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Abstract. A noncollinear antiferromagnetic structure with the propagation vectork = [0 1
2 0]

and the transition temperature of≈130 K was found in the monoclinic compound La2Cu2O5 by
single-crystal neutron diffraction. The crystal structure parameters and the values and directions
of the magnetic moments have been obtained by least-squares refinement. Similar to rare-earth
cuprates R2CuO4 the compound La2Cu2O5 shows a low-dimensional magnetic behaviour with
critical indexβ = 0.228(8).

1. Introduction

After the discovery of high-temperature superconductivity in a search for new super-conducting
materials a homologous series of copper oxide-based compounds was synthesized [1, 2]. These
compounds do not occur in the La2O3–CuO chemical system and are based on a different
structural principle—the insertion of La2CuO4 type ribbons of different widths between CuO
planes of complex geometry.

Electron and x-ray diffraction studies have shown that the new compounds have a
monoclinic C-centred unit cell. Their crystal structure consists of thin, skew planes of
La2CuO4 octahedra sandwiched between highly distorted copper–oxygen chains (figure 1).
The number of inserted layers of octahedra corresponds to the numbern in the general formula
La4+4nCu8+2nO14+8n. Single crystals of two members of the series withn = 2 andn = 3 and
formulas La2Cu2O5 and La8Cu7O19, respectively, are stable and can be synthesized.

Magnetic interactions in the related rare-earth cuprates R2CuO4 have been the subject
of extensive studies in recent years in connection with high-temperature superconductivity.
Therefore the magnetic ordering in the compounds, constructed from the same structural units
as R2CuO4, is of fundamental interest. Very little information about the magnetic properties
of the new materials is available, apart from susceptibility measurements on powder samples
[1] and some preliminary studies on a single crystal of La8Cu7O19 by polarized neutron
scattering [3].

Here we present the results of a detailed investigation of the magnetic structure of
La2Cu2O5 by single-crystal neutron diffraction.

‖ Address for correspondence: Laboratoire Leon Brillouin, CE-de Saclay, F-91191 Gif-sur-Yvette Cédex, France.
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Figure 1. The projection of the nuclear structure of La2Cu2O5 on theac-plane. Largest, medium
and small spheres correspond to O, La and Cu atoms respectively. At the top of the figure, the
corresponding projection of the La2CuO4 structure is shown for comparison.

2. Experiment

Single crystals of La2Cu2O5 in the form of elongated prisms were grown by controlled
crystallization of the stoichiometric mixture [2]. The unit cell parameters determined by x-ray
powder diffraction werea = 13.86(1) Å, b = 3.74(2) Å, c = 27.99(1) Å andβ = 106.3(1)◦,
in agreement with results reported earlier [1].

Neutron diffraction studies were carried out at the Orphée reactor, Leon Brillouin
Laboratory in Saclay. Integrated intensities were measured on the four-circle diffractometer
6T2 in a Displex refrigerator using neutrons of wavelengths 1.5 and 0.9 Å. Pyrolitic graphite
and erbium filters were used to suppress higher-order contamination for these wavelengths
respectively.

Refinement based on the measured squares of structure factors was performed using pro-
grams of the Cambridge Crystallography Subroutine Library (CCSL) [4]. For the magnetic cal-
culations the series expansion form-factor of Cu2+ in an analytical approximation was used [5].
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3. Crystal structure of La2Cu2O5

The unit cell of La2Cu2O5 contains 24 symmetry related Cu2+ ions in three general
crystallographic positions 8e of monoclinic space groupC2/c (C6

2h). There are two structural
subunits in the crystal structure (figure 1). The first subunit is a double layer of distorted CuO6

octahedra, constructed from the blocks of La2CuO4. The copper atoms in this layer belong
to one crystallographic position and will be labelled below as Cu1. The second subunit is a
complex copper–oxygen plane, with two types of CuO diamond in double puckered chains,
inserted between the layers of octahedra. The copper atoms of this subunit occupy two different
crystallographic positions. Below, copper atoms in the CuO diamonds lying in theb–c-plane
are labelled as Cu2 and copper atoms corresponding to the diamonds lying in thea–c-plane
are labelled as Cu3.

First data collection was performed at ambient temperature to check the sample
stoichiometry. Only reflections permitted in the space groupC2/cwere detected, in accordance
with [1]. Since the susceptibility measurements, that will be discussed below, showed that the
system is still paramagnetic at 150 K, an extensive data set was collected at this temperature.

Table 1. Results of the least-squares refinement of La2Cu2O5 at 150 K.F 2
obs andF 2

calc are observed
and calculated squares of structure factors;w = 1/σ 2, whereσ is an experimental error.

