2.202) ¢I ? I f
(0,6,4) 1.536 56.21 (3/2,3/2,4.363) 100 ',', ﬁ\ﬁ :}l .

1
sity at (1/2,0,0) and equivalent positions. Although the ab- . A . . . .
-2 0 2

sence of a sharp Bragg peak along [fthé2,0L ] direction at
L~0 confirms the structure factor calculation, the (1/2,0,0)

PHYSICAL REVIEW B 68, 144503 (2003

Nd, 4-Ce, 4;CuO, (T=295K,B=0T)

-6 -4
L(r.l.u.)

4

peak that is sharp along thél,0,0] direction[see Fig. 2c)
Ref. 29 and Fig. @ Sec. V| but diffusive along the
[1/2,0L] direction[Fig. 7(a)] is reminiscent of the superlat-
tice reflection seen at (1/2,1/2,89 Since these diffuse su-
perlattice reflections at1/2,0,0 and (1/2,1/2,0 have no scan along th¢1/2,0L] direction. In addition to the well-marked
magnetic field dependence &K and are not related to the Cubic (Nd,Ce)Os peaks, a broad diffusive peak with a fullwidth at
cubic (Nd,Ce)Os, they must be associated with the forma- half m_axnrnu_m ofAL=1.1rluis pbserved §I1:O. Such a_dlf'fuswe
tion of a quasi-two-dimensional lattice distortion necessar)Peak is similar to the superlattice reflections repo_rted in Ref. 32 at
for Nd, g:Ce, 1<CUO, to become superconducting. Work is (1/2,1/2,0). We also note that part of the peak intensity &t

currently underway to determine the microscopic origin Ofarises from the small detector angles and the neutron absorption of
the Iattiz:/e distortio}r/L P 9 the long Nd gCe, 15CuQ;, crystal.(b) L scan along th¢3/2,3/2]

The identification of the epitaxial cubic (Nd,G€); with direction with (Nd,Ce)O; peaks marked by arrows. Since no broad

) ._diffusive peak is found &t =0, most of the intensity at (3/2,3/2,0)
a lattice parameter close to that of the superconducting, Fig. 6) is due to (Nd,Ce)Os.

Nd; g=Ce 1CuQ, raises the important question concerning
the possible role of this impurity phase in the observed field-
induced effect® as the rare-earth magnetic ion Ndin Since the cubic (Nd,CePs impurity phase has almost
(Nd,Ce),0; will be polarized by the applied field. In gen- the same lattice parameter as NgCe);CuQ, in the a-b
eral, rare-earth oxides such asj@d and E;O; have a bix- ~ plane, measurements at=0 could be ambiguous as the
byite structure with 32 rare-earth ions in a cubic unit cell,scattering could originate from either (Nd,G&y or
and order antiferromagnetically at low temperattir&ince  Nd; g=C& 15CuQ,. The experimental resolution of this ambi-
scattering at all half integer positiorj@xcept (1/2,3/2,0) guity is straightforward, measurements simply need to be
from Nd, g=Ce,1<CuQy] is temperature independent above 5made at finitel, where the NggC&, ;5Cu0, peaks are not
K,? it is safe to assume that the (Nd,G®) impurity is in  coincident with (Nd,Ce)O;. To accomplish this, we aligned
the paramagnetic state at this temperature. the crystal in the Id,H,L) zone inside the HM2 4-T hori-

