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Magnetic properties of paramelaconite„Cu4O3…: A pyrochlore lattice with SÄ 1
2
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We have studied the magnetic properties of a single crystal of the mineral paramelaconite, Cu4O3 , showing
a tetragonally distorted~space groupI41 /amd) magnetic pyrochlore sublattice ofS51/2. The magnetic sus-
ceptibility shows a drop around 40 K that could be interpreted as an antiferromagnetic transition or the
appearance of a nonmagnetic state at lower temperatures. Neutron diffraction measurements at low temperature
show unambiguously the transition to an ordered state of propagation vectork5(1/2,1/2,1/2) with respect to
the reciprocal basis of the conventional body centered cell. Referred to the pseudocubicFd3m setting it is
kC5(0,1,1/2). To the best of our knowledge, this is an unprecedented magnetic ordering in pyrochlore lattices.
We argue that the observed magnetic ordering cannot be explained within models limited to isotropic super-
exchange interactions.

DOI: 10.1103/PhysRevB.69.104408 PACS number~s!: 75.25.1z, 75.10.Pq, 61.12.Ld
log
ng
at
e
uc
en
tiv
st
t

e
tr
a
x
st
it
at
el
nt
un

io
de

rv

g

ar
an
tu

ese

te
y
.
of

ug-

t
is

m

in
ess-
n-
la-

s
to

uan-
-

e
a-
e-
Å.
on

ram

d
K.
INTRODUCTION

The appearance or absence of magnetic order in topo
cally frustrated lattices is a subject of current stro
interest.1,2 Magnetic frustration comes from the fact th
there is no spin configuration that simultaneously minimiz
all the pair energies of the whole set of bonds in the str
ture. The simplest case is the equilateral triangle with id
tical magnetic atoms in the vertices connected by nega
@antiferromagnetic~AF!# exchange interactions. The mo
common and simple lattices based on triangular units are
hexagonal~triangular! and kagomelattices in two dimen-
sions ~2D! and the fcc and pyrochlore lattices in 3D. Th
nature of the ground state in these systems is still of con
versial nature, especially for the quantum mechanical c
S51/2. For classical spins interacting via isotropic e
change, triangle and tetrahedral clusters adopt a ground
with zero total spin. In extended lattices there is an infin
number of configurations satisfying the local zero spin st
for each triangle/tetrahedron. This gives rise to an infinit
degenerated ground state. In some circumstances, qua
or thermal fluctuations are able to select a particular gro
state configuration and magnetic order can be observed~or-
der by disorderconcept introduced by Villain3!. In real ma-
terials the presence of longer-range exchange interact
and anisotropy may provide other ways for breaking the
generacy and establish a complex~noncollinear and/or in-
commensurate! long-range magnetic order@e.g., FeF3 ~Ref.
4!#. In some cases spin-glass behavior have been obse
~e.g., Y2Mo2O7) and in others~especially for quasi 2D
kagomecase! no ordering is detected, the experiments su
gesting a spin liquid behavior~e.g., SCGO, some jarosites!
see Refs. 1, 2.

The materials having a pyrochlore magnetic lattice
quite common but most of them concern rare earth or tr
sition metals having large spins. It is expected that quan
effects are maximized forS51/2, so the search for Cu12

pyrochlore~and in general frustrated! lattices is important to
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understand the nature of the magnetic ground state in th
lattices.

Paramelaconite Cu4O3 is a rare copper oxide intermedia
between CuO and Cu2O; its crystal structure, of symmetr
I41 /amd ~see Fig. 1!, was determined by O’Keeffe and J
Bovin.5 It was described as a compound formed by chains
square CuO4 units sharing edges, as in CuGeO3, that cross
perpendicularly as shown schematically in Fig. 1. This s
gests that paramelaconite may be also an AF 1DS51/2 com-
pounds. A close analysis of the Cu21 sublattice shows that i
forms a slightly distorted pyrochlore arrangement. Th
makes paramelaconite, as far as we know, the firstS51/2
pyrochlore lattice that is being studied experimentally fro
the magnetic point of view.

