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Magnetic neutron diffraction from the magnetic clusters in single crystal BaCuO21x
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Magnetic-neutron-diffraction studies of a single crystal of BaCuO21x confirm the antiferromagnetic struc-
ture of the ringlike Cu6 clusters with ground-state spinS53 proposed by Wanget al. @Science264, 402
~1994!#. No indication of a spontaneous ferromagnetic~or simple antiferromagnetic! ordering of the spherelike
Cu18 S59 clusters were observed down to a temperature of 50 mK, in disagreement with the suggestion based
on magnetic-susceptibility measurements performed down to 2 K. However, diffraction scans under applied
magnetic fields up to 3 T, at temperatures of 0.05 and 4.2 K align the sphere clusters ferromagnetically. The
magnetic-field-induced ferromagnetic-diffraction pattern is consistent with the form factor of the Cu18

spherelike cluster. Frustration in the coupling with nearest neighbors leads to a paramagnetic behavior or a
complex magnetic structure~noncollinear and/or incommensurate! of the spherelike clusters, consistent with
our findings.@S0163-1829~98!07401-3#
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I. INTRODUCTION

BaCuO21x (x'0) is a body-centered-cubic oxocupra
~space groupIm3m, a518.28 Å at room temperature! with
a unique structure that incorporates Cu/O polygons1,2 form-
ing three distinct spin systems all of which consist ofS5 1

2

spins (Cu21).3–5 Each unit cell contains two Cu18O24 sphere
clusters, eight Cu6O12 ring clusters, and six lone CuO4 units
~see Fig. 1!. Within a Cu6 cluster the Cu-O-Cu bond angle
83° and within the Cu18 cluster it is 87°. Whereas a linea
Cu-O-Cu superexchange leads to an antiferromagnetic~AF!
interaction as in the layered cuprates,6 the nearly 90° bond
angle leads to ferromagnetic coupling between the two C21

ions.7 This ferromagnetic superexchange is expected to
weaker than the AF one (J'1500 K!, since it involves the
exchange between two oxygen wave functions being a
turbation of higher order than the linear bond couplin
BaCuO2 is observed as an impurity phase in the prepara
of Tc590 K superconducting YBa2Cu3O7.

Employing magnetization and neutron-diffraction me
surements on polycrystalline samples we have shown3–5 that
BaCuO21x exhibits a combination of magnetic behaviors.
low temperatures~below ;40 K! the Cu6 and Cu18 clusters
are in ferromagnetic ground states with maximum sp
Sr53 and Ss59, respectively. Below a Ne´el temperature
TN'15 K, the Cu6 rings order antiferromagnetically wherea
the Cu18 spheres, which are internally ferromagnetically o
dered, remain paramagnetic at least down to 2 K. In
570163-1829/98/57~1!/465~6!/$15.00
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magnetization analyses it was assumed that each Cu18 cluster
is antiferromagnetically coupled to three lone Cu. Also, fro
an extrapolation of the inverse susceptibility versus tempe
ture above 2 K, it was predicted that these Cu18 clusters
might undergo ferromagnetic long-range order below;1
K.3,4

Recently, there has been a growing interest in the phy
of copper-oxide chains andladderswith superexchange cou
pling of varying Cu-O-Cu bond angles as a way to ga
insight into mechanisms that drive the layered compou
superconducting.8 The clusters in the BaCuO2 consist of cy-
clic chains that are eitherring-like or ladder-likewhen inter-
connected into the Cu18 sphere cluster.

We have undertaken the present low-temperature neut
diffraction study of a single crystal, to identify the sphereli
clusters and to determine their ground state, and also to
amine the validity of the magnetic structure propos
previously.3,5 The magnetic structure of this complicated sy
tem consisting of 90 Cu21 spins in each unit cell was pro
posed on the basis of two magnetic reflections observed
polycrystalline samples and on indirect magnet
susceptibility analysis.

