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Extensive x-ray and neutron scattering experiments and additional transmission electron microscopy results
reveal the partial decomposition of NgCe,Cu0,.s (NCCO) in a low-oxygen-fugacity environment such as
that typically realized during the annealing process required to create a superconducting state. Unlike a typical
situation in which a disordered secondary phase results in diffuse powder scattering, a serendipitous match
between the in-plane lattice constant of NCCO and the lattice constant of one of the decomposition products,
(Nd, Ce,03, causes the secondary phase to form an oriented, quasi-two-dimensional epitaxial structure. Con-
sequently, diffraction peaks from the secondary phase appear at rational poditith®) in the reciprocal
space of NCCO. Additionally, because of neodymium paramagnetism, the application of a magnetic field
increases the low-temperature intensity observed at these positions via neutron scattering. Such effects may
mimic the formation of a structural superlattice or the strengthening of antiferromagnetic order of NCCO, but
the intrinsic mechanism may be identified through careful and systematic experimentation. For typical reduc-
tion conditions, theéNd, Ce,05 volume fraction is approximately 1%, and the secondary-phase layers exhibit
long-range order parallel to the NCCO Cugheets and have a typical thickness of approximately 100 A. The
presence of the secondary phase should also be taken into account in the analysis of other experiments on
NCCO, such as transport measurements.
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I. INTRODUCTION its as-grown state. Instead, a post-growth annealing proce-
dure, typically consisting of a high-temperature exposure to
One of the central challenges in the field of correlated-an argon or nitrogen atmosphere, is needed to induce super-
electron materials is to understand the nature of competing aronductivity. Ostensibly, this is necessary to remove excess
coexisting ground states of the high-temperature supercomxygen impurities, but the exact effect of the procedure is yet
ductors. These materials are charge-carrier-doped antiferromclear.
magnetic Mott insulators, and both static and dynamic anti- Using x-ray and neutron diffraction as well as transmis-
ferromagnetic correlations have been found to exist even ision electron microscopy, we find that an unintended byprod-
the superconducting state. Recent neutron scattering expetiet of this reduction step is to partially decompose NCCO,
ments on the hole-doped material ,L&r,CuQ, have re- forming layers of oriented epitaxial neodymium cerium ox-
vealed an increase of tiimcommensuratdow-energy anti- ide, (Nd, Ce,05. Because of a serendipitous match of lattice
ferromagnetic response in an applied magnetic figld, constants between NCCO and this secondary phase, certain
which has been argued to indicate that the superconductor {§ld, Ce,05 diffraction peaks are commensurate with the
in the vicinity of a bulk quantum phase transition to a stateNCCO reciprocal lattice. Upon application of a magnetic
with microscopic coexistence of superconducting and spinfield, (Nd, Ce,0; exhibits a paramagnetic response even at a
density-wave orders. Unfortunately, the low-temperature temperature of 1.9 K. Knowledge about the structural and
upper critical fieldH., of hole-doped materials is too large to magnetic properties of the secondary phase is essential in
be accessible at neutron scattering facilities. The electrororder to separate intrinsic properties from extrinsic effects
doped materials, typified by Nd.Ce,CuQ,.5 (NCCO), have  when investigating the connection between magnetism and
much lower values oHg, (<12 T for HI[0,0,1)),°” and  superconductivity in NCCO. Specifically, the extensive data
thus, in principle, offer the opportunity to access the nonsuwe present are inconsistent with the notion of a field-induced
perconducting ground state. guantum phase transition from a superconducting to an anti-
Since their discovefy in 1989, NCCO and related ferromagnetic stafe!® and have a more prosaic origin—a
electron-doped superconductors have presented a numbergdramagnetic impurity phase. Consequently, the question of
experimental challenges to understanding the physics of thgenuine magnetic field effects in NCCO remains unresolved,
system. Foremost among those is that, unlike other cationiand it may well be that the field-induced ground state does
cally substituted systems, NCCO is not superconducting imot exhibit long-range magnetic order. A brief summary of
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A key characteristic of thel’ structure is the square-
planar coordination of copper. Apical oxygen disorder has
been put forward to explain why a reduction procedure is
necessary to produce a superconducting phase in NCCO. Ac-
cording to that argument, the apical sites are randomly occu-
pied by a small fractiord of interstitial oxygen in as-grown
crystals. In addition to changing the carrier density in the
CuG0, sheets, this produces a random pinning potential for
the doped electrons which prohibits superconductivity. The
purpose of the reduction procedure is to remove the intersti-
tial oxygen, after which superconductivity may occur. Unfor-
tunately, this simple picture has been extremely difficult to
verify. Generally, nonstoichiometric oxide materials can be
stable for a wide range of oxygen concentratirend the
precise starting composition and oxygen site occupancies are
typically unknown.

Based on single-crystal neutron diffraction studies,
Radaelliet al!® concluded that the apical (@) site has an
occupancy of~0.1 at the positionf0,0,0.9 in as-grown
Nd,CuOy,.s. In reduced samples, the occupancy was found to
be lowered to~0.04. The authors also reported less than full
occupancy at both the (@) in-plane and @) out-of-plane

FIG. 1. Unit cell of Ng_,CeCuQy., The structure is of SiteS, and these were not seen to vary beyond one standard
14/mmm(No. 139 symmetry and tetragonal at all temperatures. deviation with reduction. Further neutron diffraction experi-
For the undoped compound, the room-temperature lattice constarfdents on NCCQx=0.15 showed a smaller amount of api-
are a=~3.94 A andc=12.1 A. The apical oxygen site @ is  cal oxygen(~0.06 in the as-grown state, which is lowered
nominally vacant. to ~0.04 upon reductiof The diffraction data indicate that

interstitial oxygen is probably present at the apical site in
some of our results was published recefly. amounts negatively g:orrelatgd V\_/ith the cerium doping level.

This paper is organized as follows: after a discussion oPres'umably, this apncorrelatlon is a consequence of the con-
the NCCO crystal structurgSec. 1) and of some experimen- _tractlon of theq—lat’ucc_a_constar_l%,1 which permlts a decreas—_
tal details(Sec. Ill), we describe the oxygen-reduction pro- N9 number of |nterst|t|als_at higher doping. The occupancies
cedure that is required to render NCCO superconducting iR the other two oxygen sites were found to be similar to the
the cerium-doping regime 0.%3x< 0.20(Sec. IV). We then undoped caséx=0). Because of the measured incomplete
summarize previous results for rare earth oxides of the fornfccupancy of the @) and Q2) sites, even with the pres-
R,0; (Sec. V) and proceed to present our structural x-rayence of additional interstitial oxygen, summation over the
diffraction (Sec. V) and transition electron microscopgec.  0xygen site occupancies was found to give stoichiometries of
VII) work. Finally, we present detailed magnetic neutron3.974) and 3.9%3) for as-grown undopex=0) and doped
scattering results of the magnetic field effects observed ifx=0.19 compounds, respectively. This suggests that as-
reduced NCCO in Sec. VIII, and discuss our results togethegrown crystals may, in fact, be oxygen deficient. In any case,
with previous work in Sec. IX. A summary is given in the amount of oxygen removed from the various sites, par-
Sec. X. ticularly in the superconducting composition range

(0.13<x<0.20, is near the detection limit of neutron dif-
fraction, further confounding efforts to understand the exact
Il. STRUCTURE effect of the reduction step. A Méssbauer study’o sub-
) ) . stituted NCCO gave evidence for the presence of apical oxy-

Nd,-.CeCuQ;,,; crystallizes into a modified form of the  gang even after reductid Other methods of measuring the

body-centered tetragonal,NiF, structure found for other oxygen content, such as thermogravimetric analysis and ti-

single-layer cuprate superconduct_b?sThe structure is_ te- tration techniques, typically are not site specific.
tragonal at all temperatures and is shown schematically in