In the paramagnetic state of (Nd,G&), a field will in- zontal field magnet at HMI. In this geometry, we can probe
duce a net moment given by a Brillouin function, and thethe L dependence of the scattering while keeping the field
field-induced moment should saturate in the high field limit.along thec axis. Figure 8 summarizes the outcome of the
This is in clear contrast to our observation where the scatteexperiment. At zero field and 5 K, thgl/2,1/2L.] scan
ing first increases with field, and then decreases at higheshows well-defined peaks associated with the residual AF
fields at 5 K?° Of course, at sufficiently low temperatures order of Nd gCe 1:CuQ, at (1/2,1/2,3) and (1/2,1/2,5). In
where (Nd,Ce)O; and/or Nd in NdgCe ,£CuQ, (Ty,  addition, we find the (0,2,4) reflection of the cubic
~1.2 K) spontaneously ordé?,an applied field will rotate (Nd,Ce)O3 and the (1,1,1) powder peak of the aluminum
the ordered AF moment along the field direction and theresample holdefFig. 8@a) and Table I|. Whenc-axis-aligned
fore suppress the AF intensity. The results we report in Reffields are applied, the residual AF (1/2,1/2,3) peak is en-
29 carefully avoided the regime of spontaneous magnetibanced systematically with increasing fi¢fig. 8(b)] while
order for both (Nd,CeO; and superconducting the (Nd,Ce)O; (0,2,4)[Figs. §a) and(c)] and the alumi-
Nd, gC&, ;4CuQ, (Ref. 30 by measuring spectra above 5 K. num (1,1,1) reflectionfFig. 8(a)] are not affected.

FIG. 7. Room temperature scans to determine the cubic
(Nd,Ce) 05 impurity phase and-axis modulation of the structural
superlattice reflections in superconducting; NCe, 1:CuQy. (a) L
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6x103 T T T " T
a) (1/2,1/2,L) Bllc-axis Al
5x103 | ¢I ® B=0T (111)
NCCO O B=4T
4x10°% ((1/2,1/2,3)
3x10% |
2%x10° | FIG. 8. Effect of aB|/c-axis field on the inte-
grated intensity of AF Bragg reflections and the
1x103 | epitaxy NgO;z at T=5 K in the (H,H,L) scat-
c tering plane using the HM-2 horizontal field mag-
E 0 net at HMI. The filled circles represent O-T data
v 2.5 3.0 3.5 4.0 4.5 5.0 while the open circles are identical scans at 4 T.
2 L(r.l.u.) (a) The[1/2,1/2].] scan at 0 and 4 T with super-
5 2.?0 2.?5 3.90 3.?5 3'.10 4:2 4:3 4:4 4:5 4.6 conducting NggCe, ;«Cu0Q,, (Nd,Ce)0;, and
4x10° [ b) NCCO ® B=0T |c)Nd,Og aluminum peaks marked by the arrow(s) De-
12,12,L) A 1T ¢¢ -1 1000 tailed scans along thg1/2,1/2].] direction
axage | U/A VAL A o1 | (024) around (1/2,1/2,3) reflection at various fields).

s o ¢ Detailed scans around the cubic
2x10° o 6 1800 (Nd,Ce)0; (0,2,4) peak at 0 and 4 T. There is
1x10° b 32 ¢¢8 ¢ $¢¢ no observable field-induced effect at 4(d) The

8 o | 600 [H,H,3] scan around (1/2,1/2,3) reflection at 0
o L L 1 -l 1 L 1 and 4 T.(e) The temperature dependence of the
. . . . . . . . scattering at (1/2,1/2,3) at 0 and 4 T. The solid
4x10° [ d) NCCO (o] e) (1/2,1/2,3) { 4x10° and dotted lines irfb) and(d) are Gaussian fits.
(HH3) ?
3x10° | I 4 3x103
()
2x103 "' 4 2x10°
1x103 4 1x10°
0 e 0
0.48 0.50 052 0 10 20 30 40 50 60
H(r.l.u.) T(K)
Figures &d) and 8e) show the[H,H,3] scan and tem- Nd. ..Ce. . CuO
perature dependence of the scattering at the (1/2,1/2,3), 1€ 600 ———————ro0 015~ 4 :
spectively. Clear field-induced enhancements are observe _ a) (;:;’1?’2’0) Blle-axis (;’;;1’2’3) Sllc-axis 1 600
below T,, consistent with the data in thed(K,0) plane?® £ 4019 Q { a00 &
We note that a 2-T field parallel to the Cg@long the[ 1, £ 200 Y @
—1,0] direction induces a spin-flip transition and suppresses§ & 200 ;
3

