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Effect of a magnetic field on the long-range magnetic order in insulating Nd2CuO4
and nonsuperconducting and superconducting Nd1.85Ce0.15CuO4
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We have measured the effect of ac-axis-aligned magnetic field on the long-range magnetic order of insu-
lating Nd2CuO4, as-grown nonsuperconducting and superconducting Nd1.85Ce0.15CuO4. On cooling from room
temperature, Nd2CuO4 goes through a series of antiferromagnetic~AF! phase transitions with different non-
collinear spin structures. In all phases of Nd2CuO4, we find that the appliedc-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 Nd1.85Ce0.15CuO4. These results contrast dramatically with those of super-
conducting Nd1.85Ce0.15CuO4, 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
Nd1.85Ce0.15CuO4 also induces epitaxial, three-dimensional long-range-ordered cubic (Nd,Ce)2O3 as a small
impurity phase. In addition, the annealing process makes a series of quasi-two-dimensional superlattice reflec-
tions associated with lattice distortions of Nd1.85Ce0.15CuO4 in the CuO2 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 superconducting Nd1.85Ce0.15CuO4. This is
confirmed by measurements of the~1/2,1/2,3! peak, which is not lattice matched to the impurity phase.

DOI: 10.1103/PhysRevB.68.144503 PACS number~s!: 74.72.Jt, 75.25.1z, 75.50.Ee, 61.12.Ld
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I. INTRODUCTION

High-transition-temperature (high2Tc) superconductiv-
ity occurs in lamellar copper oxides when holes1 or
electrons2,3 are doped into the CuO2 planes. For the paren
compounds of hole-doped materials such as La2CuO4 and
YBa2Cu3O6, the Cu21 spins order at relatively high tem
peratures (;300 and 420 K, respectively! in a simple anti-
ferromagnetic~AF! collinear structure that doubles the cry
tallographic unit cell in the CuO2 planes.4,5 Although the
parent compound of electron-doped copper oxides suc
Nd2CuO4 also has AF spin structures doubling the CuO2 unit
cell, the Cu21 moments order in three phases with two d
ferent AF noncollinear spin structures as shown in Figs. 1~a!
and 1~b!.6–9 These noncollinear spin structures appear
Nd2CuO4 because of the presence of the magnetic excha
interaction between Cu21 and Nd31.10,11 Compared to the
hole-doped La22xSrxCuO4, the long-range AF order in
electron-doped Nd22xCexCuO4 persists to much largerx
(>0.12),2,3 and coexists with superconductivity for even t
highestTc ~525 K! material (x50.15).12,13 In contrast, su-
perconductivity in La22xSrxCuO4 emerges from a spin-glas
regime and occurs over a wider doping concentration.

The close proximity of AF order and superconductiv
raises an interesting question concerning the role of lo
range magnetic order in the superconductivity of copper
ides. Theoretically, it was predicted that, when an appl
0163-1829/2003/68~14!/144503~13!/$20.00 68 1445
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field creates vortices in these superconductors, AF or
would be induced in the core of each vortex.14,15 For under-
doped superconducting La22xSrxCuO4, neutron scattering
experiments show that ac-axis-aligned magnetic field
(Bic axis) not only suppresses superconductivity but a
enhances the static incommensurate spin density wave o
thus suggesting that such order competes directly w
superconductivity.16–19Although muon spin resonance20 and
nuclear magnetic resonance experiments in underdo
YBa2Cu3O6.5 ~Ref. 21! also suggest an enhanced AF ord
originating from regions near the vortex core, neutron sc
tering experiments failed to confirm any enhancement of
static long-range order in YBa2Cu3O6.6 for fields up to 7
T.22,23 Therefore, in spite of intensive effort,16–23 the nature
of the superconductivity-suppressed ground state in highTc

superconductors is still unknown.
The major difficulty in studying the ground state of hol

doped high-Tc superconductors is the enormous upper cr
cal fieldsBc2 (.20T) required to completely suppress s
perconductivity. Fortunately, electron-doped materi
generally haveBc2, for magnetic fields aligned along thec
axis, less than 10 T,24–27 a value easily reachable in neutro
scattering experiments. While recent experiments by M
sudaet al.28 found that a 10-Tc-axis-aligned field has no
effect on the AF order in the superconductin
Nd1.86Ce0.14CuO4, we showed that such fields i
Nd1.85Ce0.15CuO4 enhance the AF moment and induce a
©2003 The American Physical Society03-1
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M. MATSUURA et al. PHYSICAL REVIEW B 68, 144503 ~2003!
rect quantum phase transition from the superconducting s
to an anomalously conducting antiferromagnetically orde
state atBc2.29 The induced AF moments scale approximate
linearly with the applied field, saturate atBc2, and then de-
crease for higher fields, indicating that the field-induced
order competes directly with the superconductivity.29

Although electron-doped Nd22xCexCuO4 offers a unique
opportunity for studying the superconductivity-suppress
ground state of high-Tc copper oxides, the system is som
what more complicated than hole-doped materials such
La22xSrxCuO4 and YBa2Cu3O61x for three reasons. First, i
contains two magnetic ions~rare-earth Nd31 and Cu21),
and the ordered Cu sublattice induces the long-range
ordering of Nd ions.30 The effect of an applied field
on rare-earth Nd31 magnetic moments and their orderin
is unknown. Second, for even the highestTc
(525 K) Nd22xCexCuO4 (x50.15), superconductivity co
exists with the long-range residual AF order, and the nat

FIG. 1. Spin structure models and temperature dependent
tering at AF and ferromagnetic~FM! Bragg positions in Nd2CuO4.
The schematic diagrams show the non collinear spin structure
~a! type-I (75,T,275 K) and type-III (T,30 K) phases, and~b!
the type-II (30,T,75 K) phase. The closed and open circles
~c!~e! represent the scattering intensity atB50 and 7T, respectively
for fields aligned along thec axis (Bic axis).
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of their coexistence is unclear.12,13Finally, superconductivity
in Nd22xCexCuO4 can only be achieved by annealing th
as-grown samples at high temperatures.12,13,31The annealing
process not only induces superconductivity
Nd22xCexCuO4, but also produces structural superlattice
flections of unknown origin.32

To understand the effect of a magnetic field on superc
ductivity in Nd1.85Ce0.15CuO4,29 one must first determine its
influence on the residual AF order without the complicati
of superconductivity. Since the residual AF order in sup
conducting Nd22xCexCuO4 has the same magnetic structu
as that of the insulating Nd2CuO4 at low temperatures,13 in-
vestigating the field effect on AF orders in Nd2CuO4 will
resolve this issue. Second, the effect of Ce dop
in Nd2CuO4 can be studied by performing magnet
field experiments in as-grown nonsuperconduct
Nd1.85Ce0.15CuO4. Finally, to resolve the nature of the coe
isting superconducting and AF orders in Nd22xCexCuO4, we
also need to understand the microscopic origin of the su
lattice reflections and the effect of a magnetic field on th
reflections.