Fig. 1. What is unique about NCCO vis-a-vis other single-
layer cuprates is the nominal absence of apical oxygen
atoms!®~18 Instead, the out-of-plane oxygen atoms are lo- All crystals used in this study were grown in the T.H.
cated directly above and below the in-plane oxygens. This i$seballe Laboratory for Advanced Materials at Stanford Uni-
known as theT’ structure. In the more commaonstructure,  versity (Stanford, CA using the traveling-solvent floating-
oxygen atoms are present both above and below the coppgone technique. As grown, NCCO exhibits strong spin cor-
site, forming an octahedron as in hole-doped_Lar,CuQ;. relations in the paramagnetic phase and long-range
There exists a third, hybrid structuf@’), in which one of  antiferromagnetic order at low temperature. The crystals
the apical sites is occupied and the other is vacant. were grown in 4 atm of @ which results in samples with

Ill. EXPERIMENT
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TABLE I. Table of the reduced samples studied, with cerium concentration, superconducting transition tempamagjreeduction
conditions, experimental probe used, approxintaté, Ce,03 volume fraction(VF) (Ref. 29, as well as estimates of the typical thickness
along[0,0,] of the (Nd, C8,05 secondary phase.

Sample X T(K) Reduction condition Probe (Nd,Ce,05 VF Thickness(A)
NCCO® 0 - 890°C/11 h/Ar Xrays 0.02% -
Ncco1® 0.10 - 960 C/20 h/Ar;500°C/20 h/@ Neutrons 2% 115
NCCO14LR 0.14 - 960 C/1 h/Ar X-rays 0.02% 60
NCCO14 0.14 24 960C/20 h/Ar;500°C/20 h/@ X-rays 1% 80
Core/Shelfl 0.14 24 970C/10 h/Ar;500°C/20 h/Q® Neutrons, X-rays 0.5% 80
NCCO16 0.16 24 960C/20 h/Ar;500°C/20 h/@ TEM 2% 60
NCCO18 0.18 20 960C/10 h/Ar Neutrons 0.5% 160

dnsufficient data to determine thickness.

bThickness determined from magnetic measurements ofNdeCe,05 secondary phas@rom fits shown in Fig. 18

T, was not measured for this sample.

dvolume fraction and thickness from x-ray diffraction on a small piece of crystal, prior to separating the sample into core/shell pieces.

relatively high oxygen content and Néel temperatdfeSe- ity field of Nd, g<Ce&, ;4CuQ,. 4 as a function of temperature
rium concentrations of the grown boules were verified byand oxygen partial pressure. They determined that
inductively coupled plasmédCP) analysis. The cerium solu- Nd,_,CgCuQ,,; is unstable toward decomposition into
bility limit is close to x=0.18. With the exception of the ~ Nd,O3+NdCeQ s+ Cw,O under sufficiently severe reducing
=0.18 Samp|e, for which ICP carried out on different Crysta|C0nditi0nS. Interestingl.yz the)_/ found that su.perconductivity
pieces indicated a somewhat inhomogeneous Ce distributiopnly appears for conditions in which CuO is converted to
of +0.02, the Ce concentrations were found to be uniformCWO in the binary system Cu-O, and that the superconduct-
“Optimal” doping, withT.=24—25 K(onse}, is achieved for NG transition temperature monotonically increases as one ap-
suitable reduction conditions and cerium concentrations oProaches the phase decomposition boundary during the re-

_ : P ; tion process.
x=0.14-0.16. Details pertaining to the samples used in thguc L
present study are listed in Table I. Our own studies indicate that the resultant superconduct-

° - . ing state is highly dependent on the parameters used in the
anhg ;()gn}ntsgg;raztuvrgr;n s:gﬂﬁJa\t\%ﬁ Z%B?rt\zmt?; 'iggu?reduction process. Figure 2 demonstrates the sensitivity of

; ... the transition temperature and the magnetic susceptibility on
0.3%. Thec-lattice constant decreases by about 1% W'ththe annealing conditions. In order to find optimal conditions,

cerium doping, from 12.16 A in the undoped material t04hat s conditions that result in a sample with the highest
12.05 A forx=0.18. .In this paper, we will mc_jex reflections o employed a tube furnace in which the sample was com-
according to two different schemes. One is based on thgjetely enclosed in a quartz tube and could be rapidly heated
tetragonal unit cell of NCCO. The other is based on the cubig,,q quenched in a controlled atmosphere. We used high-
unit cell of Nd2Q3.24 Reflections indexed ac;cording to the purity argon gas containing less than 0.5 ppm Dseries of
latter scheme will be marked by the subscript™ small samples of approximately 400 mg were cut from a
X-ray diffraction data were taken in reflection mode atsingle-crystal boule of NCC@=0.14 and were exposed to

beam l”_l?ﬁ 7[32 of the Stanford hSynchmtrgn Ri‘g'it'i’/n fLabo'an argon environment at different temperatures and for vary-
ratory. The beam was monochromatized at eV oM 3,4 duration® A measurable change in sample mass, rang-

wiggler spectrum using a €il1) double-crystal monochro- .0 tom 0.1 to 0.3% was observed, corresponding to a
mator. The x-ray attenuation length was approximatelychange in oxygen content on the orderdf0.04. Samples
20 um. Neutron diffraction 'data were taken using the SPeCynnealed at 990°C and above suffered severe damage and
trometers BT2 at the National Institute of Standards anqyentyally decomposed. Examination of the reduced samples
Technology(NIST) Center for Neutron Resear¢Baithers- o\ egled that the interior was less damaged than the exterior.
burg, MD, USA), E4 at the Hahn-Meitner-InstituBerlin, v found the optimal annealing conditions o 0.14 to be
Germany, and N5 at Chalk River Laboratori¢ghalk River,  g70°¢ for 10 h in argon, followed by 500°C for 20 h in
Canada Transmission electron microscop€EM) images  o,vgen. In general, the additional low-temperature oxygen
were taken with a FEI CM20 FEG-TEM instrument in the snneal tends to increase, by approximately 1 K. Other
T.H. Geballe Laboratory for Advanced Materials at Stanford,, 4128 indicates the existence of two metastable phases for
University. x=0.15, with values ofT, of 18 and 25 K. The higheF:
samples were produced under conditions similar to ours,
V. REDUCTION Where_as the I_oweT-C ones were created in a more penign
reducing environment with an oxygen concentration of
Regardless of the microscopic effects of the reductiorl000 ppm.
step, it is clear that such a procedure is necessary to induce The difference we observed between the interior and ex-
superconductivity. Kim and Gaské&llinvestigated the stabil- terior regions of our samples suggests that, because of the
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. o FIG. 3. Low-temperature neutron diffraction mosaic scans
FIG. 2. AC magnetic susceptibility of N@(Ce 14CUOLs CIYS- 1049 the antiferromagnetid/2,1/2,) peak for oxygen-reduced
tals reduced in argon under various conditions. A subsequent |0V\SZ:O_14 samplesCore/Shell: see Table).l Individual scans are

temperature oxygen anneal raised the transition temperature by @BRown for the outer shell, the inner core, and the whole crystal prior
proximately 1 K(data not shown The stated temperature was the 1, iision. The solid line represents a weighted average of the shell

temperature at the sample position. The control temperature of thgnd core signals. Intensities were normalized by counting time,

tube furnace was measured by an external thermocouple, situatesgmple mass, and neutron flux. The data were taken at the NIST
outside the quartz tube at the bottom of the sample chamber. The@enter for Neutron Resear¢faithersburg, MD, USA

was a difference 038 K between the control temperature and the

(highenp sample temperature which was measured by a thermo- |t is possible that the reducing conditions employed are
couple placed directly above the sample inside the quartz(Ree  too severe and that they precipitate chemical decomposition
25). Susceptibility measurements were performed in an AC excitathat destroys superconductivity beyond a certain threshold.
tion field of 0.02 Oe at 10000 Hz. The core piece, protected by the shell, is less exposed to the