Atom x y z B (Å2)

La1 0.6183(1) −0.0194(6) 0.231 86(5) 0.64(2)
La2 0.2325(1) −0.0329(6) 0.134 77(5) 0.64(2)
La3 0.4719(1) 0.0063(6) 0.098 43(5) 0.64(2)
Cu1 0.0766(1) 0.0137(7) 0.819 18(6) 0.72(2)
Cu2 0.2238(1) 0.0049(7) 0.460 68(6) 0.72(2)
Cu3 0.0939(1) 0.1223(6) 0.029 00(7) 0.72(2)
O1 0.00000 −0.014(1) 0.250 00 0.82(5)
O2 0.8474(2) −0.005(1) 0.109 92(8) 0.78(4)
O3 0.9232(2) 0.483(1) 0.180 90(8) 0.76(4)
O4 0.2438(2) 0.008(1) 0.034 72(8) 1.08(4)
O5 0.2722(2) 0.471(1) 0.208 16(8) 0.91(4)
O6 0.1336(2) 0.450(1) 0.085 06(8) 0.82(4)
O7 0.9597(2) 0.025(1) 0.038 62(8) 0.96(4)
O8 0.5827(2) 0.465(1) 0.161 96(8) 0.89(4)
a = 13.86(1) Å, b = 3.74(2) Å, c = 27.99(1) Å, β = 106.3(1)◦
mosaic spread 0.118(6)× 10−4 radian
domain radius 100µm (fixed)
Space group C2/c (C6

2h)
Number of independent reflectionsNobs 900
Number of variablesNvar 52
sin2/λ <0.63 Å−1

R = 6|F 2
obs − F 2

calc|/6F 2
obs 7.55%

χ2 = 6w2(F 2
obs − F 2

calc)
2/(Nobs −Nvar ) 3.20

The refinement of the crystal structure was performed on 900 independent observations,
using the Becker–Coppens Gaussian model of secondary extinction [6]. A fit of occupancy
factors has shown that the sample is perfectly stoichiometric. The crystal structure parameters
and the details of the refinement are given in table 1. The refined atomic positions agree well
with those obtained earlier by single-crystal x-ray diffraction [1]. Because of the absence of
data at high scattering angles only isotropic temperature factors were varied.
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Figure 2. The temperature dependencies of single-crystal susceptibilityχ for La2Cu2O5 measured
along thec- (open squares) and theb-axis (solid squares) by SQUID magnetometer in a magnetic
field of 10 kOe. In the inset the enlarged part of the plot with a peculiarity is shown.

4. Magnetic ordering of La2Cu2O5

The magnetic susceptibility measurements were performed on a single crystal using the
SQUID magnetometer of CENG (Grenoble) in a magnetic field of 10 kOe. The temperature
dependencies of susceptibility measured along thec- and theb-axes are presented in figure 2.
The general features of these dependencies are consistent with those reported for a powder
sample [1]. However, in the single-crystal measurements some additional peculiarities are
clearly seen. First, both curves show an anomaly at about 100 K. Second, a small kink at
≈130 K is seen on the curve of susceptibility measured along theb-axis (inset in figure 2).
A search for magnetic reflections performed at 20 K, using a neutron wavelength of 2.35 Å,
revealed the presence of a set of super-structure reflections with half-integerk-indices. From
the temperature dependence of the magnetic reflection(1 1

2 2) shown in figure 3 the Ńeel
temperatureTN was evaluated to be 130 K, which coincides with the temperature of the second
anomaly. If this anomaly corresponded well to the onset of long-range magnetic ordering, the
origin of an anomaly at about 100 K remain unclear. In an attempt to clarify this problem a
search for superstructure reflections was undertaken at 110 K. No additional reflections apart
from those with half-integerk-indices was observed and a set of 50 magnetic reflections was
measured at 110 K and used in the refinement.

4.1. Group theory analysis of the magnetic structure

The observed set of superstructure reflections corresponds to a magnetic unit cell doubled
along theb-axis and can be described by propagation vectork = [0 1

2 0]. According to the
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Figure 3. The temperature dependency of the integrated intensity of the magnetic reflection(1 1
2 2).

The solid line corresponds to a fit by the function∼(1−T/TN )2β with refinedTN = 130.8(2) and
critical indexβ = 0.228(8).

definition of the propagation vectork the invariance of spin in the lattice leads to a set of
equations, describing possible translations (or anti-translations) in the magnetic group:

exp(2πkLtn) = ±1 (1)

wheretn denotes the lattice translation andkL different arms of the star of vectork [7]. It is
easy to see that the translationtn = ( 1

2
1
2 0) being present in the paramagnetic group C6

2h does
not satisfy equation (1) for the propagation vectork = [0 1

2 0]. This means that the spins of
atoms related by the translationtn = ( 1

2
1
2 0) are not connected by a symmetry operation.

Note that the lost of base centring in the magnetic group should lead to crystal structure
distortions. In fact, some weak superstructure reflections violating the C-centring extinction
rules were observed at 20 K. Unfortunately, the quality of data was not sufficient for a reliable
refinement of the structural distortions.