This article describes experiments designed to unders
the effect of ac-axis-aligned magnetic field in all nonco
linear spin structure phases of Nd2CuO4 and in residual AF
order of as-grown nonsuperconducting and superconduc
Nd1.85Ce0.15CuO4. For Nd2CuO4, previous work showed tha
a magnetic field applied parallel to the CuO2 planes trans-
forms the spins from the noncollinear to collinear A
structure.8,9 We find that a field applied perpendicular to th
CuO2 planes only induces a canting of the AF moment, a
does not change the noncollinear nature of spin structure
all phases of Nd2CuO4. For nonsuperconducting
Nd1.85Ce0.15CuO4, a 7-T c-axis-aligned field does not en
hance the AF moment at low temperature. Finally, we c
firm that the annealing process necessary to make super
ducting Nd1.85Ce0.15CuO4 also induces epitaxial, three
dimensional ordered cubic (Nd,Ce)2O3 ~space groupIa3,
and lattice parameteraNO511.072 Å) as an impurity
phase.33,34 In addition, the annealing process causes a se
of Quasi-two-dimensional superlattice reflections associa
with lattice distortions of Nd1.85Ce0.15CuO4. While these
quasi-two-dimensional superlattice reflections have no fie
induced effect, we determine the field-induced effect in
impurity phase and show that such effect cannot account
the anisotropy in field-induced intensity between t
Bic axis andBiab plane. To further demonstrate that field
induced scattering is an intrinsic property of the superc
ductor, we probed Bragg reflections exclusively fro
Nd1.85Ce0.15CuO4 by performing experiments using a hor
zontal field magnet. The results confirm that AF signal ari
from the suppression of superconductivity by thec-axis-
aligned field in Nd1.85Ce0.15CuO4.29

II. EXPERIMENTAL DETAILS

Our experiments were performed on the BT-2 and BT
triple-axis spectrometers at the NIST Center for Neutron R
search and on the E4 two-axis diffractometer at the Be
Neutron Scattering Center, Hahn-Meitner-Institute~HMI !.
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EFFECT OF A MAGNETIC FIELD ON THE LONG- . . . PHYSICAL REVIEW B 68, 144503 ~2003!
We measure the momentum transfer (qx ,qy ,qz) in units of
Å 21 and specify the reciprocal space positions in recipro
lattice units ~rlu! (H,K,L)5(qxa/2p,qya/2p,qzc/2p) ap-
propriate for the tetragonal unit cells of Nd2CuO4 ~space
group I4/mmm, a53.944 and c512.169 Å) and
Nd1.85Ce0.15CuO4 ~space groupI4/mmm, a53.945 andc
512.044 Å), wherea and c are in-plane and out-of-plan
lattice parameters, respectively.

For NIST experiments, the collimations were, proceed
from the reactor to the detector, 408-468-sample-408-808
~fullwidth at halfmaximum!, and the final neutron energ
was fixed atEf514.7 meV. The monochromator, analyz
and filters were all pyrolytic graphite. We aligned the Cu2

planes in the horizontal@H,K,0# scattering plane and applie
the vertical magnetic field along thec axis (Bic axis). In
this geometry, we can access reciprocal space at
(H,K,0). To determine the anisotropy of the field-induc
effect, we also performed experiments in the (H,H,L) scat-
tering plane where the applied vertical fields are along
@1,21,0# direction (Biab plane!. For E4 measurements a
HMI, we used a 408-408-sample-408 collimation with a fixed
incident neutron energy ofEi513.6 meV. A pyrolytic
graphite filter was placed in front of the sample to elimina
higher-order contamination. The HM-2 4-T horizontal fie
magnet was used to apply ac-axis-aligned field while prob-
ing theL modulation of the scattering. Although these me
surements are crucial in determining the field-induced m
netic structure, the highly restricted access angles of
magnet limit the regions of reciprocal space that can
probed. In horizontal field measurements
Nd1.85Ce0.15CuO4, the crystal was aligned in the (H,H,L)
zone and the applied field was along thec-axis.

We grew a single crystal of Nd2CuO4 (f7320 mm) and
crystals of Nd1.85Ce0.15CuO4 using the traveling solven
floating zone technique.31 The Nd2CuO4 crystal used in the
experiments is as-grown. We also performed experiment
as-grown nonsuperconducting Nd1.85Ce0.15CuO4 and super-
conducting Nd1.85Ce0.15CuO4. Superconductivity in
Nd1.85Ce0.15CuO4 was obtained after annealing the samp
in a flowing Ar/O2 gas mixture with a partial oxygen pres
sure of;1025 ATM at 1000° C for 100 h. Magnetic suscep
tibility measured on small pieces of crystals (;200 mg) cut
from the samples used for neutron experiments show
onset of bulk superconductivity atTc'25 K with a transition
width of 3 K. With a c-axis-aligned field of 4 Oe, the zero
field-cooled data show a complete screening of the flux
the field-cooled case, the crystal expels 18% of the flux,
dicating that the bulk superconductivity has at least 18%
the volume fraction. The susceptibility of Nd22xCexCuO4 in
the CuO2 planes is several times larger than that perpend
lar to them. The large magnetic anisotropy means tha
c-axis-aligned field acting on the magnetic moments~Nd and
Cu! produces a large torque on the sample. To prevent
samples from rotating under the influence of aBic-axis field,
they were clamped on solid aluminum brackets. For exp
ments at NIST, the bracket was inserted inside a He fi
aluminum can mounted on a standard 7-T split-coil sup
conducting magnet. For HMI experiments, the sample
14450
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sembly was mounted on a mini-goniometer and inserted
rectly to the sample chamber of the HM2 magnet.