. e severe reducing atmosphere. This is consistent with work by
long time scale for oxygen diffusion, the resultant oxygenginkmannet al2? who reported an extended superconduct-

distribution in large reduced samples is not homogeneous. 'ﬁ'\g dome down tox=0.04 in Pp_,Ce,CuO,.; when samples
order to test this proposition, we measured the magnetic iNyere supjected to a very high reduction temperature of
tensity from the interior and exterior regions on the Same| ngn°C, but protected from decomposition by being sand-

sample. First, we reduced a cylindrical crystal bole \jiched between chemically homogeneous polycrystalline
=0.14 and cut it into two halves, perpendicular to the cyl- gj5ps.

inder axis. One half was mechanically ground, which de-
creased the diameter from 4.2 to 3.2 mm and revealed the V. RARE EARTH OXIDES
inner core of the crystal. The other half was cut lengthwise

and the inner section was removed to create a hollow shej},
that was 1 mm thick. Mosaic scans through thé2,1/2,) c%;

Rare earth elements form polymorphic sesquioxides of
e form ROs. There exist three low-temperatu, B, and
) and two high-temperaturgd and X) structural phase¥.
he preferred phase varies with rare earth ionic radius and
emperature. In the case of Mok the trigonal

magnetic Bragg reflection were taken for both the core an
the shell pieces and are compared in Fig. 3 to a scan prev{
ously made on the entire boule. The magnetic signal from the_iication is most commonly found. However, the cu-
shell piece is an order of magnitude stronger than that of thgjc c_modification has also been observed. The cubic phase
core, but the averaged signal of_ the two contrlbutlo_ns;nas the bixbyite structure with space groua3 (No.
weighted by the mass of each section, reproduces the signabg) 31.32 The unit cell is very large, with 32 rare earth ions
of the whole Sample. Due to the weakness of the Signal, it i%ccupying two different Crysta”ographic Sitesy as shown
difficult to assess the exact onset of magnetic order in thechematically in Fig. 4. Because of the difficulty in preparing
core piece, but the Néel temperatyiig,~ 100 K) does not  the cubic modification of NgD; its magnetic structure is
likely differ by more than 20 K between the two. Remark- unknown, to the best of our knowledge. However, Main
ably, despite the large difference in the strength of the magal.?* studied the magnetic structures of,@¢ and YO,
netic signal, no difference could be detected in the onset ofvhich also possess the bixbyite crystal structure. The two
superconductivity between the core and the shell piece. Thisystems were found to have Néel temperatured\pf3.4
suggests that the core is in some sense the better sampénd 2.3 K, respectively, and differing antiferromagnetic
since it has an equally high superconducting transition temstructures, each describable by four magnetic sublattices.
perature and a weaker antiferromagnetic phase. Magneticomplex magnetic field effects were observed foiG&r but
susceptibility experiments performed on pulverized pieces ofiot reported in detail.

the core and shell sample gave superconducting volume frac-

tions of 1a5)%, but we note that it is difficult to obtain VI. STRUCTURAL X-RAY DIFFRACTION

accurate estimates of superconducting volume fractions from Additional diffraction peaks in reduced samples of NCCO
such measurements. were observed previously by both electt®and neutroff
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FIG. 4. Stylized NgO5 unit cell, modeled after Fig. 2 of Ref. FIG. 5. X-ray diffraction data for a reducex=0.14 sample
24. The unit cell is cubic, but the-axis has been expanded and the (NCCO14; see Table). The scans were taken &) 30 K, (b)
oxygen atoms are omitted for clarity. There are two crystallographi-300 K, and(c) 7 K. Note the logarithmic intensity scale.
cally distinct Nd sites; the ones in grey have €ite symmetry
[Nd(2) site§ and the ones in black have;Csymmetry [Nd(1) sensitive to magnetism, and the observed peaks exist at room
sited. The G atoms are displaced from the shown positions alongtemperature, well above the magnetic ordering temperature.
one of the cell edges by about 1/30 of a unit cell. Figure §b) reveals a second set of half-integer peaks, such

as(6.5,0,4.4, that occur when one in-plane index is an inte-

diffraction. These peaks were attributed, respectively, to th@er, and Fig. &) shows a final set of peaks at quarter-integer
formation of an oxygen vacancy superstructure and to cohepositions, such a&.25,0.25,9.2
ent atomic displacements. Using x-ray diffraction, we inves- Although these peaks appear at ratioHaandK indices,
tigated the formation of additional peaks at two cerium con-they possess an unusuadependence. Careful examination
centrations: undopetk=0) and optimally dopedx=0.14).

Data for a lightly reduceck=0.10 samplgnot shown are 5| /oy (6.50.5L)
consistent with the results presented here. 10 -(a): : :
Diffraction peaks other than those expected from the 10* :

[4/mmmstructure of NCCO were not observed in as-grown
NCCO at any cerium concentration, but are present in all
samples that have been subjected to a reduction treatment,
including the undoped sample. The peaks appeared relatively
early in the reduction process, and were observable in a
sample that had been reduced for only one hour, compared to
the duration of 10—20 h normally employed to obtain opti-
mized superconducting properties. The samples exhibited
varying degrees of diffuse scattering, examples of which will
be given shortly. The sample with the sharpest additional
peaks and the least diffuse scattering among all crystals stud-
ied with x-rays was an optimally doped NCC@=0.14)
crystal, which we discuss first.

From Figs. 5 and 6, we identify three classes of peaks
[besides those present in as-grown NGCEigure %a) re-
veals both the anticipated Bragg peaks from the NCCO
structure at intege positions and an additional contribution L (r.l.u.)
at half-integer positions, such 5.5,0.5,0. The latter are
located at the same position in reciprocal space as the anti- FIG. 6. Room-temperature scans perpendicular to the copper-
ferromagnetic zone center, but are unconnected with magnexygen plane for the same sample as in Fig. 5. Note the logarithmic
tism in NCCO. Nonresonant x-ray scattering is only weaklyintensity scale.

10°4/ \ \_J/:
100 4

Intensity (arbitrary units)
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of Fig. 6 reveals that, for these three classes of peaks, thgerpendicular to the epitaxial plane is 108bA, whereas
incommensurability systematically increases aldog),1]. the in-plane lattice parameter is 11(2%4A. Therefore, the
This is different from scattering due to a superstructure, instructural symmetry of the bixbyite secondary phase in re-
which case the incommensurability is constant for all Bril-duced NCCO is no higher than tetragonal. Since the cubic
louin zones. The additional diffraction peaks hdvéndices  space groupa3 has no fourfold symmetry, the actual sym-
of {0,+1.1,+2.2,..}. This peculiarL-dependence suggests metry of the secondary-phase inclusions is most probably
that these peaks are due to a secondary phase that is welthorhombic. We noticed that the tetragonal distortion of the
oriented with the[0,0,1 surface of NCCO, and that the epitaxial precipitates does not result in any significant
c-lattice constant is approximately 10% smaller than that oichange of the unit cell volume from the value of the bulk
NCCO. bixbyite phase of NgD;:%° (11.14 A2x10.95 A

