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Magnetic properties of paramelaconite(Cu,O3): A pyrochlore lattice with S=3
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We have studied the magnetic properties of a single crystal of the mineral paramelacoslg, Showing
a tetragonally distorte¢space group4,/amd) magnetic pyrochlore sublattice 8= 1/2. 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 kee(dr2,1/2,1/2) with respect to
the reciprocal basis of the conventional body centered cell. Referred to the pseuded@bicsetting it is
kc=(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.
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INTRODUCTION understand the nature of the magnetic ground state in these
lattices.

The appearance or absence of magnetic order in topologi- Paramelaconite Gy is a rare copper oxide intermediate
cally frustrated lattices is a subject of current strongbetween CuO and GO its crystal structure, of symmetry
interest*2 Magnetic frustration comes from the fact that '41/amd (see Fig. 1 was determined by O'Keeffe and J.

. 5 . .
there is no spin configuration that simultaneously minimizeSoVIn-” It was described as a compound formed by chains of

all the pair energies of the whole set of bonds in the struc-sgtrjaerﬁdﬁé”ﬁ;ﬁ”“;:?ﬁg&,% Egﬁgﬁ;;ﬁ;ﬂ Ciﬁ%?orllat'rcr:ic;szu -
ture. The simplest case is the equilateral triangle with idenp b y y g - g

. . . X '~ gests that paramelaconite may be also an AFS1/2 com-
tical magnetic atoms in the vertices connected by negat'Vgounds. A close analysis of the €usublattice shows that it

[antiferromagnetic(AF)] exchange interactions. The most foyms a slightly distorted pyrochlore arrangement. This
common and simple lattices based on triangular units are th@akes paramelaconite, as far as we know, the Srstl/2
hexagonal(triangula) and kagomelattices in two dimen-  pyrochlore lattice that is being studied experimentally from
sions (2D) and the fcc and pyrochlore lattices in 3D. The the magnetic point of view.

nature of the ground state in these systems is still of contro-

versial nature, especially for the quantum mechanical case EXPERIMENTAL

S=1/2. For classical spins interacting via isotropic ex- \ve have studied a single crystal of £ (5 mn®) pro-
change, triangle and tetrahedral clusters adopt a ground stajied by the Smithsonian Institut&/ashington DG of min-

with zero total spin. In extended lattices there is an infiniteeral origin® Up to date, attempts to prepare this compound in
number of configurations satisfying the local zero spin statdulk form, free from parasitic phases have been unsuccess-
for each triangle/tetrahedron. This gives rise to an infinitelyful. However, thin films obtained by sputtering under con-
degenerated ground state. In some circumstances, quantdralled conditions have recently provided synthetic paramela-
or thermal fluctuations are able to select a particular groungonite in pure fornt. Indeed extraction of copper or its
state configuration and magnetic order can be obsefwed ~Oxides with concentrated aqueous ammonia was found to
der by disorderconcept introduced by Villaf. In real ma-  Produce a mixture of CuO, GO.® Magnetic susceptibility
terials the presence of longer-range exchange interactiof§éasurements were performed in a superconducting quan-
and anisotropy may provide other ways for breaking the detUm interference devic&sQUID) magnetometer for two pre-
generacy and establish a compléoncollinear and/or in- °riented settings of the crystal. _
commensuratelong-range magnetic ordée.g., Fek (Ref. Neutron dlffr_acnon studies were camed out at the Ophe
4)]. In some cases spin-glass behavior have been observé%aCtor(LLB)' In chlay. _Integrated |ntenS|_t|es were mea-
(e.g., Y,M0,0;) and in others(especially for quasi 2D sured on the four-circle diffractometer 6T2 in a Displex re-

kagomecasé no ordering is detected, the experiments Sug_frigeraﬁor L(sting neutrons of Wavefl_engths 1.5 andb O'QdA'
gesting a spin liquid behavide.g., SCGO, some jarosites Crystal and magnetic structure refinements were based on
see Refs. 1, 2. the measured squares of structure factors using the program

The materials having a pyrochlore magnetic lattice art,fl"""PROF'9
quite common but most of them concern rare earth or tran-
sition metals having large spins. It is expected that quantum
effects are maximized fo8=1/2, so the search for Cé Magnetic susceptibilityThe compound is an insulator and
pyrochlore(and in general frustratedattices is important to  its magnetic susceptibility shows a transition around 40 K.