EXPERIMENTAL

We have studied a single crystal of Cu4O3 (5 mm3) pro-
vided by the Smithsonian Institute~Washington DC! of min-
eral origin.6 Up to date, attempts to prepare this compound
bulk form, free from parasitic phases have been unsucc
ful. However, thin films obtained by sputtering under co
trolled conditions have recently provided synthetic parame
conite in pure form.7 Indeed extraction of copper or it
oxides with concentrated aqueous ammonia was found
produce a mixture of CuO, Cu2O.8 Magnetic susceptibility
measurements were performed in a superconducting q
tum interference device~SQUID! magnetometer for two pre
oriented settings of the crystal.

Neutron diffraction studies were carried out at the Orph´e
reactor ~LLB !, in Saclay. Integrated intensities were me
sured on the four-circle diffractometer 6T2 in a Displex r
frigerator using neutrons of wavelengths 1.5 and 0.9
Crystal and magnetic structure refinements were based
the measured squares of structure factors using the prog
FULLPROF.9

RESULTS

Magnetic susceptibility. The compound is an insulator an
its magnetic susceptibility shows a transition around 40
©2004 The American Physical Society08-1
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The presence of magnetic impurities manifests itself b
Curie law tail at low temperature~estimated to correspond t
'1023) and by a hump near 230 K, which is tentative
attributed to the presence of 5% of CuO. However, the sh
of the susceptibility curve suggests either an AF ordering
the presence of a nonmagnetic ground state~spin liquid! at
low temperature. We observe a Curie-Weiss behavior (uW
'900 K) at high temperature down to a round maximum
75K followed by a transition at 42.3~1! K marked by a dis-
continuity of the slope that is anisotropic~see Fig. 2!. Above
42 K the 10% anisotropy of the susceptibility (xa.xc) can
easily be attributed to ag factor anisotropy although no ES
of Cu21 has been detected on this compound.10 Below 42 K
xc remains approximately constant butxa drops linearly by
about a factor 2. The strength of the applied magnetic fi
does not change the transition temperature within 1K
tween 0.5 and 5 T.

FIG. 1. ~Color online! ~a! Crystal structure of paramelaconit
Cu4O3 . ~b! Crystal structure of tenorite CuO for comparison.

FIG. 2. Magnetization of a single crystal of Cu4O3 measured
under a field of 1 T forHia and Hic. The hump near 230 K is
attributed to traces of CuO.
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Crystal structure. The crystal structure of paramelaconi
was established by O’Keeffeet al.5 We used the structura
parameters for starting refinements of the data measure
RT and 7 K. The final refined structure parameters are
significantly different from those obtained at room tempe
ture by O’Keeffe. The structure consists of alternating cha
of edge-sharing square planar CuO4 and zigzag chains o
linear coordinated copper ions. These chains runs paralle
a and b consecutively on moving alongc. Cu2Ag2O3 ~Ref.
11! is isostructural and isoelectronic with Cu4O3. The mag-
netic susceptibility of Cu2Ag2O3 ~Refs. 12, 13! shows the
same behavior as the Cu4O3, which again suggests either a
antiferromagnetic phase transition or the transition to a n
magnetic ground state. A neutron diffraction study
Cu2Ag2O3 has shown the presence of a structural phase t
sition at the same temperature as the drop in susceptib
takes place.14 In the case of paramelaconite we have n
observed a splitting of the Bragg peaks below 40 K, but
results of our refinements indicate an increase of the ther
displacement parameters that may hide a similar phase
sition that we are not able, within our resolution condition
to resolve. In Tables I and II we give a summary of t
results obtained for the refinement of the crystal and m
netic structures.

A comparison of the structures of tenorite~CuO! and
paramelaconite shows that the Cu-O atomic arrangem
are similar in the two cases. The monoclinic unit cell
tenorite has the following dimensions:a54.6837 Å, b
53.4226 Å, c55.1288 Å, andb599.54°.15 The unit cell
contains four chemical units of CuO and its space group
C2/c. Each Cu atom is surrounded by four O atoms in
planar arrangement at the corners of a rectangle~distances
Cu-O: 1.95 and 1.96 Å!. Four Cu atoms at the corners of
nonequilateral tetrahedron surround each O atom.