II. EXPERIMENTAL DETAILS

The single crystal in this study, grown in a CuO flux, w
embedded in polycrystalline material that was prepared
der He environment withx;0 as described elsewhere.3 The
465 © 1998 The American Physical Society
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466 57D. VAKNIN et al.
contribution to Bragg reflections from the polycrystallin
material surrounding the crystal was not detectable with
instrument due to the minute amounts present. Neutr
diffraction measurements were carried out on the HB
triple-axis spectrometer at the High Flux Isotope Reacto
Oak Ridge National Laboratory. A beam of waveleng
l52.443 Å was selected by Bragg reflection from the~002!
planes of a highly oriented pyrolytic graphite~HOPG! mono-
chromator crystal. HOPG crystals were also used as an
lyzer crystal and as a filter to remove short wavelength c
tamination in the beam due to higher-order reflections. T
BaCuO21x single crystal, with mosaic spread of 1.3°, w
mounted with the~110! and ~001! scattering vectors in the
scattering plane of the spectrometer. The crystal w
wrapped in aluminum foil, with part of the foil clamped to
copper heat sink, which was connected to the mixing cha
ber of an Oxford 200 dilution refrigerator. The refrigerat
was designed for neutron-scattering experiments with a b

FIG. 1. Perspective representation of the two types of Cu
clusters in the bcc unit cell of BaCuO21x . The Cu18O24 spherelike

clusters are located at@0 0 0# and at@ 1
2

1
2

1
2# ~not shown!; the Cu6O12

ringlike clusters are located at@ 1
4

1
4

1
4# and the remaining seve

equivalent positions with their axis of highest symmetry along
corresponding body diagonal. Lone spins are located along pr
pal directions adjacent to the spheres. Both clusters consis
closed one-dimensional strips of CuO4 edge-sharing squares. Belo
TN512 K the eight ringlike clusters with a total spinS53 order
antiferromagnetically whereas the spherelike clusters with a t
spinS59 remain paramagnetic. By the AF symmetry the magne
interaction of the ring clusters with the sphere clusters cancels
r
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temperature of 50 mK and vacuum cans and radiation shi
with aluminum windows around the sample, and with
liquid nitrogen or helium in the beam path. No changes
temperature were observed upon exposure of the samp
the neutron beam. The temperature of the sample was m
sured using two ruthenium oxide sensors, screwed to
base of the copper heat sink. The accuracy of the tempera
measurements is estimated at 5%. The magnetic field
generated by a superconducting coil with a maximum field
5 T, which was used in persistent mode operation dur
measurements. The magnetic field was aligned along
(1 1̄0) crystallographic direction.

III. RESULTS AND DISCUSSION

A. Antiferromagnetic rings

At room temperature the reflections allowed by the b
crystal structure of BaCuO21x are of the type
h1k1 l 5even.2 However belowTN;12 K, due to the anti-
ferromagnetic~AF! ordering of the rings, new sets of reflec
tions of the type~odd,odd,odd! and ~even,even,odd! are al-
lowed. The AF order is such that the spins internal to ea
ring are ferromagnetically aligned, and the nearest-neigh
Cu6 rings are antiferromagnetically ordered preserving
chemical unit cell, but altering its symmetry. Figure 2~a!
shows scans along the (h h h) direction at 77 and at 4.2 K
with the prominent emergence of the~1 1 1! magnetic reflec-
tion. The widths of the AF reflections are resolution limite
suggestive of correlation lengths that exceed 300 Å. The
sence of the~3 3 3! reflection at 4.2 K is due to the fact tha
the magnetic structure factor is vanishingly small at this m
mentum transfer, as is shown below. The magnetic struc
factor for the antiferromagnetically ordered rings can
written generally as3,5

F5p0m f ~Q!(
i 51

8

Fi~Q!s iexp~ i r i
0
•Q!, ~1!

where p050.27310212 cm, m and f (Q) are, respectively,
the ordered magnetic moment and the magnetic form fa
of an individual Cu21 ion on the ring, ands i561 are the
relative directions of the ordered moments on adjacent rin
The structure factor of each ring is given b
Fi5( j 51

6 exp(ir i , j•Q), wherer i , j is the relative position of
spin j in ring i with respect to the center point of the ringr i

0 .
The r i , j ’s are of three types@6e,6e,0#, @0,6e,6e#, and
@6e,0,6e#, wheree'0.1008. The plus or minus signs i
the parentheses are chosen so that eachr i , j is orthogonal to
the axis of highest symmetry of a ring. For the~odd,odd,odd!
magnetic reflections the structure factor is given by

F516p0m f ~Q!•$cos@2phe#cos@2pke#

1cos@2pke#cos@2p l e#1cos@2p l e#cos@2phe#%.