RESULTS
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Crystal structure The crystal structure of paramelaconite
was established by O’Keeffet al® We used the structural
parameters for starting refinements of the data measured at
RT and 7 K. The final refined structure parameters are not
significantly different from those obtained at room tempera-
ture by O’Keeffe. The structure consists of alternating chains
of edge-sharing square planar Gu@nd zigzag chains of
linear coordinated copper ions. These chains runs parallel to
a andb consecutively on moving along Cu,Ag,05 (Ref.

11) is isostructural and isoelectronic with . The mag-
b netic susceptibility of CyAg,0; (Refs. 12, 13 shows the
3 same behavior as the @D;, which again suggests either an
antiferromagnetic phase transition or the transition to a non-
Cu,2*Cu,*0y S=1/2 Cu,0, magnetic ground state. A neutron diffraction study on
Cu?'0,~1.95A Cw,Ag,05 has shown the presence of a structural phase tran-
Cu2'0,=1.96A sition at the same temperature as the drop in susceptibility
takes placé? In the case of paramelaconite we have not
S=0 observed a splitting of the Bragg peaks below 40 K, but the
Cu'0, =1.867A N results of our refinements indicate an increase of the thermal
displacement parameters that may hide a similar phase tran-
sition that we are not able, within our resolution conditions,
to resolve. In Tables | and Il we give a summary of the
results obtained for the refinement of the crystal and mag-
The presence of magnetic impurities manifests itself by aetic structures.
Curie law tail at low temperatur@stimated to correspond to A comparison of the structures of tenorit€uO and
~10 %) and by a hump near 230 K, which is tentatively paramelaconite shows that the Cu-O atomic arrangements
attributed to the presence of 5% of CuO. However, the shapare similar in the two cases. The monoclinic unit cell of
of the susceptibility curve suggests either an AF ordering otenorite has the following dimensionsi=4.6837 A, b
the presence of a nonmagnetic ground stafen liquid at  =3.4226 A, c=5.1288 A, and8=99.54°1° The unit cell
low temperature. We observe a Curie-Weiss behavily; ( contains four chemical units of CuO and its space group is
~900 K) at high temperature down to a round maximum atC2/c. Each Cu atom is surrounded by four O atoms in a
75K followed by a transition at 42(8) K marked by a dis- planar arrangement at the corners of a rectaldistances
continuity of the slope that is anisotropisee Fig. 2 Above  Cu-O: 1.95 and 1.96 A Four Cu atoms at the corners of a
42 K the 10% anisotropy of the susceptibility > x.) can  nonequilateral tetrahedron surround each O atom.
easily be attributed to g factor anisotropy although no ESR  In the paramelaconite structure the addition of oxygen
of CL?™ has been detected on this compodhBelow 42 K atoms at sites corresponding to # positions(0, 3/4, 1/8
Xc remains approximately constant byt drops linearly by — converts a rod of Cliinto a rod of C4* together with the
about a factor 2. The strength of the applied magnetic fieldnew rod of oxygen atoms. Figure 1 shows how the mutually

does not change the transition temperature within 1K beperpendicular paths of CuyQyroups in the oxygen-inserted
tween 0.5 and 5 T. paramelaconite are shared to produce the CuO structure. The