In the paramelaconite structure the addition of oxyg
atoms at sites corresponding to the4a positions~0, 3/4, 1/8!
converts a rod of Cu1 into a rod of Cu21 together with the
new rod of oxygen atoms. Figure 1 shows how the mutua
perpendicular paths of CuO4 groups in the oxygen-inserte
paramelaconite are shared to produce the CuO structure.
main difference is that the four equal Cu-O bonds in teno
are respectively elongated and shortened by pairs in p
melaconite. From the point of view of the magnetic prop
ties, the difference between these two compounds is con
erable. The absence of the additional Cu21 rod in
paramelaconite changes totally the topology of the magn
lattice. The suppression of the set of exchange interact
concerned with this row in CuO, gives rise to the same m
netic topology.

Magnetic structure. A low-temperature single crystal neu
tron diffraction experiment in 6T2 has shown clearly the a
pearance of very weak magnetic reflections below 41 K t
can be indexed using the propagation vectork
5(1/2,1/2,1/2). From the dependence of the magnetic refl
tion ~1/2 1/2 3/2!, shown in Fig. 3, the Ne´el temperature was
evaluated to beTN541 K in good agreement with the tran
sition observed by susceptibility measurements. The anal
of intensity of this magnetic reflection as a function of tem
perature gives a critical exponentb50.230(3) significantly
8-2
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TABLE I. Results of the crystal structure refinement of Cu4O3 (T57 K).

Atom x y z B (Å 2)

Cu~1! 8c 0 0 0 1.80~10!

Cu~2! 8d 0 0 1/2 1.89~10!

O~1! 8e 0 1/4 0.1162~2! 2.11~11!

O~2! 4b 0 1/4 3/8 1.98~12!

a5b55.822 Å, c59.844 Å
Space group I41 /amd
Number of variables 21
wavelength 0.9 Å 1.5 Å
max sinQ/l 0.63 Å21 0.40 Å21

Nuclear reflectionsNobs 73 32
R factor (F2) 6.50% 5.26%
x2 6.2 6.9
(
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lower than that expected for a 3D Heisenberg systemb
50.367), indicating low dimensional or frustrated behavi

Since the magnetic reflections are rather weak~inset of
Fig. 3! there is no unique solution for the spin configuratio
A symmetry analysis of the propagation vector group16 gives
rise to basis functions of the irreducible representations
do not constraint strongly the possible solutions. In the A
pendix, we present a summary of our symmetry analy
performed with the help of the programBASIREPS.17 We have
assumed a simple subset of symmetry constraints for refi
the magnetic structure of Cu4O3. Our discussion here will be
limited to the two more plausible solutions: collinear~pseu-
dosinusoidal, model 1! and noncollinear~helical-like, model
2! configurations. The propagation vectork5(1/2,1/2,1/2) is
at the surface of the Brillouin zone of the space gro
I41 /amd, but k is not equivalent to2k so that the possible
magnetic structures are described by the two arms of the
k and 2k. The magnetic moments in the crystal are calc
lated through the following Fourier series:
10440
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ml j 5(
k

Sk j exp~22p ik"Rl !5Sk j exp~22p ik"Rl !

1S2k jexp~2p ik"Rl !,

where the indexj runs from 1 to 4 atoms per primitive ce
and l is a composite index for a lattice translation. In o
frame, lattice vectors are of the formRl5 l 1a1 l 2b1 l 3c,
where l i are all integers or half-integers~centering transla-
tion!. The four Cu ions, constituting the content of a prim
tive cell, have as components, referred to the conventio
I -centered cell Cu~2!-1: ~0,0,1/2!; Cu~2!-2: ~1/4,3/4,3/4!;
Cu~2!-3:~1/2,0,0!; and Cu~2!-4: ~1/4,1/4,1/4!.

To get real magnetic moments the relationS2k j5Sk j* must
be obeyed. The Fourier coefficients may be generally writ
as

Sk j5
1

2
~Sk j

R 1 iSk j
I !exp~22p if j !

so that
TABLE II. Results of the magnetic structure refinements of Cu4O3 (T57 K). Phases are given in fractions of 2p.

Atoms x y z
Phasef j

~sinusoidal!
Phasef j

~helical!
Phasef j

~group theory!