~2!

Based on Eq.~2! ~and including the Lorentz factor and th
Cu21 spin form factor9! the calculated relative intensities o
the ~1 1 1!, ~3 3 3!, and ~5 5 5! reflections are, respectively
1 : 0.005 : 0.205, compared to the relative experimental
tegrated intensity values 1 : 0 : 0.215. Assuming that the
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57 467MAGNETIC NEUTRON DIFFRACTION FROM THE . . .
direction of the magnetic moment within each ring is alo
the ~0 0 1! direction ~i.e., collinear arrangement of the mo
ments!, the calculated value for the average ordered mom
per Cu21 is 0.860.1mB . This value is somewhat smalle
than the one extracted for the corresponding polycrystal
sample.3 Accurate estimates of the ordered magnetic mom
with a single crystal are in general difficult to make due
secondary extinctions and crystal shape dependence o
sorption.

Figure 2~b! shows the order parameter as a function
temperature indicating that the antiferromagnetic transit
occurs at 1261 K. This Néel temperature is comparable
those reported by Wanget al.,3 and is consistent with ESR
studies,12 other neutron-diffraction measurements of a po
crystalline sample,13 and with specific-heat measurements10

B. Magnetic properties of the spherelike clusters

The extrapolated susceptibility measurements of W
et al.4 from above 2 K suggested a possible ferromagne

FIG. 2. ~a! Diffraction pattern of single crystal BaCuO21x along
the (h h h) direction at T54.2 and at 77 K. The~odd,odd,odd!
reflections are not allowed by the crystallographic structure a
evidenced at high temperatures. The emergence of the~1 1 1! and
~5 5 5! reflections at low temperatures is due to the antiferrom
netic ordering of the Cu6 rings. The absence of the~3 3 3! reflection
is due to the vanishingly small magnetic structure factor given
Eq. ~2!. ~b! The temperature dependence of the~1 1 1! reflection,
indicating a Ne´el temperatureTN512 K.
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~FM! phase transition below 1 K. The simplest antiferroma
netic structure for the spherelike clusters is such that
moment of the sphere at the body center of the cube is a
parallel to that at the origin. Such an arrangement wo
have resulted in an extra Bragg reflection at the nomi
~0 0 1! position. Neutron-scattering measurements alo
(0 0h), (h h0), and along (h h h) showed no evidence o
antiferromagnetic arrangement associated with the sph
down to 0.05 K. Figures 3~a! and 3~b! show diffraction pat-
terns along the (h h0) and the (0 0h) direction with no new
reflections. In particular the inset in Fig. 3~a! shows two
scans performed at 77 and 0.05 K at zero magnetic field
the ~0 0 1! reflection demonstrating that the sphere system
not simply antiferromagnetic or ferrimagnetic. No extra r
flections that could not be indexed as nuclear Bragg refl
tions or antiferromagnetic reflections associated with the

is

-

n

FIG. 3. ~a! Diffraction pattern of single crystal BaCuO21x along
the (h h0) and~b! along the (0 0h) directions atT50.05 and at 77
K. No extra reflections indicating a magnetic ordering associa
with the spherelike clusters are observed. The inset in~a! shows the
scattering at 77 and at 0.05 K of the~0 0 1! reflection precluding
simple antiferromagnetic or ferrimagnetic ordering of the sphere
clusters. The inset in~b! shows the~1 1 0! reflection intensity at
T577 K ~circles! and atT50.05 K ~triangles!. The difference of
the integrated intensities at the two temperatures indicates tha
spherelike cluster magnetic system does not undergo a spontan
ferromagnetic transition down to at least 0.05 K.
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468 57D. VAKNIN et al.
dering of the ringlike clusters, mentioned above, we
observed. In addition, the difference between the integra
intensities of the scans in Figs. 3~a! and 3~b! show no evi-
dence for spontaneous FM order down toT50.05 K. Al-
though we can rule out simple magnetic structures or inco
mensurate ones along the principal directions of the crys
our study does not cover all of reciprocal space, so that m
complex noncollinear magnetic structures associated w
the spherelike clusters cannot be excluded. Based on the
certainties of observed Bragg reflection intensities, we e
mate that an average ferromagnetic moment associated
the spherelike clusters is 060.15mB per Cu21 at 0.05 K.