the intensity at (1/2,1/2,3(See Fig. 4 in Ref. 20 Therefore,
the (1/2,1/2,3) peak shows an induced AF component wher
the field is along the-axis and superconductivity is strongly
suppressed, but not when it is in theb plane and the su-
perconductivity is only weakly affectéd.We also note that
the qualitatively different behavior observed Blfab plane
versus theB||c-axis for (1/2,1/2,3) directly violates the cubic

symmetry of (Nd,Ce)Os.

Figure 9 compares the temperature and field dependenc,

of the field-induced scattering at (1/2,3/2Bigs. 9a) and
9(c)] and (1/2,1/2,3)Figs. 9b) and 9d)]. The remarkable
similarity of the field response in these reflections SUQQests k. 9. comparison of the field-induced effect for supercon-
that they must originate from the same physicalqycting Ng g Ce, 14CUO, at (1/2,3/2,0) and (1/2,1/2,3). While the
process. Considering that a 7€faxis-aligned field has no  gata at (1/2,3/2,0) are from Ref. 29, the results at (1/2,1/2,3) are
effect on (1/2,3/2,0) in as-grown nonsuperconductingnhew, to our knowledge. The temperature dependence of the differ-

Nd; gCe 1CU0, [see Sec. I}, we conclude that field-

Int. (arb. unit)
o

nteg.
N

g

0 10 20 30 40 50 60 0 10 20 30 40 50 60

| © T=5K T=5K

01234567 0123 45%867
B (T)

T(K)
) (1/2,3/2,0) d) (1/2,1/2,3) {28
NIST ¢ HMI +
o ¢ + + + {24
Bl|c-axis + Bj|c-axis 2.0

ence between 4 and 0 T &) (1/2,3/2,0) andb) (1/2,1/2,3). The

induced AF order at (1/2,3/2,0) and (1/2,1/2,3) in the figurefield dependence of the integrated intensity(@t(1/2,3/2,0) and
can only result from the suppression of superconductivity(d) (1/2,1/2,3).
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FIG. 10. Comparison of the field-induced effe¢tsaK for superconducting Nd;<Ce, ;<CuQ, at (1/2,1/2,0) and (0,0,2.2) in tH&l|ab
plane geometry with that at (1/2,1/2,0) and (+2/2,0) in theB|c axis geometry. Scans through (1/2,1/2,0) andb) (0,0,2.2) at 5 K
for a field along the[1,—1,0] axis. Since (0,0,2.2) from (Nd,C&); is very close to the strong (0,0,2) nuclear Bragg peak from
Nd; g:Cq, 1£CUQ,, the radial scan in the inset @) shows a sloped background. We determine the background scattering at (0,0,2.2) by
fitting a Gaussian with a fixed width t®,0,2 (dashed line in the insetThis is confirmed by the transverse scan ack6s8,2.2. Similar
scans througttc) (1/2,1/2,0 and(d) (1/2,—1/2,0) for a field along th§0,0,1] direction. The ratios of integrated intensities(6f0,2.2 and
(1/2,1/2,0 between 6.9 and 0 (6.9 T)/I(0 T)] are 2.7 and 3.3, respectively, for tB¢ab-plane field. In comparison, the ratio is 5.7 for
both (1/2,1/2,0 and(1/2,-1/2,0 for the c-axis aligned field. In Ref. 29 and Fig. 6, the ratiosl 67 T)/I(0T) at(1/2,1/2,0 are 6.8 and 5.5,
respectively, in théB|c-axis geometry.