In an attempt to determine the homogeneity of the
nealed superconducting and as-grown nonsuperconduc
Nd1.85Ce0.15CuO4, we performed neutron diffraction mea
surements on both samples. The results confirm that su
lattice reflections exist only in superconducting sample32

and are resolution limited~indicating a correlation length
larger than 300 Å! in the CuO2 plane and relatively broad
along thec axis~see Secs, IV and V!. Although the sharpnes
of the superlattice reflections and susceptibility measu
ments suggests that the crystal is homogeneous with
superconductivity, it is not clear how the residual AF ord
superstructure, and superconductivity coexist microsco
cally in the material.

III. RESULTS ON INSULATING Nd 2CuO4

Before describing the field effect on the long-range ma
netic order of Nd2CuO4, we briefly review its zero-field be-
havior. As shown in Refs. 6–9, the Cu spins in Nd2CuO4
first order into the noncollinear type-I spin structure belo
TN15275 K @Fig. 1~a!#. On further cooling, the Cu spin
reorient into type-II ~at TN2575 K) and type-III (TN3
530 K) phases. In the type-II phase@Fig. 1~b!#, all the Cu
spins rotate by 90° about thec axis from the type-I phase
They rotate back to their original direction belowTN3 in the
type-III phase@Fig. 1~a!#. The closed circles in Figs. 1~c!,
1~d!, and 1~e! show the temperature dependence of the s
tering at (1/2,3/2,0), (1,1,0), and (1/2,1/2,0), respective
Clear AF phase transitions are seen atTN1 , TN2, andTN3, as
marked by the arrows in Fig. 1~c!, confirming previous
work.6–9 The large intensity increase of the (1/2,3/2,0) pe
below ;20 K is associated with staggered moments on
sites induced by Cu-Nd coupling. Magnetic structure fac
calculations indicate that the (1/2,1/2,0) reflection has a v
ishing intensity in the type-I/type-III phases and becom
finite in the type-II phase. The large intensity jumps
(1/2,1/2,0) atTN2 and TN3 shown in Fig. 1~e! clearly bear
this out. Since Nd2CuO4 only has AF phase transitions a
zerofield, the intensity of the nuclear Bragg peak (1,1,0)
no magnetic contributions and hence is essentially temp
ture independent@Fig. 1~d!#. To estimate the magnetic mo
ments of Nd and Cu in different phases of Nd2CuO4, we
normalized the intensity of AF peaks at (1/2,1/2,0) a
(1/2,3/2,0) to that of the weak (1,1,0) or strong (2,0,
nuclear Bragg peak. The estimated Nd and Cu moments
fer dramatically depending on the chosen Bragg peaks,
primarily to extinction but also Nd absorption of the larg
crystal ~Table I!. In particular, the intensities of the stron
peaks such as (2,0,0) are severely extinction limited, wh
overestimates the magnitude of the ordered moment.

For superconducting Nd1.85Ce0.15CuO4, a Bic-axis field
induces long-range ordered AF peaks at low temperatu
that obey the selection rules@(6(2m11)/2,6(2n
11)/2,0)#, @(6(2m11)/2,6n,0)#, and @(6m,6(2n
11)/2,0)# with m,n50,1,2.29 While magnetic peaks a
(1/2,0,0) and (1/2,1/2,0) are purely field induced and
present in zero field, (1/2,3/2,0) type reflections associa
3-3
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M. MATSUURA et al. PHYSICAL REVIEW B 68, 144503 ~2003!
with the zero-field AF order @Fig. 1~a!# are also
enhanced.12,13 Furthermore, AF order appears to saturate
Bc2 while the ferromagnetic~FM! intensity at (1,1,0) con-
tinues to rise for fields aboveBc2.29 To see if aBic-axis field
can also induce magnetic peaks around (1/2,0,0)

TABLE I. The magnitude of magnetic moments calculated
normalizing the AF intensity at (1/2,1/2,0) and (1/2,3/2,0) to th
of the weak (1,1,0) or strong (2,0,0) nuclear Bragg reflecti
From the powder diffraction measurements on Nd2CuO4 Ref. 7, the
ordered Cu moment was estimated to be 0.46mB at 80 K and Nd
moment was 0.46mB at 5 K. In computing the Cu and Nd moment
we assumed that the Nd moment does not contribute to mag
scattering above 50 K and that the Cu moment does not cha
below 50 K.

(H,K,L) T (K) 5 55 100

(1,1,0) MCu (mB) 0.1 0.160.01 0.1260.04
MNd (mB) 0.1660.01 0 0

(2,0,0) MCu (mB) 1.2 1.260.2 1.060.2
14450
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(1/2,1/2,0) without the presence of superconductivity,
performed experiments atT55 K (,TN3) where Nd2CuO4
has the identical~type-III phase! spin structure as that o
Nd1.85Ce0.15CuO4 at T55 K @see Figs. 1~a! and 1~c!#. No
signal was observed.