main difference is that the four equal Cu-O bonds in tenorite
0.055 1 ' — are respectively elongated and shortened by pairs in para-
) melaconite. From the point of view of the magnetic proper-
ties, the difference between these two compounds is consid-
erable. The absence of the additional 2Curod in
paramelaconite changes totally the topology of the magnetic
lattice. The suppression of the set of exchange interactions
concerned with this row in CuO, gives rise to the same mag-
netic topology.
] Magnetic structureA low-temperature single crystal neu-
] tron diffraction experiment in 6T2 has shown clearly the ap-
N/ 1 pearance of very weak magnetic reflections below 41 K that
I ] can be indexed wusing the propagation vectér
=(1/2,1/2,1/2). From the dependence of the magnetic reflec-
tion (1/2 1/2 3/2, shown in Fig. 3, the Na temperature was
evaluated to b& =41 K in good agreement with the tran-
FIG. 2. Magnetization of a single crystal of gD, measured Sition observed by susceptibility measurements. The analysis
under a field of 1 T forHlla and Hllc. The hump near 230 K is  Of intensity of this magnetic reflection as a function of tem-
attributed to traces of CuO. perature gives a critical exponefit=0.230(3) significantly

(®)

Cu**0,=1.916A
Cu?0,=1.966A

FIG. 1. (Color onling (a) Crystal structure of paramelaconite
Cu,0;. (b) Crystal structure of tenorite CuO for comparison.
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TABLE |. Results of the crystal structure refinement of,Oy (T=7 K).

Atom X y z B(A?)
Cu(1) 8c 0 0 0 1.8Q10)
Cu2 8d 0 0 1/2 1.8910
o) 8e 0 1/4 0.11622) 2.11(11)
0(2) 4b 0 1/4 3/8 1.9812)
a=b=5.822A,c=9.844 A
Space group 14,/amd
Number of variables 21
wavelength 09 A 1.5 A
max sin®/\ 063 A1 0.40 A1
Nuclear reflectionNgps 73 32
R factor (F?) 6.50% 5.26%
X2 6.2 6.9

lower than that expected for a 3D Heisenberg systgm ( ) )

=0.367), indicating low dimensional or frustrated behavior. ™M :; Sqj expl —27ik-R)) =§ exp(—27mik-R))
Since the magnetic reflections are rather we@aket of

Fig. 3 there is no unique solution for the spin configuration. +S_exp2mik-Ry),

Asymmetry analy_S|s of the prppagat!on vector gr{?@ves where the inde) runs from 1 to 4 atoms per primitive cell
rise to basis functions of the irreducible representations thaéndl is a composite index for a lattice translation. In our
do nc_)t constraint strongly the possible solutions. In the Ap'frame, lattice vectors are of the fori,=1ja-+|,b+4c,
pendix, we present a summary of our symmetry analysiSynerel, are all integers or half-integersentering transla-
performed with the help of the prograBASIREPS™" We have  ion). The four Cu ions, constituting the content of a primi-
assumed a simple subset of symmetry constraints for refiningye cell, have as components, referred to the conventional
the magnetic structure of GO3. Our discussion here willbe |_centered cell C@)-1: (0,0,1/2; Cu(2)-2: (1/4,3/4,3/%;
limited to the two more plausible solutions: collingaseu- Cu(2)-3:(1/2,0,0; and Cy2)-4: (1/4,1/4,1/4.

dosinusoidal, model)land noncollineathelical-like, model To get real magnetic moments the relatfn; = S}; must

2) configurations. The propagation vector (1/2,1/2,1/2) is  pe obeyed. The Fourier coefficients may be generally written
at the surface of the Brillouin zone of the space groupgs

4,/amd, butk is not equivalent to-k so that the possible
magnetic structures are described by the two arms of the star, _ E o o
k and —k. The magnetic moments in the crystal are calcu- S 2 (S?JJHS“)eXF( 2mi¢))

lated through the following Fourier series: so that

TABLE Il. Results of the magnetic structure refinements of @u(T=7 K). Phases are given in fractions ofr2