Application of magnetic field along the (1 10̄) direction
caused certain Bragg reflections to gain intensity, in parti
lar the ~1 1 0! reflection. Figure 4 shows the difference b
tween the intensity of scans along the (h h0) direction under
applied magnetic field of 1 T and zero magnetic field at 0.0
K. Assuming that the ordering is associated with the C18
spheres which are located at the origin of the unit cell an

@ 1
2

1
2

1
2# the allowed ferromagnetic reflections are those w

h1k1 l 5even coinciding with the nuclear reflections. Th
widths of the peaks in Fig. 4 are resolution limited. T
absence of gain in the intensity of the~2 2 0! reflection~see
Fig. 4! is due to the fact that the magnetic form factor of t
sphere@sin(QRS)/QRS#, assuming a radiusRS'3.43 Å, van-
ishes near the momentum transfer (Q) of this reflection. The
magnetic structure factor for the Cu18 sphere is given by

FS52NSp0m f ~Q!@sin~QRS!/QRS#, ~3!

whereNS518 is the number of Cu atoms per sphere clus
the factor 2 reflects the 2 spheres per unit cell,m is the
ordered moment per Cu21 in a sphere, and the other param
eters are as in Eq.~1!. The dotted line in Fig. 4 shows th
squared form factor of the sphere cluster which vanishe
the~2 2 0! reflection (QRS5p). Calculations of the magneti

FIG. 4. Difference between intensities of scans along the (h h0)
direction with applied magnetic field of 1 T and at zero magnetic
field atT50.05 K. The intensity gain at the nuclear positions is d
to the induced long-range ferromagnetic order of the sphere
moments. The absence of intensity gain at the~2 2 0! position is due
to the vanishingly small value of the magnetic form factor of t
sphere~shown as dotted line! at that momentum transfer, as di
cussed in the text.
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structure factor,FS , using the exact positions of spins on th
spheres yield values that are very close to those obta
using the spherical form factor. The ratio of the ferroma
netic component of the intensity under applied external m
netic field to that at zero field@ I (H)2I (0)#/I (0) for any
reflection is given by

I ~H !2I ~0!

I ~0!
5

FS
2

Fnucl
2

~4!

whereFnucl is the nuclear structure factor of the Bragg r
flection on which the FM peak is superimposed. Using E
~3! and ~4! we calculate an average magnetic moment
0.5560.1mB per Cu21 in a Cu18 sphere at 1 T and at
T50.05 K. This is lower than the expected'1mB for a
Cu21 as has been extracted by Wanget al.3,4 One possibility
for this lower value is that the simple collinear model us
@Eq. ~3!# is wrong. As mentioned above, our experimen
data does not exclude more complex, presumably non
linear and incommensurate arrangement of the magn
spheres in the absence of external magnetic field. An a
native possibility for the discrepancy may be related to
uncertainty in the value used for the nuclear structure fac
for the ~1 1 0! Bragg reflection,Fnucl, which is required for
the calculation of the magnetic moment@Eq. ~4!#. In our
calculation for the magnetic moment we used a value
Fnucl that was extracted from the structural parameters
tained from powder-diffraction analysis of similar sampl
(x'0) as listed in Table I. These structural parameters w
also used to calculate Bragg reflection intensities for
single crystal and were in fairly good agreement with
nuclear reflections of the single crystal. We noticed th
other structural models for BaCuO21x with x'0 ~Refs.
2,14–16! yielded Fnucl values that were either larger o
smaller than the value used in this study. With these val
the induced FM moment was calculated to be in the rang
0.3 up to 1.1mB per Cu spin in the sphere.17 However, the
overall fit of these models to other nuclear reflections w
poorer than the one listed in Table I.

Another way to extract the magnetic moment is by me
suring and modeling the induced FM intensity versus app
magnetic field,I mag. Figure 5 shows an isotherm of the in
tensity of the~1 1 0! reflection versus magnetic field at 4.2 K
The solid curve is the intensity calculated assuming

I mag5C„BJ~x!…21B, ~5!

wherex[gJmB /kBT, J59, andC is a scaling factor,B is
a background term, andBJ is the Brillouin function11

BJ5
2J11

2J
ctnhS ~2J11!x

2J D2
1

2J
ctnhS x

2JD . ~6!