Figure 2 shows scans around the AF positions (1/2,3/2
(1/2,1/2,0), (1/2,0,0), and structural Bragg reflecti
(1,1,0). At zero field and 5 K@closed circles in Fig. 2~a!#, we
observe a resolution-limited magnetic peak at (1/2,3/2,0)
expected from the type-III spin structure. However, sca
around (1/2,1/2,0) and (1/2,0,0)@Figs. 2~b! and 2~c!# show
no evidence of the weak structural superlattice peaks see
the superconducting Nd1.85Ce0.15CuO4 sample.29,32The slop-
ing background along the@H,0,0# direction around (1/2,0,0)
is due to the small scattering angles for this scan. On ap
cation of a 7-TBic-axis field, long-range FM ordering is
induced as seen by the added magnetic intensity to
(1,1,0) structural Bragg peak intensity@Fig. 2~d!#. Such an
enhancement is most likely due to the polarization of the
moment in the sample. On the other hand, the lack of int
sity changes between 0- and 7-T data
(1/2,3/2,0), (1/2,1/2,0), and (1/2,0,0) positions@Figs. 2~a!–
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FIG. 2. Effect of aBic-axis field on the AF
peaks~half integer! and field-induced FM peaks
in the type-III @~a!-~d!# and type-II @~e!-~h!# AF
phases of Nd2CuO4. Scans around@~a! and ~e!#
AF Bragg reflections (1/2,3/2,0),@~b! and ~f!#
(1/2,1/2,0), @~c! and ~g!# (1/2,0,0) ~position of
the field-induced scattering observed in superco
ducting Nd1.85Ce0.15CuO4), and@~d! and ~h!# the
FM Bragg peak (1,1,0) at 5 K~type-III phase!
and 55 K ~type-II phase!. The closed and open
circles represent identical scans at zero and 7
field, respectively. Theq width of the zero-field
and field-induced FM scatterings are resolutio
limited and identical, thus implying an in-plan
correlation length larger than 300 Å. The sol
and dotted lines are Gaussian fits.
3-4
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FIG. 3. Effect of aBic-axis field on the AF
peaks~half integer! and field-induced FM peaks
in the AF type-I phase@~a!–~d!# and paramag-
netic @~e!–~h!# state of Nd2CuO4. Scans around
@~a! and ~e!# AF Bragg reflections (1/2,3/2,0)
@~b! and ~f!# (1/2,1/2,0), @~c! and ~g!# (1/2,0,0)
~position of the field-induced scattering observ
in superconducting Nd1.85Ce0.15CuO4), and @~d!
and ~h!# the FM Bragg peak (1,1,0) at 100 K
~type-I phase! and 300 K ~paramagnetic state!.
The closed and open circles represent identi
scans at zero and 7-T field, respectively. Since
peaks are observed at half integer positions in
paramagnetic state, the low-temperature scat
ing at these positions must be entirely magne
in origin. In addition, there are no structure s
perlattice reflections around (H,K,L)5(6(2m
11)/2,6(2n11)/2,0) wherem,n50,1 as seen
in the superconducting Nd1.85Ce0.15CuO4. The
solid and dotted lines are Gaussian fits.
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~c!# indicates that the applied field neither enhances the ty
III AF order nor induces a new AF state. In contrast, a 7
Bic-axis field induces magnetic scattering at all these p
tions belowTc in superconducting Nd1.85Ce0.15CuO4.29

To determine the effect of a 7-T field on the type
phase, we repeated the measurements around (1/2,3/
(1/2,1/2,0), (1/2,0,0), and (1,1,0) positions at 55 K. T
outcome of the experiments plotted in Figs. 2~e!–2~h! clearly
shows that a 7-T field only induces FM ordering at (1,1,
and has negligible effect on the intensities of type-II A
Bragg reflections. Comparing Figs. 2~e!–~h! with Figs. 2~a!–
~d!, we find that the FM enhancement of the (1,1,0) refl
tion is smaller in the type-II phase atT555 K, and the
(1/2,1/2,0) reflection that is forbidden in the type-III sp
structure becomes visible.

Since the high temperature type-I phase has the s
magnetic structure as a type-III phase but without the co
plication of significantly polarized Nd moments, measu
ments there should provide information concerning the fi
effect on only the Cu moments. Figure 3 summarizes
14450
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magnetic field effect data taken in the type-I phase at 10
and in the paramagnetic state at 300 K. Again, we find th
7-T Bic-axis field neither induces new magnetic order
(1/2,1/2,0) and (1/2,0,0) nor enhances the AF (1/2,3/2
peak present in a type-I phase@Figs. 3~a!–~c!#. The enhance-
ment of the (1,1,0) Bragg intensity is still present at 100
but is too small to observe in the paramagnetic state at
K. The absence of peaks around the (1/2,3/2,0) a
(1/2,1/2,0) positions at 300 K indicates that the lo
temperature reflections at these positions are entirely m
netic in origin.

In Fig. 4, we summarize the effect of magnetic fields
AF and FM ordering on Nd2CuO4. At 5 K in the type-III
phase, the integrated intensity of the residual AF (1/2,3/2
peak decreases slightly with increasing field@Fig. 4~a!#,
while the field-induced FM (1,1,0) intensity increases qu
dratically with increasing field@Fig. 4~b!#. The decreasing
(1/2,3/2,0) intensity with field suggests a small canting
the Cu~Nd! moments towards the field direction. The qu
dratic increase in the (1,1,0) intensity indicates that the fie
3-5
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FIG. 4. Effect of aBic-axis field on the inte-
grated intensity of AF and FM Bragg reflection
in all AF phases of Nd2CuO4. The field depen-
dence of the integrated intensity of~a! (1/2,3/2,0)
and ~b!(1,1,0) at 5 K in a type-III phase;~c!
(1/2,3/2,0) and~d! (1/2,1/2,0) at 55 K in a
type-II phase;~e! (1/2,3/2,0) and~f! (1,1,0) at
100 K in a type-I phase. The quadratic field
dependent FM intensity is clearly evident in~b!
and ~f!, suggesting that field-induced FM mo
ments increase linearly with increasing field.
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induced Cu~Nd! FM moments increase linearly with increa
ing field, as the measured neutron intensity is proportiona
square of the magnetic moment. At 55 K in the type-II pha
we find that while the AF (1/2,3/2,0) and (1/2,1/2,0) refle
tions change negligibly with field@Figs. 4~c! and 4~d!#, the
(1,1,0) intensity again increases quadratically with incre
ing field ~not shown!.

Figures 4~e! and 4~f! show the data obtained in the type
phase at 100 K. As expected, the results are very simila
those of type-III phase except for the decreased coefficien
the (1,1,0) intensity quadratic curve compared to the type
phase. Such a decrease is expected due to the reduced
ceptibility of the Nd contribution to the field-induced FM
moments at higher temperatures.

Finally, we measure the temperature dependence of
scattering at (1/2,3/2,0), (1,1,0), and (1/2,1/2,0) unde
Bic-axis field to determine its influence across different A
phase transitions. On application of a 7-T field, long-ran
FM ordering is induced below;250 K as seen by the adde
magnetic intensity to the (1,1,0) structural Bragg peak int
sity @Fig. 1~d!#. A 7-T field thus induces FM moments on C
~Nd! sites not far belowTN1. On the other hand, there is ver
little intensity change between 0 and 7-T at the (1/2,3/2
and (1/2,1/2,0) positions acrossTN2 andTN3 @Figs. 1~c! and
1~e!#. Therefore, it becomes clear that antiferromagnetism
all three phases of Nd2CuO4 and transitions across them a
not strongly affected by the applied magnetic field.
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IV. RESULTS ON AS-GROWN NONSUPERCONDUCTING
Nd1.85Ce0.15CuO4

Although our results show conclusively that a 7-T ma
netic field has no effect on the long-range AF order in
phases of Nd2CuO4, one still needs to determine the ma
netic field effect on as-grown nonsuperconducti
Nd1.85Ce0.15CuO4 because Ce doping may influence the ma
netic response of the system to ac-axis-aligned field. Con-
sistent with earlier work on as-grown nonsuperconduct
Nd1.85Ce0.15CuO4,12 we find that the system orders antiferr
magnetically with a type-I/type-III structure. In addition, th
as-grown samples are pure Nd1.85Ce0.15CuO4 and have no
known impurity phases.