Phaseg; Phaseg; Phaseg;
Atoms X y z (sinusoidal (helical) (group theory
Cu(2)-1 0 0 1/2 0 0 0
Cu(2)-2 1/4 3/4 3/4 —0.010(15) 0.008L1) 0
Cu(2)-3 1/2 0 0 0.24812) 0.2638) 0.25
Cu2)-4 1/4 1/4 1/4 —0.245(14) —-0.261(9) -0.25
Wavelength 09A 1.5 A
max sin®/x 0.63A°1 0.40A°1
Magnetic reflectiondN s 89 32
Model 1 Model 2 Model 1 Model 2

MagneticR-factor (F,|) 26.7% 16.8% 16.6% 15.7%
X2 5.6 2.2 6.0 4.4

Model 1 Model 2
m (uB)CUP" 0.662) 0.462)
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4000

— The most simple spin arrangements that give reasonable

3500 L ] agreement with the experimental data can be described as
) . follows.
g 3000F 500 1 (1) Uniaxial sinusoidal:
£ 2500t 5 w, TT7K N 1
) = 400 - o R_ s _
Z 2000 | ém o ] Sy=meM  Sg=0,
w3
[=] ~ . Y
g 0F et &, 1 mMj; = &, €0 2m (KR + ¢))u,
1000 |- ::100 -/.". \v.s 71 s
500 | | m;(11,15,13)=ug cosm(l+1,+13+2¢)u.
07.5 8 8.5 9 965 3
0L Om0) L e (2) Single axis helix:
0 10 20 30 40 50
T(K)

h h
Si=aEM,  S=meN,  uv=0,
FIG. 3. Intensity of the magnetic reflectiqd/2, 1/2, 3/2 as a
function of temperature. The inset corresponds to the omega scan mj; =,ugu cos 2m(k-R|+ ¢j)u+ ,u,gusin 2m(KRi+ ¢))v,
around the(1/2, 1/2, 3/2 magnetic peak position.
m-(|1,|2,|3)=,u,?3 COSW(I1+|2+|3+2¢')U
my; =S cos 2m(k-R+ ¢;) + Sy sin 2ar(K-R + ). : ! :

Depending on the relations between vecﬁ?jsand S'(J- , the
above equation corresponds to a quite general set of foun the particular case of the observed propagation vector, we
interpenetrated complex helices. If the imaginary componenhavek=1/4H, whereH is a reciprocal lattice vector of the
is zero, the structure corresponds to a set of four interperAuclear structure. For such a case the sinusoidal structures
etrated sinusoids. are constant moment structures by assuming an additional
We may further simplify our description if we assume the appropriate global phase that does not change the calculated
same amplitude and the same unit vectors along the(ugal diffraction pattern.
and imaginary(v) components for all atom@iniaxial sinu- For these kind of magnetic structures group theory fixes
soid and single axis helixThe value of the phasg; deter-  the value of the phasdsee the Appendixbut we have also
mines the relative orientation of the different magnetic mo-considered them as free parameters, so that we have refined
ments of atoms in cell of origiiR,. The lattice vectorsR, the amplitudeug,, or,ugu, and the three phaseés, ¢4, and
have componentk that may be all integer or half-integers ¢,. The phase of the first atom is arbitrarily fixed to zero.
when using the conventional crystallographic frameThe unit vectorsu andv have been taken along and b,
(I-centered cell respectively, this means that the helical model has the unique

@ 1 R | .

L3

+pul sina(ly+ 1+ 15+ 24)V.

* 1 type of tetrahedron

* ¥ Moments within each tetrahedron = 0

* Magnetic moment amplitude

lL of Cu®* ions ~0.66(2)uB FIG. 4. Collinear (a) and
: Helical-like model(b) of the mag-
() ﬁ netic structure of paramelaconite
‘ * 2 types of tetrahedra CuyO;.

* ¥ Moments within each tetrahedron = 0

v M\
e

N N
BVARYIN

* Magnetic moment amplitude
of Cu?* ions ~0.46(2)uB

Y€ |\
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axis alongc. The obtained results are summarized in Table |
and the two models are illustrated in Figgayand 4b).