Cu~2!-1 0 0 1/2 0 0 0
Cu~2!-2 1/4 3/4 3/4 20.010(15) 0.005~11! 0
Cu~2!-3 1/2 0 0 0.243~12! 0.263~8! 0.25
Cu~2!-4 1/4 1/4 1/4 20.245(14) 20.261(9) 20.25

Wavelength 0.9 Å 1.5 Å
max sinQ/l 0.63 Å21 0.40 Å21

Magnetic reflectionsNobs 89 32

Model 1 Model 2 Model 1 Model 2
MagneticR-factor (uF'u) 26.7% 16.8% 16.6% 15.7%
x2 5.6 2.2 6.0 4.4

Model 1 Model 2
m (mB)Cu21 0.66~2! 0.46~2!
8-3
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ml j 5Sk j
R cos 2p~k"Rl1f j !1Sk j

I sin 2p~k"Rl1f j !.

Depending on the relations between vectorsSk j
R andSk j

I , the
above equation corresponds to a quite general set of
interpenetrated complex helices. If the imaginary compon
is zero, the structure corresponds to a set of four interp
etrated sinusoids.

We may further simplify our description if we assume t
same amplitude and the same unit vectors along the rea~u!
and imaginary~v! components for all atoms~uniaxial sinu-
soid and single axis helix!. The value of the phasef j deter-
mines the relative orientation of the different magnetic m
ments of atoms in cell of originRl . The lattice vectorsRl
have componentsl i that may be all integer or half-integer
when using the conventional crystallographic fram
(I -centered cell!.

FIG. 3. Intensity of the magnetic reflection~1/2, 1/2, 3/2! as a
function of temperature. The inset corresponds to the omega
around the~1/2, 1/2, 3/2! magnetic peak position.
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The most simple spin arrangements that give reason
agreement with the experimental data can be describe
follows.

~1! Uniaxial sinusoidal:

Sk j
R 5mCu

s u, Sk j
I 50,

ml j 5mCu
s cos 2p~k"Rl1f j !u,

mj~ l 1 ,l 2 ,l 3!5mCu
s cosp~ l 11 l 21 l 312f j !u.

~2! Single axis helix:

Sk j
R 5mCu

h u, Sk j
I 5mCu

h v, u"v50,

ml j 5mCu
h cos 2p~k"Rl1f j !u1mCu

h sin 2p~k"Rl1f j !v,

mj~ l 1 ,l 2 ,l 3!5mCu
h cosp~ l 11 l 21 l 312f j !u

1mCu
h sinp~ l 11 l 21 l 312f j !v.

In the particular case of the observed propagation vector,
havek51/4H, whereH is a reciprocal lattice vector of the
nuclear structure. For such a case the sinusoidal struct
are constant moment structures by assuming an additi
appropriate global phase that does not change the calcu
diffraction pattern.

For these kind of magnetic structures group theory fix
the value of the phases~see the Appendix! but we have also
considered them as free parameters, so that we have re
the amplitudemCu

s or mCu
h , and the three phasesf2 , f3 , and

f4 . The phase of the first atom is arbitrarily fixed to zer
The unit vectorsu and v have been taken alonga and b,
respectively, this means that the helical model has the un

an
e

FIG. 4. Collinear ~a! and
Helical-like model~b! of the mag-
netic structure of paramelaconit
Cu4O3 .
8-4
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MAGNETIC PROPERTIES OF PARAMELACONITE (Cu4O3): . . . PHYSICAL REVIEW B 69, 104408 ~2004!
axis alongc. The obtained results are summarized in Tab
and the two models are illustrated in Figs. 4~a! and 4~b!.

In the first model~sinusoidal type! there is only one type
of spin configuration satisfying the local condition that t
vector sum of spins within each tetrahedron is zero. T
amplitude of the magnetic moment carried by the Cu12 ions
is mCu

s 50.66(2)mB , we obtain a structure similar to tha
shown in Fig. 4~a!.