On the basis of this extensive survey of the positions of<(11.08 A3~a’.
the additional peaks, we construct the map of reciprocal Furthermore, there is evidence that the glide-plane sym-
space of the secondary phase in Fig. 7. All the peaks on thgetry present in the original space groiig3) is broken. In
map can be indexed by a unit cell with dimensionssamples with relatively low volume fractions of the second-
(2V2a,2\2a,c/1.1), wherea andc refer to the lattice con- ary phase, weak additional scattering was easily observed at
stants of the tetragonal NCCO unit cell. We find that thispositions forbidden by the glide-plane symmetry. Note the
indexing is consistent with the presence of the bixbyite phasemall peak at(6,0.5,0 [equivalent to(13,11,0.] in Fig.
of (Nd,Ce,0;. When a secondary phase bears no speciad(b), a position forbidden by the glide-plane symmetry. This
relationship with the surrounding matrix, it often precipitatescentral peak has the samewidth as the two peaks at
as randomly oriented polycrystalline inclusions. Such inclu-(6,0.5, +2.2, implying that the glide-plane symmetry is bro-
sions result in rings of scattering at constant momentunken in all secondary-phase regions.
transfer, commonly referred to as powder rings. If, however, The lowered structural symmetry of the Secondary phase
the arrangements of atoms in ot@r morg of the lattice  further increases the complexity of the structure, and results
planes of the secondary phase closely match the atomic &y more than just two crystallographicalland most prob-
rangements of a lattice plane of the host matrix, then a segbly also magnetically distinct rare earth sites. Conse-
ondary phase may precipitate epitaxially onto the speciajjuently, it would not be surprising if the magnetic response
plane of the host lattice. Such a match is present between thg the secondary-phase inclusions was even more complex
basal plane of the bixbyite phase @fd,Ce,0; (nominal  than that of bulk bixbyite rare earth oxides.
lattice constant,~11.08 A) and the diagonal of the CyO Strong diffuse scattering is responsible for what appear to
planes of NCCO, 22a (=11.14 A. This nearly perfect be peaks at quarter-integer positions in Figa)8This inten-
(within =0.5%) match leads to the precipitation of thin sity actually results from bisecting a rod of diffuse scattering
“plates” of the secondary phase @fld,Ce,0; which are that connects the quarter-integer peaks located above and
well oriented with the copper-oxygen planes of NCCO. Asbelow the scattering plane &t=+1.1. The relative amount
will be shown below, these secondary-phase plates exteraf diffuse scattering present in the twe-0.14 samples can
only relatively few unit cells alond0,0,1], and hence are be gauged by comparing Figsapband &a) as well as Figs.
quasi-two-dimensional in nature. We note that the lattices(b) and &b).
constanta; of the bulk bixbyite phase of N@; is indeed The widths of the additional diffraction peaks are aniso-
~10% smaller than the-axis lattice constant of NCCO. tropic with respect to the in-plane and out-of-plane direc-

Based on a careful examination of the location of many ofions. For example, while the in-plane half-width-at-half-
the secondary-phase peaks we find that the lattice parameteraximum (HWHM) of the (5.5,0.5,2.2 peak (~0.0043

094507-6



PHASE DECOMPQOSITION AND CHEMICAL.. PHYSICAL REVIEW B 70, 094507(2004)

107 (a) (6-KK0)} A 10°} (a) as—grown -

10 F (b) reduced -

Intensity (arbitrary units)
Intensity (arbitrary units)
=
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(K, K, 0) (r.l.u.)

FIG. 9. Room-temperature scan alofi¢,K,0) in an undoped

_ : sample(NCCOQO; see Table)l (a) The sample is in its as-grown
sample of NCCQNCCO14LR; see Table)l(a) A cut across dif- 10 and no scattering is visible at the half-integer positids.

fuse rods centered above and below tre0 plane atL=+1.1  ager peing reduced in flowing Ar at 890°C for 11 h, new peaks

results in the appearance of pseudopeaks at quarter positions thgfnear ot the half-integer positions. Note the logarithmic intensity
were not visible in Figs. 5 and gb) Large amounts of diffuse scale.

scattering not seen in Fig. 6 culminating in a peak a0. This is

evidence that the glide-plane symmetry (&fd, Ce,05 is broken. . . .
Note the logarithmic intensity scale. after reduction, which reveal weak peaks at the half-integer

positions. This sample was reduced at a lower temperature

r.l.u)) of sample NCCO14 is only slightly larger than that of (890°C compared to 960-970°C for the Ce-doped
the NCCO Bragg peaks, the width along the out-of-planesampley because undoped samples completely decompose
direction (~0.066 r.l.u) is an order of magnitude larger. As after being reduced at 960°C. Note that the peaks here are
discussed in more detail below, this implies a typical in-plane2Pproximately two orders of magnitude smaller than in the
length of at least several hundred A, but a thickness of onlyprevious cases, resulting in an approximaiel, C8,03 vol-
80 A. The typical thickness of the epitaxial layers of ume fraction of only 0.02%.
(Nd, Ce,0; can be estimated from the width of the diffrac-  Our x-ray diffraction results are consistent with an earlier
tion peaks emanating from the secondary phase. Specificalljtudy that only reported the existence of only one class of
an estimate is provided by the full-width-at-half-maximum additional peakg¢“L=even” peaks in Fig. )7from scans at
of the Fourier transform of a Gaussian peak, since the shage=02% However, the appearance of these additional peaks
of our diffraction peaks is well described by a Gaussian funcWwas attributed to coherent atomic displacements of NCCO
tion. This is calculated according to the formula rather than to théNd, Ce,0; secondary phase. Interestingly,
=[2 In(2)/](c/w), wheret is the thickness¢ is the lattice  this study also reports that the additional peaks disappear
constant of NCCO, anv is the HWHM of the diffraction  upon oxygenation of reduced samples, suggesting that the
peak in reciprocal lattice units. formation of the secondary phase is a reversible process.

The thickness of a thin film should normally be estimatedFinally, we note that another study reported epitaxial inclu-
from the formula for diffraction from arN-slit grating3*  sions of CyO in Nd,CuO,,s samples grown via the flux
However, theN-slit formula implies the existence of second- method in high excess amounts of CuO ffiXo date, we
ary diffraction maxima(see, for example, Fig. 5 of Ref. 85 have not found any evidence for such a phase in our crystals.
which we do not observe fdiNd, Ce,05 because there ex-
ists a distribution of layer thicknesses. We note that the Fou-
rier transform of a Gaussian peak gives a result that is
equivalent to theN-slit formula for largeN. To confirm our diffraction results with real-space informa-

In Fig. 9, we compare a scan alofi§,K,0) for an un-  tion, we used transmission electron microscagM) to
doped sampléx=0) in its as-grown state, where no scatter- characterize the microstructure of a redused.16 crystal.
ing is visible at the half-integer positions, with data takenA small section of the crystal was prepared witfj0g1,0

FIG. 8. Room-temperature scans for a lightly-reduged.14

VIlI. TRANSMISSION ELECTRON MICROSCOPY
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FIG. 11. High-resolution TEM image of the same crystal as in
the previous figure with a secondary phase region, showing the
epitaxial orientation of(Nd,Ce,05; in the NCCO matrix. The
6.1A(0,0,2 planes of the matrix are parallel to the

FIG. 10. Medium-resolutiorf0,1,0 TEM image of a reduced 5.5A(0,0,2. planes of the secondary phase. The 7.8 A perpen-
x=0.16 sample (NCCO16; see Table)lwith layers of the dicular spacing for the secondary phase representslhe,0.
(Nd, Ce,0; phase perpendicular {6,0,1]. planes, which are parallel to tH6,2,0 planes of the matrix.