In the first model(sinusoidal typgthere is only one type
of spin configuration satisfying the local condition that the
vector sum of spins within each tetrahedron is zero. The
amplitude of the magnetic moment carried by the'€ions
is ug,=0.66(2)ug, we obtain a structure similar to that
shown in Fig. 49).

In the second modehelical type there are two types of
local spin configurations, both satisfying the local condition
that the vector sum of spins in each tetrahedron is eig
4(b)]. We have to mention that a refinement of the orientation
axis of the helix can give a tilt with respect to tleeaxis
improving slightly the reliability index R facton of the re-
finement, but the quality of the dataery weak reflections
does not allow to refine with confidence more free param-
eters.

The amplitude of the magnetic moment carried by the
Cu'? ions for the helical model is, as expected, lower than
that of sinusoidal modelu,=0.46(2)ug (~u/v2). We
can see from Table Il that the model(Belical-like) gives
better reliability indices.

The susceptibility shows a marked anisotropy: the ex-change integrall; corresponds to a next-nearest-neighbor
trapolation of the upturn in the curve =0, neglecting the (NNN) super-superexchange interacti@u-O-O-Cy along
extrinsic paramagnetic contribution at Ioly indicates that a single Cu@ chain. This NNN interaction is also intrachain.
xc(0)=2x,(0). This anisotropy is compatible with both There have been two attempts to determine the value of
models of the magnetic structure: sinusoidal with magnetithe exchange interactions in paramelaconite using different
domains and helical, so we cannot use the susceptibility dataethods of electronic structure calculations. Tejada-Rosales
to support one model against the other. Landau theory states al. (TR) (Ref. 18 have calculated the values of the ex-
that asingleirreducible representation is often active in the change interactiond; andJ, for both paramelaconite and
paramagnetic to magnetic-ordered phase transition, so th&g,Cu,0;. Whangbo and KogWK) (Ref. 19 have deter-
helical model is preferred as the actual magnetic structure ahined, using the spin dimer analy$fs?? not only the NN
paramelaconite because it is well described by the basisiteractions but also the NNN exchange integkalcalledJy,
functions of the first irreducible representation of the wavein their pape). There are important quantitative and qualita-
vector group(see the Appendix tive differences between the two calculations concerning the
NN interactions. The calculations by WK seem to be more in
agreement with the empirical Goudenough-Kanamori-
Anderson rule®~2° for superexchange, however, this does

The observation of magnetic reflections at relatively highnot imply that they use a better method for calculating the
temperature was a surprise because a highly frustrated sitexchange integrals. As we will see below none of the values
ation was expected. The propagation vector observed in thisf the exchange integrals provided by electronic structure
pyrochlore magnetic lattice is also intriguing. An analysis ofcalculations are sufficient to explain the appearance of the
the exchange paths considering superexchange interactior@oppagation vectok=(1/2,1/2,1/2). In Table Il we give a
involving up to one oxygen atom bridging the two Cu  summary of the exchange interactions relevant to paramela-
interacting ions, and super-superexchange interactions, irconite and it isomorphous compound A&3,0;, and the
volving up to two oxygen atoms interactions, leads to threevalues obtained from electronic structure calculations.
different isotropic exchange integralg;( i=1,2,3), num- If one adopts a classical mean-field approach for deter-
bered in ascending order of distances between magnetic anining the first ordered state it is possible to explore the
oms(see Fig. 5 The single nearest neighb@N) exchange conditions to be satisfied by the exchange interactions in
integral in a cubic pyrochlore lattice, operating within a tet-order to have the propagation vector(1/2,1/2,1/2) the
rahedron, is split in the two integraly andJ,. These two first ordered state that in this particular case coincides with
types of Cu-O-Cu superexchange integrals correspond to inthe ground state. The first ordered state is obtained, as a
trachain and interchain Cu-O-Cu paths. The interchain Cufunction ofk and the exchange integrals, as the eigenvector
O-Cu paths have a significantly larger Cu-O-Cu angle thartorresponding to the maximum eigenvalue of the Fourier
those corresponding to the intrachain Cu-O-Cu paths. Thigransform of the exchange integral mat(see, for instance,
difference has a profound effect on the relative strengths oRefs. 26—2%
the interchain and intrachain superexchange interactions.