In the second model~helical type! there are two types o
local spin configurations, both satisfying the local conditi
that the vector sum of spins in each tetrahedron is zero@Fig.
4~b!#. We have to mention that a refinement of the orientat
axis of the helix can give a tilt with respect to thec-axis
improving slightly the reliability index (R factor! of the re-
finement, but the quality of the data~very weak reflections!
does not allow to refine with confidence more free para
eters.

The amplitude of the magnetic moment carried by
Cu12 ions for the helical model is, as expected, lower th
that of sinusoidal model:mCu

h 50.46(2)mB ('mCu
s /&). We

can see from Table II that the model 2~helical-like! gives
better reliability indices.

The susceptibility shows a marked anisotropy: the
trapolation of the upturn in the curve toT50, neglecting the
extrinsic paramagnetic contribution at lowT, indicates that
xc(0)'2xa(0). This anisotropy is compatible with bot
models of the magnetic structure: sinusoidal with magn
domains and helical, so we cannot use the susceptibility
to support one model against the other. Landau theory st
that asingle irreducible representation is often active in t
paramagnetic to magnetic-ordered phase transition, so
helical model is preferred as the actual magnetic structur
paramelaconite because it is well described by the b
functions of the first irreducible representation of the wa
vector group~see the Appendix!.

DISCUSSION

The observation of magnetic reflections at relatively h
temperature was a surprise because a highly frustrated
ation was expected. The propagation vector observed in
pyrochlore magnetic lattice is also intriguing. An analysis
the exchange paths considering superexchange interact
involving up to one oxygen atom bridging the two Cu21

interacting ions, and super-superexchange interactions
volving up to two oxygen atoms interactions, leads to th
different isotropic exchange integrals (Ji , i 51,2,3), num-
bered in ascending order of distances between magneti
oms~see Fig. 5!. The single nearest neighbor~NN! exchange
integral in a cubic pyrochlore lattice, operating within a te
rahedron, is split in the two integralsJ1 andJ2 . These two
types of Cu-O-Cu superexchange integrals correspond to
trachain and interchain Cu-O-Cu paths. The interchain
O-Cu paths have a significantly larger Cu-O-Cu angle th
those corresponding to the intrachain Cu-O-Cu paths. T
difference has a profound effect on the relative strength
the interchain and intrachain superexchange interacti
Then the interchain NN interaction should be more stron
antiferromagnetic than the intrachain NN interaction. The
10440
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change integralJ3 corresponds to a next-nearest-neighb
~NNN! super-superexchange interaction~Cu-O-O-Cu! along
a single CuO2 chain. This NNN interaction is also intrachain

There have been two attempts to determine the value
the exchange interactions in paramelaconite using diffe
methods of electronic structure calculations. Tejada-Ros
et al. ~TR! ~Ref. 18! have calculated the values of the e
change interactionsJ1 and J2 for both paramelaconite an
Ag2Cu2O3. Whangbo and Koo~WK! ~Ref. 19! have deter-
mined, using the spin dimer analysis,20–22 not only the NN
interactions but also the NNN exchange integralJ3 ~calledJb
in their paper!. There are important quantitative and qualit
tive differences between the two calculations concerning
NN interactions. The calculations by WK seem to be more
agreement with the empirical Goudenough-Kanamo
Anderson rules23–25 for superexchange, however, this do
not imply that they use a better method for calculating
exchange integrals. As we will see below none of the val
of the exchange integrals provided by electronic struct
calculations are sufficient to explain the appearance of
propagation vectork5(1/2,1/2,1/2). In Table III we give a
summary of the exchange interactions relevant to param
conite and it isomorphous compound Ag2Cu2O3, and the
values obtained from electronic structure calculations.

If one adopts a classical mean-field approach for de
mining the first ordered state it is possible to explore
conditions to be satisfied by the exchange interactions
order to have the propagation vectork5(1/2,1/2,1/2) the
first ordered state that in this particular case coincides w
the ground state. The first ordered state is obtained, a
function of k and the exchange integrals, as the eigenvec
corresponding to the maximum eigenvalue of the Fou
transform of the exchange integral matrix~see, for instance
Refs. 26–29!:

j i j ~k!5(
m

Ji j ~Rm!exp$22p ik"Rm%

FIG. 5. Representation of the three exchange paths betwee
copper atoms that have to be considered in Cu4O3 .
8-5
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TABLE III. List of effective exchange interactions considered between copper atoms and geom
parameters in Cu4O3 . Values of the exchange parameters of~a! WK and ~b! TR.