surface. A small piece was cut from the interior of the bulk
sample, ground and polished from both sidgegh diamond
film pape) to a thickness of about 2em, mounted on a Cu

are probing the entire sample thickness. Consequently, TEM
should not be considered a “local” or “surface” probe. In
support slot grid, and ion milled from both sides until perfo- fact,_ our TEM results are remarkably consistent with the con-
ration. The ion-milled hole was about 2@0n in diameter clusions we have drawn from our x-ray diffraction data, and

and the sample was observed to have the same morphoIon’sr/OVide compelling, visual evidence of the unusual morphol-
in all thin areas around the edges of the hole, i.e., an area &9y of the secondary phase.
about 250um in diameter and up te-1000 A in thickness.
It is important to note that electrons are transmitted directly
through the sample such that at any point in the image one is Having established the presencgitl, Ce,0; as a result
measuring the entire thickness of the sample at that point. 18f the partial decomposition of the NCCO matrix during re-
regions far away from the perforation, the thickness of thejuction, we now investigate how this secondary phase re-
sample is large so that there is no longer sufficient elastigponds to the application of a magnetic field. This is impor-
transmission of the electrons to form an image. tant because peaks from the secondary phase are found at
Figure 10 shows an image that reveals thin straight layerpositions associated with the two-dimensional antiferromag-
of the secondary phase perpendicularf®0,1] of NCCO.  netic zone center of NCCO. Therefore, it is essential to know
The secondary-phase regions have a spatial extent welow (Nd,Ce,0; responds to a field in order to avoid con-
above 1um parallel to the Cu@planes of NCCO, i.e., per- fysjon between intrinsic and extrinsic effects when investi-
pendicular to[0,0,. In Fig. 11, we show a high-resolution gating the connection between magnetism and superconduc-
image of a secondary-phase layedd,Ce,0; has an epi- tjyity in NCCO.
taxial relationship with the tetragonal NCCO matrix of For this purpose, we placed a reduced, superconducting
[0,0,1]lI[0,0,1 and [1,1,0l[100]. The extent of the sample (NCCO1§ in the horizontal-field magnet M2 at
(Nd, Ce,0; layers is minimized in the direction of greatest Chalk River Laboratorie€Ontario, Canada The sample was
mismaitch, i.e., along the-axis of NCCO. While there are 1.6 cm long, 3.6 mm in diameter, and weighed 1.28 g. Be-
some rare regions as thick as 150 A and some regions thicause of a large easy-plane anisotropy for magnetic neody-
ner than 40 A, by averaging over 4MWNd,Ce,0; layers  mium atoms in NCCO, the application of a magnetic field
identified on a series of photographs which spanned differerdlong[0,0,1] exerts a torque on the sample that attempts to
regions of the sample, we estimate that the typical thicknestwist it until the copper-oxygen planes are oriented parallel
is 60 A. Again using information from several images suchto the field direction. To counteract this, opposite faces of the
as that of Fig. 10, we arrive at a crude estimate of a secondsample perpendicular §®,0,1] were ground flat and placed
ary phase volume fraction of 1-3%. These estimates are imto a press-shaped sample mount. The sample was held fast
good agreement with our diffraction results listed in Table l.in the mount by tightening the mount with screws against the
We emphasize that in order to achieve the desired crystaffat sections of the crystal.
lographic orientation the measured piece was cut out from At zero field, some peaks from the secondary phase are
the interior of a much larger crystal, and that the electronwisible. By comparing the integrated intensities of the

VIIl. MAGNETIC FIELD EFFECTS
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% 400 Wg%(f@é%%gé | FIG. 13. Magnetic neutron diffraction scans&t4.2 K for a
o reduced buhonsuperconductingample(NCCO10; see Table).lIn
> - ¢ 1 all cases, care was taken to ensure that the magnetic field was
= 200} applied along 41,0,0 (Nd,Ce,0; axis and perpendicular to the
GC) scattering wave vector. Only scaf) was originally taken at
T 5 min/point. All other scans were normalized to 5 min/point for
- 0 . | clarity. (a), (b) Scans througl1/2,1/2,0 [(2,0,0.] and the cubic-

equivalent position(0,0,2.3 [(0,0,2.]. (¢), (d) Scans throughil/
18 2 2.2 2.4 2.6 2?0,() [(1,1F,)O)C] arrid the a(:lEi)ic-eqzl);ﬂ/a(le)nt(p)ositiq|1/4,l/4,1g.'§l [
(1/2,1/2, L) (r.l.u.) (1,0,1.]. The large sloping background for tt6,0,2.3 and (1/
FIG. 12. L-scans througha) (L/2,1/2,0 and (b) (1/2,1/2.2.2 4,1/4,1.3 reflections results from the close proximity to, respec-
e Uil 1 eneg tively, the strong NCCQ(0,0,2 Bragg reflection and the direct
The magnetic field strength is either O or 2.6 T. The samplexs a bear%m at (0,0,Q.g This Op(rohibzi)ts th%g observation of zero-field
=0.18 crysta(NCCO18; see Tablg I The data were taken at Chalk (ng, ca,0, structural scattering. However, from Gaussian fits of
River LaboratoriegOntario, Canadgat a temperature of 2 K. the field-induced datésolid lineg we extract a typical thickness of
. Lo 115 A, consistent with the structural results reported in Table I. The
(4,0,4 I’eﬂeCt.IOI’l of(Nd, C8,0; [the (1,1,4.4 reflection in data were taken at the NIST Center for Neut?on Resegedtith-
t_he NCCO reciprocal s_pa]:eo the(0,0,2 and(O,_0,4) reflec- ersburg, MD, USA.
tions of NCCO, we estimate the volume fraction of the sec-
ondary phase to be approximately 0.5% in this sample. From the extensive x-ray survey of Sec. VI, we know that
In Fig. 12a), we present.-scans through th¢l/2,1/2,0  these two positions are associated with structural peaks of a
reflection, also indexable d8,0,0.. This position is asso- Ssecondary decomposition phase(lfl, Ce,0;. The applica-
ciated with the antiferromagnetic wave vector of the GuO tion of a magnetic field polarizes the Nd moments of the
plane. Weak reflections are not always easily visible in neusecondary phase, which results in a ferromagnetic compo-
tron measurements due to the relatively low flux of neutror€nt that enhances the scattering at nuclear positions of the
sources when compared to x-ray synchrotrons as well as tfgcondary phase, and renders 20,0, and (2,0,2.
relatively high background scattering and coarse momenturR€2Kks Visible. This point is well demonstrated by Figtd2
resolution in neutron scattering experiments. In the preseriince the positiont1/2,1/2,2.2 is manifestly unrelated to the
case, no peak can be discerned above background at zepyCO structure. We test the proposition that the field-
field, as expected, given the relatively small sample size an ducfefd mafgnezugn_} ']f‘ :‘grr?magnletmfm nature by stugymg
secondary phase volume fraction when compared toxour 1(/32e1/SCt 0 a’t' A 1€ abongl, % or T:(;atterlng aft. tde
=0.10 sample for which we do observe a weak structur ,1/2,0 position. As can be seen from Fig. (& we fin

peak[Fig. 13a)]. With the application of a magnetic field of hat a peakAls no IoAnge_r visible. Th|s. is due the geom_etrlc

2.6 T directed along0,0,1], perpendicular to the copper ox- [aCtor S =[Qx(SX Q)| in the magnetic neutron scattering

ide planes, a peak is readily visible. In Fig.(a2 we present Cross-section for unpolarized neutrghs

a similar set of scans through the positii2,1/2,2.3, or do _ (2m)° 5 (g'yro)s 401,
ai

2
- 2\ 72 : (1)

(2,0,2.. As in the case of th€,0, 0. reflection, no peak is d_Qf - v
visible at zero field, but upon application of a 2.6 T magnetic

field directed along[0,0,1, a peak clearly emerges at which implies that the observed intensity is proportional to
L=2.2. the square of the component of the moment perpendicular to
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2800 : : : : tron flux are larger than in the case of tke0.18 sample. As
A 12 a result, a structural peak is visible &i/2,1/2,0 [i.e.,
¥ % (2,0,0,] in zero field. We also demonstrate enhanced scat-
\

tering in a magnetic field at the equivalent positi@0,2.9
[i.e.,(0,0,2.]. We conclude that an enhancement of scatter-
| Qi ing in a magnetic field is observable in reduced NCQO,