Then the interchain NN interaction should be more strongly 5--(k)=2 Jii(Ry)expl — 2mik-R}
antiferromagnetic than the intrachain NN interaction. The ex- . m o m

FIG. 5. Representation of the three exchange paths between the
copper atoms that have to be considered inpQzu

DISCUSSION
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TABLE lll. List of effective exchange interactions considered between copper atoms and geometrical
parameters in G0O3. Values of the exchange parametergafWK and (b) TR.

Ji Jz J3
Interactions (Intrachain NN (Interchain NN (Intrachain NNN
Exchange paths Cu-Cu Cu-G-Cu Cu-Q-Cu Cu-Q-0,-Cu
Angles 94.5° 99.3° 114.8° 180°
Distances 292 A 3.23A 5.84 A
J (K) values calc. (a —17.4 —48.3 (@ —3.9
for Cu,O4 (b) —16 -14
J (K) values calc. (a) —11.8 —55.4 (@) —3.2
for Cu,Ag,0; (b) —32.5 -33.4

The indicesi, | refer to the magnetic atoms in a primitive have performed an exhaustive analysis of the perfect pyro-
cell. J;;(Ry) is the isotropic exchange interaction betweenchlore lattice within the mean field approximation and there
the spins of atom$ and | in units cells separated by the is no region where the propagation vecigr=(0,1,1/2) is
lattice vectorR,,. In our case, there are four magnetic atomsobtained as first ordered state. In our case the presence of a
of the chemical species per primitive cell, so we have tatetragonal distortion could stabilize somewhere in the
handle a 4 4 Hermitian matrix. space a region with a propagation vector identical to what we

We have tried to determine the conditions the isotropichave observed. To do that work we have used the program
exchange interactions farther that next nearest neighboENERMAG (Ref. 31 to generate numerical phase diagrams.
should satisfy in order to obtain a classical ground state hawVe have studied in detail the eigenvalues and eigenvectors
ing k=(1/2,1/2,1/2) as propagation vector. Reimetzal*®  of the matrix

A Jayaytayae,) 2J, a0 cosmy Jo(1+ agayay)
‘ cCyy B Joay oy (aytajay) 2Jiaj @) cosmx
W)=
g( ) CC]_3 CC23 A J2(1+ Gf: ayaz)
CCyg CCyy CCay B
|
A=2J;c0s 2y, B=2J5c0S2mx we seek for the minimum eigenvalue. One has to change the
sign of the provided eigenvalues to obtain the transition tem-
ap=exp(mib), af =exp(—mib), with b=x,y or z perature.
We have performed exhaustive calculations using relative
ccj;=complex conjugate of elemenf values of the exchange interactions in a large volume of the
J-space and the results of our calculations indicate khat
k=(x,y,2) =(1/2,1/2,1/2) (0,1,1/2). cannot be obtained as a classical

ground state by considering only isotropic exchange interac-
tions. The degree of frustration in the distorted pyrochlore is
so high that in the neighborhood k= (1/2,1/2,1/2) always
exist other propagation vectors with the same classical en-
&k, vk, )=\ (k,I)v(k,J), ergy. Of course other WeI_I ordered structures, similar to those
already described by Reimeisare observed.
whereJ stands for the given set of exchange interactidns ~ As an example of the calculations we present the disper-
=1{J;j(Rw)}, andk is a vector in the asymmetric unit of the sion relationsE= — \ ,.{Ko,J) corresponding to some high
BZ. For a given sef, and no degeneracy, the highest eigen-symmetry directions in the Brillouin zone for the values of
value A ,o{Ko,J) occurs for a particulaky, for which the  the exchange parameters of WIKig. 6(@)] and TR [Fig.
ordering temperature is maximalkgT na=Amax{Ko,J). The  6(b)]. As we can see, in the case of neglecting the NNN
corresponding eigenvectof,,(kq,J), that may be complex interaction, we find a strong degeneracy along some recipro-
for incommensurate structures, describes the spin configuraal lattice directions, indicating that, within the classical ap-
tion of the first ordered state. The program works in fact withproach, no order is possible for the values of the exchange
the opposite of the exchange matrix, so in our calculationsntegrals calculated by TR. For the values calculated by WK,