Interactions
J1

~Intrachain NN!
J2

~Interchain NN!
J3

~Intrachain NNN!

Exchange paths Cu-O1-Cu Cu-O2-Cu Cu-O1-Cu Cu-O1-O2-Cu
Angles 94.5° 99.3° 114.8° 180°

Distances 2.92 Å 3.23 Å 5.84 Å
J ~K! values calc. ~a! 217.4 248.3 ~a! 23.9

for Cu4O3 ~b! 216 214
J ~K! values calc. ~a! 211.8 255.4 ~a! 23.2

for Cu2Ag2O3 ~b! 232.5 233.4
e
en
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pi
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of a

we
ram
s.
tors
The indicesi , j refer to the magnetic atoms in a primitiv
cell. Ji j (Rm) is the isotropic exchange interaction betwe
the spins of atomsi and j in units cells separated by th
lattice vectorRm . In our case, there are four magnetic ato
of the chemical species per primitive cell, so we have
handle a 434 Hermitian matrix.

We have tried to determine the conditions the isotro
exchange interactions farther that next nearest neigh
should satisfy in order to obtain a classical ground state h
ing k5(1/2,1/2,1/2) as propagation vector. Reimerset al.30
ro
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n

u
ith
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have performed an exhaustive analysis of the perfect p
chlore lattice within the mean field approximation and the
is no region where the propagation vectorkC5(0,1,1/2) is
obtained as first ordered state. In our case the presence
tetragonal distortion could stabilize somewhere in theJ
space a region with a propagation vector identical to what
have observed. To do that work we have used the prog
ENERMAG ~Ref. 31! to generate numerical phase diagram
We have studied in detail the eigenvalues and eigenvec
of the matrix
j~k,J!5S A J2ay~ay1axaz! 2J1axaz* cospy J2~11axayaz* !

cc12 B J2ay* az* ~ax1ay* az* ! 2J1ay* az* cospx

cc13 cc23 A J2~11ax* ayaz!

cc14 cc24 cc34 B

D

the
m-

tive
the
t
al
ac-
is

en-
ose

er-
h
of

N
pro-
p-
nge
K,
A52J3 cos 2py, B52J3 cos 2px

ab5exp~p ib !, ab* 5exp~2p ib !, with b5x,y or z

cci j 5complex conjugate of elementi j

k5~x,y,z!

corresponding to the topology of paramelaconite. The p
gramENERMAG handles the diagonalization of the above m
trix. It solves the parametric equation

j~k,J!v~k,J!5l~k,J!v~k,J!,

whereJ stands for the given set of exchange interactionJ
5$Ji j (Rm)%, andk is a vector in the asymmetric unit of th
BZ. For a given setJ, and no degeneracy, the highest eige
value lmax(k0 ,J) occurs for a particulark0 , for which the
ordering temperature is maximal: 3kBTmax5lmax(k0 ,J). The
corresponding eigenvectorvmax(k0 ,J), that may be complex
for incommensurate structures, describes the spin config
tion of the first ordered state. The program works in fact w
the opposite of the exchange matrix, so in our calculati
-
-

-

ra-

s

we seek for the minimum eigenvalue. One has to change
sign of the provided eigenvalues to obtain the transition te
perature.

We have performed exhaustive calculations using rela
values of the exchange interactions in a large volume of
J-space and the results of our calculations indicate thak
5(1/2,1/2,1/2)5(0,1,1/2)C cannot be obtained as a classic
ground state by considering only isotropic exchange inter
tions. The degree of frustration in the distorted pyrochlore
so high that in the neighborhood ofk5(1/2,1/2,1/2) always
exist other propagation vectors with the same classical
ergy. Of course other well ordered structures, similar to th
already described by Reimers,30 are observed.