—~ 26007

1.1 . , !
0 5 10 15 respectiveof whether or not the sample is superconducting.
H (Tesla) | Furthermore, the effect is observable at any position corre-
sponding to a structural reflection of the secondary
(Nd, Ce,05 phase, subject, of course, to the modulation of
the structure factor and the geometric fac¥r
An important point to note about the bixbyite structure is
that even in its most symmetric cubic fortta3) it is not a
primitive unit cell, but has two crystallographically and mag-
netically distinct rare earth sites, as discussed in Sec. V.
These two distinct magnetic sites can have very different
magnetic moments, as is the case for,®h?* Since the
(') 5 1'0 15 separate contributions to the structure factor from each site
H (Tesla) add de;tructwely for some refk_actlons, the ob_served intensity
for a given reflection is a function of the relative strength of
FIG. 14. Field dependence of the scattering observed/at the magnetlc moments on the two sites. For_cub_lg%dthe
1/2,0 at several temperatures for a reduced0.18 sample Magnetic structure factor of thi@, 0,0 reflection is propor-
(NCCO18; see Table)l The magnetic field was applied along tional to
[0,0,1. The lines are the result of a fit to a two-moment model, as

2400} ! ‘

2200t

Intensity (counts/20min

2000t

described in the textInsey The ratio of the moment at the X&) F(2,0,0¢~ |- 8uy + 7.3%,], (2
site to that at the Nd) site of (Nd,Ce,05 at 1.9 K, as extracted o ) .
from the fit. where the two contributions come from the two inequivalent

neodymium sites with potentially inequivalent moments. Be-
Q. Here,N is the number of unit cellsy is the volume of cause of the negative phase between the two contributions, in
one unit cell,g is the Landé factory is the gyromagnetic the case of identical moments there is a 92% cancelation
ratio, rq is the classical electron radius, andare the atomic  between the contributions from the two sites. Since the at-
positions in the unit cell. Because the Nd moments are fieldems with G symmetry are slightly displaced from the cell
induced, their direction tends to follow the direction of the edge, the cancelation is incomplete. This also holds for
applied field. Neglecting possible small anisotropy effectsnuclear scattering, in which cageis replaced by the scat-
when the magnetic field is oriented alof®,0,1, the mo-  tering lengthbyy. For the(2,0,2, reflection, the structure
ment is perpendicular to the scattering wave-vec®r factor is proportional to
=(1/2,1/2,0, and the maximum contribution is obtained.
However, when the field is directed alofg,1,0, the mo- F(2,0,2;~ [8uq — 8uy. (3
ments are parallel to the field, and hence parallelQto
=(1/2,1/2,0. In this geometry, the magnetic contribution Assuming cubic symmetry, the non-zero intensity apparent in
to the scattering is zero and no peak can be distinguishedfig. 12b) then implies that the magnetic moments on the
The increased background level in some scan geometries otwo Nd sites are different for this particular field and tem-
curs for a narrow region of the magnet where the electricaperature. Furthermore, the existence of inequivalent mo-
wiring and cryogenic tubing is located, which leads to higherments implies that the evolution of the magnetic moment
incoherent scattering than neighboring parts of the magnetith field is also slightly different between the two sites. As
when illuminated by the incident neutron beam. a result, a nontrivial field dependence of the scattering inten-

Since the field-induced scattering originates from the secsity may be observed.

ondary decomposition phase, it is observed in reduced In Fig. 14, we show the field dependence of the scattering
samples, but not in as-grown samples. The oxygen-reductioat (1/2,1/2,0 for the NCCO(x=0.18 sample at three differ-
procedure, which precipitates the secondary phase, is necemat temperatures. The lowest and highest temperature data
sary to induce superconductivity. Thus, the fact that the fieldwere taken using the two-axis diffractometer E4 at the Hahn-
induced scattering is seen in superconducting samples bieitner-Institut(Berlin, Germany and the 4.2 K data were
not in nonsuperconducting samples does not imply that théaken using the BT2 spectrometer at the NIST Center for
observed field effect is related to superconductivity in theNeutron ResearcliGaithersburg, MD, USA Temperature
NCCO matrix. To demonstrate this, Fig. 13 shows magneticcans taken at constant figldata not shownwere used to
scattering in an oxygen-reduced, nonsuperconducting NCC@ross-normalize the data sets taken at the two facilities. Both
crystal (x=0.10. The sample measured 4 mm in diameter,experiments employed a vertical-field magnet with field di-
2.1 cmin length, and weighed 3.5 g. The sample volume, theected along[0,0,1], but the magnetic field range of the
volume fraction of the secondary phdse2 %), and the neu- 4.2 K data set was limited by the 7 T maximum field of the
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NIST magnet. We model the behavior illustrated in Fig. 14(1,1,0., and the contributions from the other Nd atoffcs-
by assuming that the moment on each Nd site evolves agnerly Nd2) atomg add in phase. This suggests that the

cording to its own Brillouin functioff magnetic-field dependence(@¢2,0,0 [i.e.,(1,1,0.] should
saturate at sufficiently large magnetic fields. Although we
M12= gﬂBJl,ZBJLz' were unable to reach high enough field values in order to test
this prediction[c.f. Fig. 1§c)], recent results by another
J+1/2 1 group are consistent with 1.
B;= 3 cotl{(J+ 1/2)n] - Z—JCOth(ﬁ/Z), We note that the interpretation of the magnetic-field de-

pendence at intrinsic magnetic reflections of NCCO is com-

plicated by the expected polarization of the Nd atoms of
- gueH (4) NCCO and by remnant magnetic order in reduced samples.

kgT ' Antiferromagnetic reflections of NCCO, such @d$2,3/2,0,

ave two contributions to the structure factor. One is from
opper, and the other is from neodymium. The latter acquires
) ) an induced antiferromagnetic order due to the staggered
effect of the crystal field on the total angular momentlilm magnetic field of the copper atoms below the copper order-
unknown for(Nd, C8,0;, and we have fitted at each tem- o temnerature. The two NCCO contributions can either be

perature for both Nd sites. Once we fix the nonmagnetiqn_phase[e_g’(1/2’3/2,01 (1/2,1/2,3, and(1/2,1/2,6] or out-
scattering to 2000 counts/20 min., the fit involves an °Vera|bf-phase[e.g. (1/2,1/2,3], depending on the reflection. In

(temperature-independgnscale factor and two additional zer applied magnetic field, the two contributions manifest
parameters per temperatuh: and J,. From the lowest 10 {hemselves as a dramatic change in the scattering intensity at
highest temperature we fin#=2.12), 2.41), 2.62), and oy temperatures when the Nd moments become
J,/31=1.1104), 1.0934), 1.0834). The Lande factog was  appreciablé® In an applied magnetic field, Nd moments of
fixed at the free ion value of 8/11 for Nd. Clearly, the two- NCCO will be polarized, which is clear from the quadratic
moment model provides an excellent description of our datgjncrease of intensity observed 4&fl,1,0 in as-grown

In the inset of Fig. 14, we plot the field evolution of the ratio sample$:1113|n reduced samples, in addition to the above
Mol pq a@s extracted from the field dependence at the lowesgffect in remnant antiferromagnetic regions of the sample,
temperature. Our model indicates that the saturated momenjg can expect an additional contribution fraid, Ce,05,

of the two sites differ by 11%. This observation is consistenty; reflections that coincide with those of NCCO, such as
with the 13% difference found for BD; and the 77% differ-  (1/2 3/2 0. The net effect depends on the temperature, the
ence found for YBO,.2* From the fits, we estimate the low- magnetic field strength, the geometry of the experiment, and
temperature moment of the KN and Nd2) atoms as tne measured reflection.