Figure 5 summarizes the effect of a 7-Tc-axis-aligned
field to the AF structure of as-grown Nd1.85Ce0.15CuO4. At
zero field and 5 K, we find the AF peak at (1/2,3/2,0)@Fig.
5~a!#, no magnetic scattering at (1/2,1/2,0)@Fig. 5~b!# and
(1/2,0,0)@Fig. 5~c!#, consistent with the type-I/type-III struc
ture ~see Figs. 2 and 3!. On application of a 7-Tc-axis-
aligned field, the scattering remains unchanged at the
position (1/2,3/2,0)@Fig. 5~a!# but is enhanced dramaticall
at the FM position (1,1,0)@Fig. 5~d!#. In addition, we find no
evidence of field-induced peaks at (1/2,1/2,0)@Fig. 5~b!# and
(1/2,0,0) @Fig. 5~c!#. On warming the system to room tem
perature, the AF (1/2,3/2,0) peak disappears, thus indica
that the low-temperature intensity is entirely magnetic in o
gin. Since the (1/2,3/2,0) reflection has the same tempera
3-6



d
ed
in

e

a
su

u

a

ti
at

n
ct

f-
own

fect

ow-
w-
l-
eter

he
t
r
bic

in

ic

EFFECT OF A MAGNETIC FIELD ON THE LONG- . . . PHYSICAL REVIEW B 68, 144503 ~2003!
dependence as (1/2,1/2,3)7, the absence of a field-induce
effect at (1/2,3/2,0) is direct evidence of no field-induc
effect at (1/2,1/2,3) in as-grown nonsuperconduct
Nd1.85Ce0.15CuO4. Therefore, we conclude that a 7-Tc-axis-
aligned magnetic field has negligible effect on the AF ord
of the system.

V. RESULTS ON SUPERCONDUCTING Nd1.85Ce0.15CuO4

AND THE EFFECT OF CUBIC „Nd,Ce…2O3

IMPURITY PHASE

We begin this section by summarizing the effect of
c-axis-aligned magnetic field on magnetic scattering of
perconducting Nd1.85Ce0.15CuO4. Below Tc , such a field in-
duces magnetic scattering at@6(2m11)/2,6(2n11)/
2,0#, @6(2m11)/2,6n,0#, and@6m,6(2n11)/2,0# with
m,n50,1,2.29 Figure 6 shows our survey scans at vario
places in reciprocal space. At zero field, Nd1.85Ce0.15CuO4
orders antiferromagnetically in the type-III structure and h
magnetic peaks at (61/2,63/2,0) and (63/2,61/2,0). An
inspection of Fig. 6 reveals that in addition to the magne
(3/2,1/2,0) peak@Fig. 6~b!#, there are structural reflections
most superlattice positions in thea-b plane.

To demonstrate that the field-induced effect in Ref. 29 a
Fig. 6 indeed arises from the suppression of supercondu
14450
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ity, we not only need to show that similar field-induced e
fects are not there in the parent compound and as-gr
nonsuperconducting Nd1.85Ce0.15CuO4, but we also have to
rule out other spurious effects. One possible spurious ef
is the formation of cubic (Nd,Ce)2O3 as an impurity phase
due to the partial decomposition of Nd1.85Ce0.15CuO4 crystal
during the annealing process.33,34 In general, impurity phases
resulting from a heat treatment procedure should create p
der lines unrelated to the original underlying lattice. Ho
ever, the cubic (Nd,Ce)2O3 stabilizes as an oriented crysta
line lattice in the crystal because of its close lattice param
matching to the tetragonal planes of Nd1.85Ce0.15CuO4 (a
53.945 Å and aNO'2A2a). To distinguish the cubic
(Nd,Ce)2O3 from Nd1.85Ce0.15CuO4, one needs to perform
scans along thec-axis direction as the lattice parameter of t
former (aNO511.072 Å) is significantly different from tha
of the latter (c512.07 Å). Table II summarizes the Mille
indexes of the nonzero structural factors for the cu
(Nd,Ce)2O3 assuming the Mn2O3 structure type. For com-
parison, we also label their corresponding Miller indexes
the tetragonal unit cells of Nd1.85Ce0.15CuO4.

To estimate the fractional volume of the cub
(Nd,Ce)2O3 in our superconducting Nd1.85Ce0.15CuO4, we
aligned the crystal in the (H,0,L) and (H,H,L) zones and
g

00
-
ak
p-

re-
FIG. 5. Effect of a Bic-axis field on the
AF peaks ~half integer! and field-induced FM
peaks in as-grown nonsuperconductin
Nd1.85Ce0.15CuO4. Scans around~a! the AF Bragg
reflection (1/2,3/2,0), ~b! (1/2,1/2,0), ~c!
(1/2,0,0), and~d! the FM Bragg peak (1,1,0) at 5
K. ~e! Scattering in the paramagnetic state at 3
K around (1/2,3/2,0).~f! Temperature depen
dence of the scattering at the FM Bragg pe
(1,1,0) position. The closed and open circles re
resent identical scans at zero and 7-T field,
spectively.
3-7
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FIG. 6. Effect of aBic-axis field on the inte-
grated intensity of AF Bragg reflections and s
perlattice positions atT55 K in the (H,K,0)
scattering plane of superconductin
Nd1.85Ce0.15CuO4. The field dependence of th
integrated intensity of ~a! (0,1/2,0), ~b!
(3/2,1/2,0), ~c! (1/2,1/2,0), ~d! (0,3/2,0), ~e!
(3/2,3/2,0), ~f! (1,3/2,0), ~g! (2,1/2,0), and~h!
(1/2,1,0). The filled circles represent 0-T da
while the open circles are identical scans at 7
The scattering at (3/2,3/2,0) is mostly from th
epitaxial cubic (Nd,Ce)2O3 ~see below! and has a
weak field-induced effect up to 7 T. Note the ob
servation of clear superlattice peaks
(1/2,0,0), (1/2,1,0), and (1,3/2,0) positions di
allowed by cubic (Nd,Ce)2O3. The solid lines are
Gaussian fits.
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performedc-axis scans along the@1/2,0,L# and @3/2,3/2,L#
directions, respectively, at room temperature. Figure 7 p
the outcome of the experiment. Along the@1/2,0,L# direction
@Fig. 7~a!#, sharp resolution-limited Bragg peaks correspon
ing to the cubic (1,1,62) and (1,1,64) reflections are ob-
served at (1/2,0,62.176) and (1/2,0,64.35) in the tetragona
Miller indexes of Nd1.85Ce0.15CuO4, respectively~Table II!.
Along the @3/2,3/2,L# direction, the cubic (Nd,Ce)2O3
(0,6,0), (0,6,2), and (0,6,4) peaks are observed at the
pected places@Fig. 7~b!#. The observation of sharp Brag
peaks from (Nd,Ce)2O3 along thec axis and in the CuO2
plane indicates that cubic (Nd,Ce)2O3 forms a three-
dimensional long-range order in the matrix
Nd1.85Ce0.15CuO4. By comparing the large
14450
ts