The good fit of the data by Eq.~6! confirms that the sphere
system although internally ferromagnetic withJ59 is in the
paramagnetic state.

We hypothesize that the absence of spontaneous lo
range FM order down toT50.05 K is due to frustration as
discussed below. Possible magnetic interactions that m
lead to long-range order of the spheres are of the dip

e
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TABLE I. Structural parameters for BaCuO21x (x'0) at T5294 K obtained from powder-diffraction
data and best fit the Bragg reflection intensities of the single crystal used in this study. The model st
hasI m3m symmetry (a518.26 Å! with the following generating atomic positions.

Atom x y z Occupancy

Ba 0.0 0.31 0.151 1
Ba 0.0 0.3646 0.3646 1
Ba 0.176 0.176 0.176 1
Ba 0.0 0.0 0.0 0.33
Cu 0.25 0.1493 0.3507 1
Cu 0.0 0.1267 0.1267 1
Cu 0.2067 0.00 0.0 1
Cu 0.43 0.0 0.0 0.75
O 0.0736 0.0736 0.187 1
O 0.145 0.145 0.3455 1
O 0.266 0.266 0.0842 1
O 0.3366 0.000 0.000 1
O 0.0 0.0854 0.449 0.375
O 0.0281 0.2267 0.433 0.375
O 0.24 0.0 0.5 0.67
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dipole and superexchange types. The dipole-dipole in
action between two antiparallel spins on the sphe
E'ms

2/dss
3 is on the order of 0.05 K, whereas the dipol

interaction of a sphere with its nearest-neighbor ring is e
mated at 0.136 K. Effective superexchange interaction
nearest-neighbor sphere-sphere clusters is expected t
much weaker than that of the sphere-ring clusters, becau
the larger distances, and more intervening nonmagnetic
involved. Thus, the most dominant coupling betwe
nearest-neighbor spheres is via an intervening ring. Reg
less of the type of interaction~ferromagnetic or antiferro-
magnetic! with the ring, the net effect on nearest-neighb
spherelike clusters is to align their spins in a FM arran
ment. However, because of the antiferromagnetic arran
ment of the ring spins this arrangement is frustrated a
shown in Fig. 6. Also, locally each sphere interacts w
eight rings, and the interaction cancels out due to the ant
romagnetic arrangement of the rings. Freezing the spin

FIG. 5. Peak intensity of the~1 1 0! reflection versus applied
magnetic field atT54.2 K. The solid line is calculated using th
Brillouin function whereJ59, and two adjustable parameters.
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the sphere in a certain direction leads to frustration, and
system seems to choose the disordered~paramagnetic! or a
more complex magnetic state consistent with the pres
study.

In conclusion, our magnetic studies confirmed the ex
tence of spherical magnetic entities in BaCuO21x and con-
firmed the antiferromagnetic structure of BaCuO21x below
TN'12 K proposed by Wanget al.3,4 No indication of a
spontaneous ferromagnetic~or simple antiferromagnetic! or-
dering of the spherelike magnetic Cu18 clusters is observed
down to 50 mK, contrary to the suggestions inferred fro
magnetic-susceptibility measurements performed down t
K by Wanget al.3,4 However, diffraction scans under applie
magnetic field, at temperatures of 0.05 to 4.2 K, show
increase in intensity for a set of reflections@in particular, the
cubic ~1 1 0! reflection#, indicating a field-induced FM mo-
ment of the spherelike clusters. The FM diffraction patte
under applied magnetic field along the (h h0) direction is
consistent with the form factor of the Cu18 sphere withJ59.

FIG. 6. Schematic illustration of two adjacent unit cells showi
that the magnetic coupling between two nearest-neighbor sp
spins mediated by the ring spins leads to frustration due to
antiferromagnetic arrangements of the ring spins.
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470 57D. VAKNIN et al.
We suggest that the disorder~paramagnetic! or more com-
plex magnetic structure of the spherelike clusters is due
frustration caused by the AF order of the Cu6 rings.
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