gJug=~1.5ug and=1.69ug, respectively. These are reason-  Qur field-effect results establish that a magnetic contribu-
able values, comparable to the experimentally observegon from (Nd,Ce,0; is present at(1/2,1/2,0, the two-
value of 1.65ug of cubic NdNp.** The two-moment model  gimensional antiferromagnetic zone center of NCCO, and at
accounts not only for the complete field and temperaturgquivalent positions, but they leave open the possibility that
dependence of the scattering intensity, but also explains hoy small fraction of the signal may be intrinsic to the copper-
what is essentially ferromagnetic scattering can decreasgyygen sheets. One way to attempt to separate the two pos-
with increasing magnetic field. sible contributions is to perform scans at reciprocal space

The results presented in Fig. 14 indicate tfhdl,C8,0;  positions with nonzero, integér, with a magnetic field along
is paramagnetic even at 1.9 K. This is consistent with thE[O,O,]], such that the scattering from NCCO and from
fact that EpO3 (Ty=3.4 K) and YhO3 (Ty=2.3 K) have  (Nd,Ce,0; is clearly separated. Experimentally, this re-
relatively low Néel temperatures, and that théd,C8,03  quires that the sample be aligned in ttté,H,L) scattering
secondary phase has a lower effective dimensionality. In 2one and that a horizontal-field magnet be employed. Only a
separate measurement we did not observe spontaneous Ny such magnets compatible with use at a neutron diffrac-
ordering (of (Nd,C@,0; or NCCO) in our x=0.10 sample  tometer exist, and their maximum field is less than that of
down to 1.4 K. vertical-field magnets.

A field-dependent peak was also observed(E?,0,0 Figure 15 shows the result of such a measurement for a
[equivalent to(1,1,0.] and at(1/4,1/4,1.} [equivalent to  reducedx=0.18 sample, performed at Chalk River Labora-
(1,0,1.], as demonstrated in Fig. 13. As discussed in Sectories (Ontario, Canadaat three antiferromagnetic Bragg
VI, reflections at these positions are forbidden by th8  peak positions corresponding tb/2,1/2 L) with both even
glide-plane symmetry. Our observation of such peaks, toand odd integer values &f As-grown NCCO exhibits long-
gether with the measured inequivaleab andc lattice con-  range magnetic order of the copper moments even at high
stants of the secondary phase, are evidence of a loweregrium concentrations, with Néel temperatuiig,~ 80
symmetry in the strainedNd, Cg,0; environment inside the -100 K for x=0.16-0.182 Along (1/2,1/2 ), magnetic
NCCO matrix. An analysis of the maximal crystallographic Bragg scattering is observed at non-zero integer valués of
subgroups ofa3 suggests that the symmetry is lowered by aThe zero-field magnetic intensity at these positions in re-
positional shift of the N(2) atoms. Calculations show that duced, superconducting samples is relatively weak when
the Nd1) atoms do not contribute to the structure factor atcompared to as-grown NCC8{%41and the antiferromag-

and then combine the associated scattering intensity accora
ing to the aforementioned structure factor in Eg). The
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1500 . T T previously been reported,but in the present case the orien-
I ¢ O H=0 ] tation of the central spirfat the body-center position; see
L (a e . '
1200 I (a) Q.‘ 'S Hi {?%% | Fig. 1) is rotated by resulting in the elimination of eveb;
900+ 3 & i rather than odd- peaks.
- s
600 ¢ ]
- Seugge ¢ IX. DISCUSSION
300} O0o%e0e :
I . . . . . 1 Kang and coworkers reported magnetic-field-induced
0 scattering at1/2,1/2,0, (1/2,0,0 and related reflections, and
0.9 1 1.1 interpreted their data as indicative of a field-induced quan-
1000 [ ! T o i ) ] tum phase transition from a superconducting to an antiferro-
8001} (b) . ¢ ] magnetic staté.In a previously published version of Fig.
i 9 ] 164 we demonstrated that a number of data sets taken at
600t . b $ . different temperatures, magnetic fields, reciprocal space po-
- ° Q 1 sitions, and on different samplébsoth superconducting and
400 ‘e 5 T nonsuperconductingcould be scaled onto an approximately
| i universal curve of scattering intensity versus H/T. We ar-
200 I M‘Q “uo‘ ] gued that these observations were inconsistent with a quan-
0 L . L . L tum phase transition from a superconducting to an antiferro-
29 3 3.1 magnetic state, and instead suggested that the data could be
: : : : : explained by a two-moment paramagnetic model for
1000 : . o
- (Nd, Ce,03, introduced in detail in Sec. VIII.
800 (c) 8 . Kang and coworkers now also obser(dd,Ce,0; in
600 | ] their reduced samples and conclude that this secondary phase
I o o ] does indeed exhibit a field-induced paramagnetic response
400+ i which leads to an enhancement of the scattering intensity
- g P . at the reciprocal space positions they originally
2009099 ,4,0400 $ C 8 9 ¢ measured®!11® Matsuuraet al. estimate the thickness of
I , . , ‘ , ] their secondary phase to be 220 A, but argue that the second-
59 6 6.1 ary phase possess essentially three-dimensional long-range
) ) structural ordet? Yet, our precise measurement of the lattice
(1/2s 12, L) (”-U-) parameters of the secondary phase unequivocally shows that

_ ~ the structural symmetry of the bixbyitéld, Ce,05 phase is
FIG. 15. Scans through NCCO magnetic peak positions,, pigher than tetragonal. Further, we and Matstetral.
(1/2,1/2L) for a reduceck=0.18 sampleNCCOL18; see Table)l  ,serve intensities at reciprocal lattice positions forbidden by
The magnetic field was 2.6 T. (@) the temperature was 2 K and in the glide-plane symmetry of tHa3 space-group. Both these

(b) and (c) it was 5 K. The zero-field magnetic scattering only )
appears below 8 K. Whereas a magnetic field applied along théesults clearly show that the structural symmetry of the sec

c-axis has no effect, an in-plane field alofigl,q slightly enhances ondary phase is much lower thtag, and therefore, its mag-

the odd-integet- peak and completely suppresses the even-integenﬂetIC structure and response are likely to be even more com-

L scattering. The data were taken at Chalk River LaboratgOes p!ex than _those predlcted_ by the two-moment model
tario, Canadg discussed in Sec. VIII. This model should therefore be

viewed as an effective description of the system.
The authors of Refs. 10, 11, and 13, argue that they have

the superconducting pha%eMoreover, it has been found evidence for a NCCO contribution_that can be _effectively
that the antiferromagnetic regions have a finite extent ofXtracted by, for example, subtracting the intensityld2,
50-100 A in superconducting samples wittz0.15% In ~ 1/2,0 [(2,0,0] measured witt [|[1,1,0] ([0,1,0],) from
our case(x=0.18, the scattering indeed is very weak, and that measured wittH|[|[0,0,1] ([0,0,1];). In both geom-
only appears below~8 K. From Fig. 15, we see that a etries the scattering wave-vectQ is perpendicular tcH
[0,0,1 magnetic field has no net effect on the scattering in<and, under the assumption of cult&3 symmetry and three-
tensity for both “in-phase” and “out-of-phase” reflections of dimensional long-range order, the contribution from
the remnant NCCO antiferromagnetic regions. Since there i€Nd, C8,05 should be the same.
no observable effect for either class of reflection, we con- This procedure was attempted in Refs. 12 and 13. In Fig.
clude that there is no evidence for a contribution from thel7, we reproduce the difference data reported in Ref. 13. In
bulk superconducting regions. addition, we reproduce the original, uncorrected data of Ref.
However, a field parallel to the copper-oxygen planes en9 taken with a magnetic field alonf®,0,1. We note that
hances the odd-peak intensity and completely suppressesalthough there is a reported difference in the magnitude of
the event peak. Presumably this is the result of a noncol-the scattering between the two geometries, the subtraction
linear to collinear spin transformation similar to what hasprocedure does not alter the field dependence of the data. We

netic volume fraction rapidly decreases with increasirig
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g 0.8f 0; = u 7 (Nd, Ce,05 two-moment fit(dashed ling as described in the text.
g *. Also shown are the difference data from Ref. 13.
% 0.6f e
SE ; high-temperature superconductivify.We emphasize that
0.4r 1 1 this fit gives results for the low-temperature moments and the
* (1/21/2 0)x=0.18 ratio J/J; that are in excellent agreement with those ex-
0.2+ 5 ® (1/21/2 0) 0.10 |4 tracted from our own data, and in very reasonable agreement
{ : 510/2 82 z_gg 8:12 with previous results for other rare earth oxides. Given that a