Furthermore, the data indicate that the field-induced eneutcome of the experiment along thel,H,0] and[0,0L ]
hancement forms three-dimensional long-range AF order inlirections at 5 K. Clear field-induced effects are seen at
superconducting N=Ce, 1:Cu0,. (0,0,2.2)[Fig. 1Qb)], indicating that (Nd,Ce)O5; can indeed
Although our horizontal field measurements conclusivelybe polarized by the applied field. Similar measurements on
demonstrate that @axis-aligned magnetic field enhances the(0,0,2.2 with the field aligned along thgl,-1,0] direction of
residual AF order in superconducting NgCe, 1:CuQ,, itis  (Nd,Ce),O; show a weaker field-induced effect, thus sug-
also important to determine the field-induced effect of thegesting that its easy axis is along §f#0,0] direction. If we
(Nd,Ce) 05 impurity phase. Because (Nd,G€y forms a  ignore the contribution of the superlattice structure to
three-dimensional long-range ordered cubic lattiEgy. 7),  (1/2,1/2,0) and assume that the scattering there is due en-
its field-induced effect should be isotropic for fields alongtirely to (Nd,Ce)O; (Table lI), its integrated intensity
(Nd,Ce),05[2,0,0] and[0,0,2] directions. In the notation of should be identical to that at (0,0,2.2) because of the cubic
Nd; g£Ce 1CUO, Miller indexes(Table ll), these are along symmetry of (Nd,Ce)O;. By normalizing the zero-field in-
[1,—1,0] (B|lab plane and[0,0,1] (B||c axis) directions, tensity at (0,0,2.2) to that at (1/2,1/2,0), we can compare the
respectively. As superconductivity is strongly suppressed fofield-induced effect at these two equivalent positions for
a B| c-axis field but much less affected by the same field in(Nd,Ce),0;. Since the field-induced effect at (1/2,1/2,0)
the ab plane, measurements of field directional anisotropyFig. 10/@)] is only about 25% larger than at (0,0,2[Big.
will establish the influence of (Nd,Cgp; to the observed 10(b)], we conclude that the field-induced intensity at

field effect in Nd gCe, ,<Cu0,.?° (1/2,1/2,0) is mostly due to the polarization of (Nd,g@)
Figure 10 summarizes the outcome of such experimenti this field geometry.
on BT-2 using the same crystal of superconducting In Figures 10c) and 1@d), we plot the field-induced ef-

Nd; sCe& ;4CUQ, in two different field geometries. We first fect for theB||c-axis experiment at two equivalent reflections
describe measurements in thd,,L) zone, where the ap- (1/2,1/2,0) and (1/2 1/2,0). While the magnitude of the
plied vertical field is along the[1,—1,0] direction of field-induced effect is consistent with Ref. 29, they are twice
Nd; g=Cey 1CuQ, and the[ 1,0,0] direction of (Nd,Ce)Os. as large as that of Figs. (@ and 1@b). Since the cubic

In this geometry, we can probe the field-induced effect orsymmetry of (Nd,Ce)O; requires the same induced effect
(1/2,1/2,0) and (0,0,2.2) without much affecting the superfor fields along[2,0,0] and[0,0,2], the observation of a
conductivity. While scattering at (1/2,1/2,0) may originate much larger field-induced effect B||c-axis geometry means
from either Nd gCe) 1:CuQ, or (Nd,Ce}O3, (0,0,2.2) is the excess field-induced intensity must originate from the
exclusively associated with the (0,0,2) reflection ofsuppression of superconductivity.

(Nd,Ce),0O5 (Table ). Figures 108) and 1Q@b) show the Finally, we remark that one concern rai$edas that the