As an example of the calculations we present the disp
sion relationsE52lmax(k0 ,J) corresponding to some hig
symmetry directions in the Brillouin zone for the values
the exchange parameters of WK@Fig. 6~a!# and TR @Fig.
6~b!#. As we can see, in the case of neglecting the NN
interaction, we find a strong degeneracy along some reci
cal lattice directions, indicating that, within the classical a
proach, no order is possible for the values of the excha
integrals calculated by TR. For the values calculated by W
8-6
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MAGNETIC PROPERTIES OF PARAMELACONITE (Cu4O3): . . . PHYSICAL REVIEW B 69, 104408 ~2004!
the degeneracy is broken and the first ordered state occur
the propagation vectork5(0,0,0) giving rise to a collinea
structure of the same periodicity as the crystal structure w
a sequence (1,2,1,2) for the four spins Cu~2!-1,...,
Cu~2!-4 in the primitive cell. As seen in Fig. 6, the value
the energy for pointP, which is the observed propagatio
vector, does not correspond to a minimum in the dispers
relations for none of the sets~WK or TR! of isotropic ex-
change interactions.

CONCLUSIONS

Paramelaconite orders antiferromagnetically below 40
with a propagation vector that is, to our knowledge, unpr
edented in pyrochlore lattices. Isotropic exchange inter
tions are unable to give an explanation of the obser
propagation vector. This is a surprising result because to
approximation the anisotropy ofS51/2 Cu21 ion is quite
small. We probably need to invoke either higher order int
action ~biquadratic! or anisotropic exchange~symmetric
pseudodipolar or antisymmetric Dzyalozinskii-Moriya inte
actions! in order to explain the observed result. We are pr
ently exploring this issue and the results will be published
a future work.

The amplitude of the magnetic moment carried by Cu21

is small (;0.46mB). This small value may indicate a stron
covalent character of the Cu-O bonds and the presenc
strong fluctuations even at the lowest temperature cause
frustration. A larger crystal is needed to solve some ambi
ities concerning the magnetic structure and to perform
elastic magnetic scattering to study the excitations as a fu
tion of temperature.

FIG. 6. ~Color online! Dispersion relationsE52lmax(k0 ,J)
corresponding to some high symmetry directions in the Brillo
Zone for the values of the exchange parameters of WK~a! and TR
~b!. The symmetry pointsG~0,0,0!, N ~1/2, 0, 1/2!, X ~1/2, 1/2, 0!, Z
~1, 1, 1!, P ~1/2, 1/2, 1/2!; are labeled using the notation of Bradle
and Cracknell~Ref. 32! but the coordinates are given with respe
to the conventional crystallographic reciprocal basis.
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APPENDIX

The constraints between the components of Fourier c
ficients describing the possible magnetic structures can
obtained by symmetry analysis. The Fourier coefficients
be written as linear combinations of the basis functions
irreducible representations~irreps! of the propagation vecto
group. For details the reader can consult Ref. 16. In Table
we give the matrices of the two two-dimensional (d52)
irreps of the propagation vector group~little group: I41md).
The global magnetic representationGm ~Ref. 16! calculated
for the Wyckoff position8d contains three times the tw
irreps, so there are six basis functions (33d56) for each
irrep. In Table IV we also give the basis vectors obtained
the projection operators method using the progr
BASIREPS.17 The Fourier coefficients can be obtained usi
the expression

Sk j5(
nl

Cnl
n Snl

kn~ j !.

The coefficientsCnl
n , corresponding to the single irrepGn ,

are indexed byn, going from 1 up to the number of repet
tions of the irrepGn within the global magnetic representa
tion, and byl going from 1 up to dim(Gn). In our case we
have two representations (n51,2) of dimensiond52 (l
51,2) contained three times (n51,2,3) withinGm . Calling
u, v, w, p, q, r the six coefficientsCnl

n for the first repre-
sentation in Table IV, we can write for the four Cu atoms t
following general expressions of the Fourier coefficients:

Sk15~u2p,v1q,w1r !, Sk25~q,p,2r !1 i ~2v,u,w!,

Sk35 i ~2u2p,2v1q,w2r !,

Sk45~v,2u,w!1 i ~2q,2p,2r !.