, i guantum phase transition in NCCO and paramagnetism of
1t () * * i 4 (Nd,Ce,05 are fundamentally different physical phenom-
ena, we consider it highly unlikely that the two should have
the same magnetic field dependence, and hence conclude that
the subtraction procedure is an unreliable means of correct-
ing the data. This may be in part due to a thin-film-like
magnetic anisotropy present in the secondary phase or to
experimental difficulties in accurately normalizing the signal

o
o2)
T

I |maX|mum
o
[*)
T
i.-‘O—'
——
1

0.4r i between the two geometries.
? The only observation of Refs. 9 and 11 that differs from
0.2 %- : (151?41 ?) Fg-}g i our own results is the field dependence of (1€2,1/2,3
p4 21,2 0 'Oi 015 peak. As noted at the end of Sec. IX, the volume fraction of
Oe I the NCCO antiferromagnetic phase strongly decreases with
0 1 2 3 increasing cerium concentration in reduced samples. We note
H/T that the superconducting and antiferromagnetic volume frac-

tions have been found to be highly anticorrelaté@iven
FIG. 16. Field and temperature dependence of magnetic scattethe sample inhomogeneity issues discussed in Sec. 1V, it ap-
ing. (a) Arbitrarily scaled scattering intensity &1/2,1/2,0 for a  pears likely that thigzero-field magnetic response is due to
superconducting sample of NCC@ominal cerium concentration a nonsuperconducting remnant of the as-grown state, with
x=0.18;T.=20 K) at several temperatures, plotted as a function ofmodified oxygen concentration and disorder. The response to
H/T with the field along[0,0,1]. The results are compared with the a magnetic field of this remnant phaseaispriori unclear,
data atT=5 K of Kanget al. [Ref. 9 (x=0.15;T.=25 K). (b), (¢©)  since the phase is altered by the oxygen treatment from the
Comparison of the result by Kareg al. (x=0.15 with data taken at  as.grown state. Our data taken in the horizontal-field geom-
T=4 K for a superconducting sample=0.18 and a nonsupercon- ety and presented in Fig. 15 do not indicate any change in
ducting sample(x=0.10. The magnetic field is applied along 4 scattering at thél/2,1/2,3, (1/2,1/2,3, and (1/2,1/2,6
[1,1,0] for (0,0,2.9 and(1/4,1/4,1.3 and along0,0,1 in all other  reflections of NCCO for magnetic fields up to 2.6 T oriented
cases. The data were normalized by the maximum intensity. Ougjong[0,0,1]. Given that a field of 2.6 T constitutes a signifi-
samples are listed as NCCO10 and NCCO18 in Table I. This figurgant fraction of the upper critical field in this geometry, the
is reproduced from Ref. 14. absence of a field effect suggests that the scattering at the
reflections of the NCCO antiferromagnetic minority phase is
also show a fit of the uncorrected data of Ref. 9 to the twounrelated to the suppression of superconductivity in the
moment paramagnetic model of Sec. VI, and obtainNCCO majority phase.
J1=2.93) and 3/J3;=1.121). This fit describes the data just  In Refs. 9 and 11, a small enhancement of th,1/2,3
as well as the theoretical treatment for the(50Omodel of  intensity was reported in fields up to 4 T alof@®0,1], also
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at 5 K, for ax=0.15 sample. The cerium concentrations ofmagnetic and  superconducting regions of the
this sample is somewhat different from oups=0.18 and  Pr,_LaCgCuO, phase diagrarf® It appears that those are
the effect of a magnetic field on the antiferromagnetic NCCQattributable to a disturbance of the antiferromagnetic
minority phase may have a subtle doping, temperature, an@r,_,LaCgCuQ, minority phase and unconnected with su-
field dependence. Alternatively, since the Nd moment in{perconductivity.
creases quite dramatically in aTLfashion, and because it
contributes to the NCCO structure fact8rsmall tempera- X. SUMMARY
ture differences between two scans could, in principle, ap- In conclusion, we have observed that when
pear as a change in intensity. A third possible origin for theNd,_CgCuQ,,; is exposed to a reducing environment a
observed field effect reported in Refs. 9 and 11 could be dugraction of the crystal decomposes. One of the decomposition
to the torque exerted on the sample for field configurationgproducts is(Nd,Ce,05, which precipitates epitaxiallyon
HII[0,0, 1. If the mount used in the experiment is not suf- the CuQ planes of Ngd_,Ce,CuQ,.,) in a strained bixbyite
ficiently rigid the sample may rotate, resulting in a differencestructure. The structure is long-range correlated parallel to
in intensity between two scans. Considering our result rethe copper-oxygen planes, but only short-range ordered per-
ported in Fig. 15 in which a field directed along tflg1,00  pendicular to the planes. Application of a magnetic field po-
direction increases the amount of scattering at(it2,1/2,3 larizes the Nd atoms, leading to an enhancement of the mag-
reflection, small changes in the alignment of the sample canetic neutron scattering intensity at positions coincident with
either increase or decrease the observed scattering intensifjd, Ce,0; structural peaks. A simple two-moment model
Finally, we note that th€1/2,1/2,3 data in Fig. @) of Ref.  for the (Nd,Ce,0; paramagnetism gives an excellent de-
11 have relatively large error bars and are not entirely inconscription of our data. The extensive data presented here are
sistent with the absence of a field dependence. inconsistent with the notidn'3 of a field-induced quantum

An earlier study of Nel,CeCuQ,.; (x=0.14 in [0,0.]  phase transition from a superconducting to an antiferromag-
fields up to 10 T failed to detect any enhancement of theetic ground state of Nd,Ce,CuQ,.s In a recent neutron
scattering intensity at thel/2,3/2,0 reflection™ The lowest  scattering experiment, it was observed that the antiferromag-
temperature at which data were taken in that experiment wagetic fluctuations at the wave-vectdf/2,1/2,0 become
a relatively high 15 K. Because of the strong enhancement qfapped in the superconducting st#té&he gap might only
the Nd moment at low temperatures, this would have madgradually close in a magnetic field, and for fields larger than
detection of the effect from theNd, Ce,0; phase more dif- H_,, the ground state may not exhibit long-range antiferro-
ficult. Also, measurements were only conducted at(i2,  magnetic order. Clearly, it will be important to test this pos-
3/2,0 position. This is an allowed NCCO magnetic reflec- sibility in future experiments. Finally, we note that the pres-
tion, unlike (1/2,1/2,0, which is disallowed by the spin ence of the secondary phase should also be taken into
structure. Consequently, the additional contribution fromaccount in the analysis of other experiments on
(Nd, Ce,05 would also have been difficult to detect due to Nd,_,Ce,CuQ,. 5 such as transport measurements.
the prominence of the large signal from the NCCO antifer-
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