-

x-

(Nd,Ce)2O3 (2,2,2) Bragg peak (;8700 counts/minute!
with the very weak (1,0,1)(;21160 counts/minute) reflec
tion of Nd1.85Ce0.15CuO4, we estimate that (Nd,Ce)2O3 has a
volume fraction 1.031025. Alternatively, if we use the very
strong (2,0,0)(;1.083108 counts/minute) reflection o
Nd1.85Ce0.15CuO4, we find a volume fraction of 2.031023

for (Nd,Ce)2O3. However, the very strong fundament
peaks are severely extinction limited, and this overestima
the (Nd,Ce)2O3 volume fraction@just as the ordered Cu mo
ment is overestimated in Table I using the (2,0,0) reflectio#.
Therefore, the estimate using the weak Nd1.85Ce0.15CuO4
structural peaks is more reliable.

For the cubic (Nd,Ce)2O3 with the Ia3 space group sym
metry, structure factor calculations show a vanishing int
3-8
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EFFECT OF A MAGNETIC FIELD ON THE LONG- . . . PHYSICAL REVIEW B 68, 144503 ~2003!
sity at (1/2,0,0) and equivalent positions. Although the a
sence of a sharp Bragg peak along the@1/2,0,L# direction at
L'0 confirms the structure factor calculation, the (1/2,0
peak that is sharp along the@H,0,0# direction @see Fig. 2~c!
Ref. 29 and Fig. 6~a! Sec. V# but diffusive along the
@1/2,0,L# direction@Fig. 7~a!# is reminiscent of the superlat
tice reflection seen at (1/2,1/2,0).32 Since these diffuse su
perlattice reflections at~1/2,0,0! and ~1/2,1/2,0! have no
magnetic field dependence at 5 K and are not related to th
cubic (Nd,Ce)2O3, they must be associated with the form
tion of a quasi-two-dimensional lattice distortion necess
for Nd1.85Ce0.15CuO4 to become superconducting. Work
currently underway to determine the microscopic origin
the lattice distortion.

The identification of the epitaxial cubic (Nd,Ce)2O3 with
a lattice parameter close to that of the superconduc
Nd1.85Ce0.15CuO4 raises the important question concerni
the possible role of this impurity phase in the observed fie
induced effect,29 as the rare-earth magnetic ion Nd31 in
(Nd,Ce)2O3 will be polarized by the applied field. In gen
eral, rare-earth oxides such as Nd2O3 and Er2O3 have a bix-
byite structure with 32 rare-earth ions in a cubic unit ce
and order antiferromagnetically at low temperature.35 Since
scattering at all half integer positions@except (1/2,3/2,0)
from Nd1.85Ce0.15CuO4] is temperature independent above
K,29 it is safe to assume that the (Nd,Ce)2O3 impurity is in
the paramagnetic state at this temperature.

In the paramagnetic state of (Nd,Ce)2O3, a field will in-
duce a net moment given by a Brillouin function, and t
field-induced moment should saturate in the high field lim
This is in clear contrast to our observation where the sca
ing first increases with field, and then decreases at hig
fields at 5 K.29 Of course, at sufficiently low temperature
where (Nd,Ce)2O3 and/or Nd in Nd1.85Ce0.15CuO4 (TN
'1.2 K) spontaneously order,30 an applied field will rotate
the ordered AF moment along the field direction and the
fore suppress the AF intensity. The results we report in R
29 carefully avoided the regime of spontaneous magn
order for both (Nd,Ce)2O3 and superconducting
Nd1.85Ce0.15CuO4 ~Ref. 30! by measuring spectra above 5 K

TABLE II. The calculated latticed spacings, structural factors
and Miller indexes for the cubic (Nd,Ce)2O3 (NO) assumingaNO

511.072 Å. For comparison with experiments, we also label th
corresponding Miller indexes in the tetragonal unit cell
Nd1.85Ce0.15CuO4 ~NCCO! along the @1/2,1/2,L#, @1/2,0,L#, and
@3/2,3/2,L# directions.

NO (H,K,L) d spacing~Å! uF(H,K,L)u NCCO (H,K,L)