corresponding to the topology of paramelaconite. The pro
grameNERMAG handles the diagonalization of the above ma-
trix. It solves the parametric equation
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% 50 I APPENDIX
E 0 O The constraints between the components of Fourier coef-
23] _/ ficients describing the possible magnetic structures can be
% obtained by symmetry analysis. The Fourier coefficients can

r N P 7 be written as linear combinations of the basis functions of
irreducible representatiorigreps of the propagation vector
group. For details the reader can consult Ref. 16. In Table IV
FIG. 6. (Color onling Dispersion relationsE=—Ana(ko.J)  we give the matrices of the two two-dimensional=(2)
corresponding to some high symmetry directions in the BriIIouinirreps of the propagation vector grodfitle group: 14,md).
Zone for the values qf the exchange parameters of @kand TR e global magnetic representatibp, (Ref. 16 calculated
(b). The symmetry point§(0,0,0, N (1/2, 0, 1/2, X (1/2,1/2,0.Z {51 the Wyckoff position8d contains three times the two
(1,1,9, P (1/2, 1/2, 1/2; are labeled using the notation of Bradley irreps, so there are six basis functionsx(@=6) for each
and Cracknel(Ref. 32 but the coordinates are given with respect irrep ’In Table IV we also give the basis vectors obtained by
to the conventional crystallographic reciprocal basis. the .projection operators method using the program

BAsIREPS!” The Fourier coefficients can be obtained using
the degeneracy is broken and the first ordered state occurs ftiie expression

the propagation vectdt=(0,0,0) giving rise to a collinear

structure of the same periodicity as the crystal structure with y kps
a sequence «,—,+,—) for the four spins C(®)-1,..., Sq':nzA CiSin(i).
Cu(2)-4 in the primitive cell. As seen in Fig. 6, the value of

the energy for poinP, which is the observed propagation - Y . . .
vector, does not correspond to a minimum in the dispersiod "€ coefficient<Cy, , corresponding to the single irrdp, ,

relations for none of the set®VK or TR) of isotropic ex- &€ indexed by, going from 1 up to the number of repeti-
change interactions. tions of the irrepl’, within the global magnetic representa-

tion, and by going from 1 up to dim[’,). In our case we
have two representations’€1,2) of dimensiond=2 (A
CONCLUSIONS =1,2) contained threg time$1_(2_1,2,3) Withinl“m_. Calling
u, v, w, p, q, r the six coefficientsC;, for the first repre-
Paramelaconite orders antiferromagnetically below 40 Ksentation in Table IV, we can write for the four Cu atoms the
with a propagation vector that is, to our knowledge, unprecfollowing general expressions of the Fourier coefficients:
edented in pyrochlore lattices. Isotropic exchange interac-
tions are unable to give an explanation of the observedS;=(u—p,v+q,w+r), So=(q,p,—r)+i(—v,u,w),
propagation vector. This is a surprising result because to first
approximation the anisotropy &=1/2 CU™ ion is quite Si=i(—u—p,—v+q,w—r),
small. We probably need to invoke either higher order inter-
action (biquadrati¢ or anisotropic exchangésymmetric
pseudodipolar or antisymmetric Dzyalozinskii-Moriya inter-
actions in order to explain the observed result. We are presThe coefficients may be real or pure imaginary. For the sec-
ently exploring this issue and the results will be published inond representation we have the same expressions as above
a future work. except for a global change of sign for the coefficients of
The amplitude of the magnetic moment carried by’ Cu sublattices 2 and 4see Table IV. Different values of coef-