The coefficients may be real or pure imaginary. For the s
ond representation we have the same expressions as a
except for a global change of sign for the coefficients
sublattices 2 and 4~see Table IV!. Different values of coef-
ficients determine different magnetic structures belonging
the irrepsGn . If we impose to the free parameters the co
straint that the magnetic moment in the different sublatti
should have the same modulus, we have to discard all st
tures with simultaneous non-null parametersu, v, w andp,
q, r . We have tested many spin configurations described
the above expressions and the constant moment constr
8-7
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TABLE IV. Irreducible representations of the propagation vector group fork5(1/2,1/2,1/2) inI41 /amd(Gk5I41md) and basis functions
for axial vectors bound to the Wyckoff site8d. The global magnetic representationGm contains three times each irreducible representat
Gm53G1% 3G2 , so the total number of basis function is six for each representation.

(x,y,z) (2x11/2,2y,z11/2) (x,2y,2z) (2x11/2,y,2z11/2)

G1 S1 0

0 1D S i 0

0 ī
D S0 1

1 0D S0 i

ī 0D
G2 S1 0

0 1D S i 0

0 ī
D S0 1

1 0D S0 i

ī 0D
(y13/4,2x11/4,2z13/4) (2y13/4,x13/4,2z11/4) (2y13/4,2x11/4,z13/4) (y13/4,x13/4,z11/4)

G1 S1̄ 0

0 i
D S i 0

0 1̄
D S0 1̄

i 0
D S0 i

1̄ 0D
G2 S1 0

0 ī
D S ī 0

0 1
D S0 1

ī 0D S0 ī

1 0
D

(x,y,z)
Cu~2!-1

(y11/4,2x13/4,2z15/4)
Cu~2!-2

(2x11/2,2y,z21/2)
Cu~2!-3

(2y11/4,x11/4,2z13/4)
Cu~2!-4

G1 ~1 0 0)

~0 1 0)

~0 0 1)

~1̄ 0 0)

~0 1 0)

~0 0 1)

~0 i 0)

~ ī 0 0)

~0 0 i)

~0 1 0)

~1 0 0)

~0 0 1̄)

~1 0 0)

~0 1 0)

(0 0 1)

~1̄ 0 0)

~0 1 0)

(0 0 1)

~0 1̄ 0)

~1 0 0)

(0 0 1)

~0 ī 0)

~ ī 0 0)

~0 0 ī )

G2 ~1 0 0)

~0 1 0)

~0 0 1)

~1̄ 0 0)

~0 1 0)

~0 0 1)

~0 ī 0)

~i 0 0)

~0 0 ī )

~0 1̄ 0)

~1̄ 0 0)

~0 0 1)

~ ī 0 0)

~0 ī 0)

~0 0 i)

~ ī 0 0)

~0 i 0)

~0 0 ī )

~0 1 0)

~1̄ 0 0)

~0 0 1̄)

~0 i 0)

~i 0 0)

~0 0 i)
th

es

rre-
ns

sen-
the

he-
The helical structure described in the text corresponds to
Fourier coefficients withw5p5q5r 50, andu51/2mCu

h ,
v5 i /2mCu

h , so that

Sk15~u,v,0!5
mCu

h

2
~1,i ,0!,

Sk25 i ~2v,u,0!5
mCu

h

2
~1,i ,0!,

Sk35 i ~2u,2v,0!5
mCu

h

2
~1,i ,0!e2 i ~p/2!,

Sk45~v,2u,0!5
mCu

h

2
~1,i ,0!ei ~p/2!.

This is a single parameter magnetic structure that provid
good agreement with the experimental data.
10440
e

a

The sinusoidal structure described in the main text co
sponds to a mixture of the two irreducible representatio
using as coefficientsw5p5q5r 50, w85p85q85r 850
and u51/4mCu

s , v5 i /4mCu
s , u851/4mCu

s , v852 i /4mCu
s .

The primed coefficients correspond to the second repre
tation. The sum of the Fourier coefficients gives rise to
following result:

Sk15
mCu

s

2
~1,0,0!, Sk25

mCu
s

2
~1,0,0!,

Sk35
mCu

s

2
~1,0,0!e2 i ~p/2!, Sk45

mCu
s

2
~1,0,0!ei ~p/2!.

This is also a single parametercollinear structure that gives
a poorer agreement with the experimental data than the
lical structure.
8-8
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