(0,0,2) 5.539 11.14 (0,0,2.178)
(0,2,0) 5.539 11.14 (0.504,0.504,0)
(0,2,2) 3.917 7.18 (1/2,1/2,2.178)
(0,2,4) 2.477 16.85 (1/2,1/2,4.351)
(1,1,2) 4.523 40.11 (1/2,0,2.176)
(1,1,4) 2.611 22.68 (1/2,0,4.35)
(0,6,0) 1.846 27.92 (1.512,1.512,0)
(0,6,2) 1.751 48.51 (3/2,3/2,2.202)
(0,6,4) 1.536 56.21 (3/2,3/2,4.363)
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Since the cubic (Nd,Ce)2O3 impurity phase has almos
the same lattice parameter as Nd1.85Ce0.15CuO4 in the a-b
plane, measurements atL50 could be ambiguous as th
scattering could originate from either (Nd,Ce)2O3 or
Nd1.85Ce0.15CuO4. The experimental resolution of this amb
guity is straightforward, measurements simply need to
made at finiteL, where the Nd1.85Ce0.15CuO4 peaks are not
coincident with (Nd,Ce)2O3. To accomplish this, we aligned
the crystal in the (H,H,L) zone inside the HM2 4-T hori-
zontal field magnet at HMI. In this geometry, we can pro
the L dependence of the scattering while keeping the fi
along thec axis. Figure 8 summarizes the outcome of t
experiment. At zero field and 5 K, the@1/2,1/2,L# scan
shows well-defined peaks associated with the residual
order of Nd1.85Ce0.15CuO4 at (1/2,1/2,3) and (1/2,1/2,5). In
addition, we find the (0,2,4) reflection of the cub
(Nd,Ce)2O3 and the (1,1,1) powder peak of the aluminu
sample holder@Fig. 8~a! and Table II#. Whenc-axis-aligned
fields are applied, the residual AF (1/2,1/2,3) peak is
hanced systematically with increasing field@Fig. 8~b!# while
the (Nd,Ce)2O3 (0,2,4) @Figs. 8~a! and ~c!# and the alumi-
num (1,1,1) reflections@Fig. 8~a!# are not affected.

ir

FIG. 7. Room temperature scans to determine the cu
(Nd,Ce)2O3 impurity phase andc-axis modulation of the structura
superlattice reflections in superconducting Nd1.85Ce0.15CuO4. ~a! L
scan along the@1/2,0,L# direction. In addition to the well-marked
cubic (Nd,Ce)2O3 peaks, a broad diffusive peak with a fullwidth a
half maximum ofDL51.1 rlu is observed atL50. Such a diffusive
peak is similar to the superlattice reflections reported in Ref. 32
(1/2,1/2,0). We also note that part of the peak intensity atL50
arises from the small detector angles and the neutron absorptio
the long Nd1.85Ce0.15CuO4 crystal.~b! L scan along the@3/2,3/2,L#
direction with (Nd,Ce)2O3 peaks marked by arrows. Since no bro
diffusive peak is found atL50, most of the intensity at (3/2,3/2,0
in Fig. 6~e! is due to (Nd,Ce)2O3.
3-9
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FIG. 8. Effect of aBic-axis field on the inte-
grated intensity of AF Bragg reflections and th
epitaxy Nd2O3 at T55 K in the (H,H,L) scat-
tering plane using the HM-2 horizontal field mag
net at HMI. The filled circles represent 0-T da
while the open circles are identical scans at 4
~a! The @1/2,1/2,L# scan at 0 and 4 T with super
conducting Nd1.85Ce0.15CuO4 , (Nd,Ce)2O3, and
aluminum peaks marked by the arrows.~b! De-
tailed scans along the@1/2,1/2,L# direction
around (1/2,1/2,3) reflection at various fields.~c!
Detailed scans around the cub
(Nd,Ce)2O3 (0,2,4) peak at 0 and 4 T. There i
no observable field-induced effect at 4 T.~d! The
@H,H,3# scan around (1/2,1/2,3) reflection at
and 4 T.~e! The temperature dependence of t
scattering at (1/2,1/2,3) at 0 and 4 T. The so
and dotted lines in~b! and ~d! are Gaussian fits.
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Figures 8~d! and 8~e! show the@H,H,3# scan and tem-
perature dependence of the scattering at the (1/2,1/2,3)
spectively. Clear field-induced enhancements are obse
below Tc , consistent with the data in the (H,K,0) plane.29

We note that a 2-T field parallel to the CuO2 along the@1,
21,0# direction induces a spin-flip transition and suppres
the intensity at (1/2,1/2,3)~See Fig. 4 in Ref. 29!. Therefore,
the (1/2,1/2,3) peak shows an induced AF component w
the field is along thec-axis and superconductivity is strong
suppressed, but not when it is in thea-b plane and the su
perconductivity is only weakly affected.29 We also note that
the qualitatively different behavior observed forBiab plane
versus theBic-axis for (1/2,1/2,3) directly violates the cub
symmetry of (Nd,Ce)2O3.

Figure 9 compares the temperature and field depend
of the field-induced scattering at (1/2,3/2,0)@Figs. 9~a! and
9~c!# and (1/2,1/2,3)@Figs. 9~b! and 9~d!#. The remarkable
similarity of the field response in these reflections sugge
that they must originate from the same physic
process. Considering that a 7-Tc-axis-aligned field has no
effect on (1/2,3/2,0) in as-grown nonsuperconduct
Nd1.85Ce0.15CuO4 @see Sec. IV#, we conclude that field-
induced AF order at (1/2,3/2,0) and (1/2,1/2,3) in the figu
can only result from the suppression of superconductiv
14450
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FIG. 9. Comparison of the field-induced effect for superco
ducting Nd1.85Ce0.15CuO4 at (1/2,3/2,0) and (1/2,1/2,3). While th
data at (1/2,3/2,0) are from Ref. 29, the results at (1/2,1/2,3)
new, to our knowledge. The temperature dependence of the di
ence between 4 and 0 T at~a! (1/2,3/2,0) and~b! (1/2,1/2,3). The
field dependence of the integrated intensity at~c! (1/2,3/2,0) and
~d! (1/2,1/2,3).
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FIG. 10. Comparison of the field-induced effect at 5 K for superconducting Nd1.85Ce0.15CuO4 at (1/2,1/2,0) and (0,0,2.2) in theBiab
plane geometry with that at (1/2,1/2,0) and (1/2,21/2,0) in theBic axis geometry. Scans through~a! (1/2,1/2,0) and~b! (0,0,2.2) at 5 K
for a field along the@1,21,0# axis. Since (0,0,2.2) from (Nd,Ce)2O3 is very close to the strong (0,0,2) nuclear Bragg peak fr
Nd1.85Ce0.15CuO4, the radial scan in the inset of~b! shows a sloped background. We determine the background scattering at (0,0,2
fitting a Gaussian with a fixed width to~0,0,2! ~dashed line in the inset!. This is confirmed by the transverse scan across~0,0,2.2!. Similar
scans through~c! ~1/2,1/2,0! and~d! (1/2,21/2,0) for a field along the@0,0,1# direction. The ratios of integrated intensities of~0,0,2.2! and
~1/2,1/2,0! between 6.9 and 0 T@ I (6.9 T)/I (0 T)# are 2.7 and 3.3, respectively, for theBiab-plane field. In comparison, the ratio is 5.7 fo
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 ratios ofI (7T)/I (0T) at ~1/2,1/2,0! are 6.8 and 5.5,
respectively, in theBic-axis geometry.
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Furthermore, the data indicate that the field-induced
hancement forms three-dimensional long-range AF orde
superconducting Nd1.85Ce0.15CuO4.