is small (~0.46ug). This small value may indicate a strong ficients determine different magnetic structures belonging to
covalent character of the Cu-O bonds and the presence tifie irrepsl’,. If we impose to the free parameters the con-
strong fluctuations even at the lowest temperature caused Isgraint that the magnetic moment in the different sublattices
frustration. A larger crystal is needed to solve some ambigushould have the same modulus, we have to discard all struc-
ities concerning the magnetic structure and to perform intures with simultaneous non-null parametaers, w andp,
elastic magnetic scattering to study the excitations as a funat, r. We have tested many spin configurations described by
tion of temperature. the above expressions and the constant moment constraint.

Sk4:(l),_U,W)+i(_q,_p,_r).
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TABLE IV. Irreducible representations of the propagation vector groufa fo¢1/2,1/2,1/2) inl4,/amd(G,=14;md) and basis functions
for axial vectors bound to the Wyckoff sigd. The global magnetic representatibp, contains three times each irreducible representation:
I',=3I'1®3I';,, so the total number of basis function is six for each representation.

(x,y,2) (=x+1/2,~y,z+1/2) x,—y,—2) (=x+1/2y,—z+1/2)
I'y 10 i 0 0 1 0 i
(o 1) (o _) (1 0) (i_ 0)
I, 10 i 0 0 1 0 i
(o 1) (o _> (1 0) (i_ 0)
(y+3/4,—x+1/4,—z+3/4) (—y+3/4x+3/4,—z+1/4) (—y+3/4,—x+1/4z+3/4) (y+3/4x+3/4z+1/4)
Iy 1 0 i 0 0 1 0 i
o o3 £ o o
I' 10 T o0 0 1 0 i
(0 T) (o ) (i_ 0) (1 ;)
(x,y,2) (y+1/4,—x+3/4,—z+5/4) (=x+1/2,~y,z—1/2) (—y+21/4x+1/4,—z+3/4)
Cu(2)-1 Cu(2-2 Cu(2)-3 Cu(2)-4
Iy (1 0 0) 0 i 0 (1 0 0 (0 1 0)
0 1 0) (i 0 0 0 1 0 (1 0 0
0 0 1 0 0 i) (0 0 1) 0 0 1)
@0 0 0 1 0 1 0 0 © 7 0
0 1 0 @1 0 0) 0 1 0) @ 0 0
0 0 1) © 0 7 () © 0 W
1P 1 0 0 O i 0 (i 0 0 0 1 0
0 1 0 i 0 0 o 7 0 1 0 0
© 0 1 © 0 %) © 0 i) © 0 7
@00 © 1 0) ) © i 0
0 1 0 T 0 0 © i 0 (i 0 0
O 0 1) © 0 1 © 07 0 0 i)

The helical structure described in the text corresponds to the The sinusoidal structure described in the main text corre-

Fourier coefficients withhv=p=q=r=0, andu= 1/2,u2u,

v=i/2ul,, so that

h

Sa=(u0.0= 2(1i.0),

S(Zzi(_vluvo):

h
Mcu
2

(1,0,

Sa=i(—u,—0,0= “2(1j,0e 7",

Siu=(v,—u,0)= %(Li ,O)Qi(W/z)_

sponds to a mixture of the two irreducible representations

using as coefficientsv=p=q=r=0, w' =p’'=q'=r"=0

and u=1/4ud,, v=ildud,, U =114ud,, v'=—ildug,.

The primed coefficients correspond to the second represen-
tation. The sum of the Fourier coefficients gives rise to the

following result:

S S
Sa=52(100, Se="5'(100,

S S
Sa= (10,08, 5, ="24(100¢ ™).

This is also a single parameteollinear structure that gives

This is a single parameter magnetic structure that provides a poorer agreement with the experimental data than the he-
good agreement with the experimental data.

lical structure.
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