144503-11



M. MATSUURA et al. PHYSICAL REVIEW B 68, 144503 (2003

finite L behavior we observe might not be intrinsic to super-field. The large increase in the QNd) FM moments sug-
conducting Ng gCe, ;sCuUQ,, but rather it is somehow in- gests that the appliectaxis field only induces a canting of
duced by the magnetic coupling to the (Nd,g®) impurity ~ the AF order. These results contrast significantly with that of
phase. However, (Nd,CgD; has a very weak exchange in- superconducting NcsCe, 1:CuQ,, where the applied field
teraction and thus orders at very low temperature. It is diffiinduces a static, long-range ordered AF stdte/e demon-
cult to see how (Nd,CeD; could dominate the strate that the annealing process necessary for supercqnduc-
Nd, gCe, 16CUO;, physics, particularly when it only consti- tivity in Nd g£Ce 1CU0, also induces struc;qral superlat_u_ce
tutes a small £10°5) volume fraction of the crystals in reflectlops at (1/2,1/2,0) and (1/2,0,Q) positions. In addmon,
superconducting NckCe, 1:CUO,. On the other hand, the W€ confirm the presence of the cubic (Nd,&@) as an im-

Nd magnetic structure in N@gCe, CUO, has the same PUrity phase in supegrézonductmg NiCe, 15CuQ, following
symmetry as the Cu spin configuration and thus is maximaII)Z:he annealing processAlthough the lattice parameter of the

coupled to the Cu spind.Even in this case, the perturbation ubic (Nd,Ce)0; is very close to the in-plane lattice param-

of the Nd order parameter by the Cu spins is small. ThereSte' Of Nd 5sCe14CU0;, most of the structural superlattice

. . . ~“reflections in the K1,K,0) plane are quasi-two-dimensional
fore., while the (Nd,Ce)Os ordering may b? !ndqced by be and cannot be associated with the three-dimensional cubic
ing in contact with bulk NggCe, 1sCuQy, it is highly im-

probable that the field-induced magnetic scattering ade’Ce)Zoe" By probing thel. dependence of the scattering

. . . with a c-axis-aligned field, we show that the residual AF
(1/2,1/2,3) could be induced by the (Nd,g8} impurity. order in superconducting N@-Ce, 1:CuQ, is enhanced with

increasing field. Such a behavior is different from the field
effect on as-grown nonsuperconducting ;N&Ce, ;-CuQy,,

We have investigated the effect ofBjc-axis field in all ~where the long-range noncollinear AF order is essentially
phases of NgCuQ, and in as-grown nonsuperconducting Unaffected by a 7-T-axis-aligned field. By studying the an-
and superconducting Ng:Ce, ;<Cu0O,. At zero field, Cu isotropy of the field-induced effect, we determine the effect
spins in NgCuO, form noncollinear structures because of Of the magnetic field on the cubic (Nd,G&); and confirm
the coupling between Gii and N&*. Such a magnetic in- that the results with the-axis field in the{H,K.,0] plane are
teraction also creates a small in-plane spin-wave §g@t  inconsistent with the impurity phase. Combining these re-
B=0. For a magnetic field aligned parallel to the GuO sults vy|th horlzon.tal field experiments, we conclude _that AF
plane, Cu spins transform from a noncollinear to collinearorder is induced in NgdgsCe, ;sCUO, upon a suppression of
structure in a spin-flop phase transition with a critical field SUPerconductivity by @-axis-aligned magnetic field.
less than 2-T7° Such a spin-flip transition occurs because
when the magnetic field associated with the Zeeman energy
(guB¢) is equal toAg, the net magnetic exchange interac- We are grateful to Y. Ando, Henry Fu, S. A. Kivelson,
tion vanishes and with it the noncollinear spin structlre.  D.-H. Lee, D. Mandrus, H. A. Mook, and S.-C. Zhang for

For a 7-TB| c-axis field, our data clearly indicate that the helpful conversations. We also thank S. Larochelle and P. K.
noncollinear AF spin structures in BAuQ, are essentially Mang for initially alerting us to the existence of the second-
unaffected for temperatures above 5 K. As a consequencery Nd,O; phase. This work was supported by U.S. NSF
the zero-field in-plane spin-wave gdyp, and the magnetic DMR-0139882 and the U.S. DOE under Contract No. DE-
exchange interaction must also remain unchanged in thAC05-000R22725.
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