Although our horizontal field measurements conclusiv
demonstrate that ac-axis-aligned magnetic field enhances t
residual AF order in superconducting Nd1.85Ce0.15CuO4, it is
also important to determine the field-induced effect of
(Nd,Ce)2O3 impurity phase. Because (Nd,Ce)2O3 forms a
three-dimensional long-range ordered cubic lattice~Fig. 7!,
its field-induced effect should be isotropic for fields alo
(Nd,Ce)2O3 @2,0,0# and@0,0,2# directions. In the notation o
Nd1.85Ce0.15CuO4 Miller indexes ~Table II!, these are along
@1,21,0# (Biab plane! and @0,0,1# (Bic axis! directions,
respectively. As superconductivity is strongly suppressed
a Bic-axis field but much less affected by the same field
the ab plane, measurements of field directional anisotro
will establish the influence of (Nd,Ce)2O3 to the observed
field effect in Nd1.85Ce0.15CuO4.29

Figure 10 summarizes the outcome of such experime
on BT-2 using the same crystal of superconducting
Nd1.85Ce0.15CuO4 in two different field geometries. We firs
describe measurements in the (H,H,L) zone, where the ap
plied vertical field is along the@1,21,0# direction of
Nd1.85Ce0.15CuO4 and the@1,0,0# direction of (Nd,Ce)2O3.
In this geometry, we can probe the field-induced effect
(1/2,1/2,0) and (0,0,2.2) without much affecting the sup
conductivity. While scattering at (1/2,1/2,0) may origina
from either Nd1.85Ce0.15CuO4 or (Nd,Ce)2O3 , (0,0,2.2) is
exclusively associated with the (0,0,2) reflection
(Nd,Ce)2O3 ~Table II!. Figures 10~a! and 10~b! show the
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outcome of the experiment along the@H,H,0# and @0,0,L#
directions at 5 K. Clear field-induced effects are seen
(0,0,2.2)@Fig. 10~b!#, indicating that (Nd,Ce)2O3 can indeed
be polarized by the applied field. Similar measurements
~0,0,2.2! with the field aligned along the@1,-1,0# direction of
(Nd,Ce)2O3 show a weaker field-induced effect, thus su
gesting that its easy axis is along the@2,0,0# direction. If we
ignore the contribution of the superlattice structure
(1/2,1/2,0) and assume that the scattering there is due
tirely to (Nd,Ce)2O3 ~Table II!, its integrated intensity
should be identical to that at (0,0,2.2) because of the cu
symmetry of (Nd,Ce)2O3. By normalizing the zero-field in-
tensity at (0,0,2.2) to that at (1/2,1/2,0), we can compare
field-induced effect at these two equivalent positions
(Nd,Ce)2O3. Since the field-induced effect at (1/2,1/2,0
@Fig. 10~a!# is only about 25% larger than at (0,0,2.2)@Fig.
10~b!#, we conclude that the field-induced intensity
(1/2,1/2,0) is mostly due to the polarization of (Nd,Ce)2O3
in this field geometry.

In Figures 10~c! and 10~d!, we plot the field-induced ef-
fect for theBic-axis experiment at two equivalent reflection
(1/2,1/2,0) and (1/2,21/2,0). While the magnitude of the
field-induced effect is consistent with Ref. 29, they are tw
as large as that of Figs. 10~a! and 10~b!. Since the cubic
symmetry of (Nd,Ce)2O3 requires the same induced effe
for fields along@2,0,0# and @0,0,2#, the observation of a
much larger field-induced effect inBic-axis geometry means
the excess field-induced intensity must originate from
suppression of superconductivity.

Finally, we remark that one concern raised36 was that the
3-11
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finite L behavior we observe might not be intrinsic to sup
conducting Nd1.85Ce0.15CuO4, but rather it is somehow in
duced by the magnetic coupling to the (Nd,Ce)2O3 impurity
phase. However, (Nd,Ce)2O3 has a very weak exchange in
teraction and thus orders at very low temperature. It is d
cult to see how (Nd,Ce)2O3 could dominate the
Nd1.85Ce0.15CuO4 physics, particularly when it only consti
tutes a small (;1025) volume fraction of the crystals in
superconducting Nd1.85Ce0.15CuO4. On the other hand, the
Nd magnetic structure in Nd1.85Ce0.15CuO4 has the same
symmetry as the Cu spin configuration and thus is maxim
coupled to the Cu spins.30 Even in this case, the perturbatio
of the Nd order parameter by the Cu spins is small. The
fore, while the (Nd,Ce)2O3 ordering may be induced by be
ing in contact with bulk Nd1.85Ce0.15CuO4, it is highly im-
probable that the field-induced magnetic scattering
(1/2,1/2,3) could be induced by the (Nd,Ce)2O3 impurity.

VI. SUMMARY AND CONCLUSIONS

We have investigated the effect of aBic-axis field in all
phases of Nd2CuO4 and in as-grown nonsuperconductin
and superconducting Nd1.85Ce0.15CuO4. At zero field, Cu
spins in Nd2CuO4 form noncollinear structures because
the coupling between Cu21 and Nd31. Such a magnetic in-
teraction also creates a small in-plane spin-wave gapD0 at
B50. For a magnetic field aligned parallel to the CuO2
plane, Cu spins transform from a noncollinear to colline
structure in a spin-flop phase transition with a critical fie
less than 2-T.7–9 Such a spin-flip transition occurs becau
when the magnetic field associated with the Zeeman en
(gmBc) is equal toD0, the net magnetic exchange intera
tion vanishes and with it the noncollinear spin structure.11

For a 7-TBic-axis field, our data clearly indicate that th
noncollinear AF spin structures in Nd2CuO4 are essentially
unaffected for temperatures above 5 K. As a conseque
the zero-field in-plane spin-wave gapD0 and the magnetic
exchange interaction must also remain unchanged in
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the annealing process.33 Although the lattice parameter of th
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