The group theory analysis [7] of possible magnetic modes was performed in the frame of
space group C62h for the propagation vectork = [0 1

2 0]. The magnetic representationdkm is
composed from four one-dimensional threefold irreducible representations:

dkm = 3τ1⊕ 3τ2⊕ 3τ3⊕ τ4. (2)

For each irreducible representationτi a basis function (mode)8i can be written as:

81 = C11(Gx, 0, 0) +C12(0, Fy, 0) +C13(0, 0,Gz)

82 = C21(Ax, 0, 0) +C22(0, Cy, 0) +C23(0, 0, Az)

83 = C31(Fx, 0, 0) +C32(0,Gy, 0) +C33(0, 0, Fz)

84 = C41(Cx, 0, 0) +C42(0, Ay, 0) +C43(0, 0, Cz).

(3)

Here, the spin configurations (sequences of signs for the components of the moments) are
shown in the brackets andCij are the mixing coefficients. The lettersF , G, A andC denote
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the different sequences of signs:F (++++),G (+−+−),A (+−−+),C (++−−) for four atoms
with coordinates: (1)x, y, z; (2) −x, y, −z + 1

2 ; (3) −x, −y, −z; (4) x, −y, z + 1
2 which

belong to a primitive cell. The other four atoms at general position 8g of C6
2h are generated

by translationtn = ( 1
2

1
2 0). According to definition [7] the translationtn = ( 1

2
1
2 0) can be

considered as a ‘lost translation’. Hence, the spins of two primitive cells described by the same
basic functions (3) are not related by symmetry.

4.2. Least-squares refinements of the magnetic structure

At the first stage of refinement, the only constraints applied were to keep the spin values
the same for all copper atoms. However, the refinement showed that none of the modes
listed above describes the observed intensities. It turned out that the best fit (χ2 = 4.9
and R-factor = 16.9% comparing withχ2 = 20–30 for other models) corresponds
to a spin arrangement with the components (Ax , Gy , Az) constructed from modes82

and83, belonging to two different representationsτ2 and τ3, respectively. As known,
the mixing of magnetic modes from different irreducible representations contradicts the
conception of a single irreducible representation [7]. However, as is easy to show, all
irreducible representations (2) compose a single exchange multiplet and so if one neglects
anisotropy and other weak interactions, the corresponding basic functions will have the same
energy.

A much better result withχ2 = 1.53 andR-factor= 9.9% was obtained if the spin values
were constrained to be equal for the pairs of atoms connected by the translation( 1

2
1
2 0). These

pairs of crystallographic positions 4g will be labelled below as Cu11–Cu12, Cu21–Cu22 and
Cu31–Cu32. The refined moment values are presented in table 2. It is seen that if the moment
values in the positions Cu11–Cu12 and Cu21–Cu22 are the same in the limit of two standard
errors and are close to the value observed in La2CuO4 [8], the values in the positions Cu21–
Cu22 (0.51(2) µB) and Cu31–Cu32 (0.68(2) µB) differ markedly. This difference can be
attributed to very different oxygen environment of the spins in two different types of CuO
diamond, lying in theb–c- anda–c-planes.

Table 2. Results of least-squares refinement of magnetic structure of La2Cu2O5 at 20 K.

Atom Position m (µB ) θ (◦) ϕ (◦)

Cu11 octahedra 0.45(2) 76(2) 116(3)
Cu12 0.45(2) 166(2) 116(3)
Cu21 CuO diamonds 0.51(2) 76(2)−116(3)
Cu22 in theb–c-plane 0.51(2) 14(2) −154(3)
Cu31 CuO diamonds 0.68(2) 76(2)−116(3)
Cu32 in thea–c-plane 0.68(2) 166(2)−26(3)

R = 6|F 2
obs − F 2

calc|/6F 2
obs 12.3%

χ2 2.60

In the process of the refinement it was found that in the limit of errors the spin directions
of atoms connected by the translation( 1

2
1
2 0) are perpendicular. Besides, the spins of Cu21

and Cu31 positions are aligned in the same direction, while the spins of Cu11 position are
rotated by 180◦ about thec-axis. The results of the spin direction refinement with the relevant
constraints, which reduce the number of independent variables to five, are given in table 2.
Here, the spin directions are described by the polar anglesθ andϕ of the moment direction
with respect to CCSL orthogonal axes:z is parallel to thec-axis, x lies in thea–c plane
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and is perpendicular to thec-axis, (i.e. is parallel to thea∗), y makes up a right-handed
set.

Similar results were obtained after a refinement performed on 50 independent observations
collected at 110 K. The magnetic moment values were found to be 0.33(2) µB , 0.34(2) µB
and 0.43(2) µB for positions Cu11–Cu12, Cu21–Cu22 and Cu31–Cu32 respectively. No
difference between the magnetic moment directions was detected at 20 K and 110 K within
experimental accuracy. Thus the question about the origin of the anomaly in the susceptibility
at 100 K remains open.

4.3. Model of the magnetic structure

The model of the magnetic structure is shown in figure 4. As seen from the figure the ordering
in the subunit constructed from the distorted blocks of La2CuO4 is quite simple. The Cu2+

spins lie either in the basal planes of oxygen octahedra or are perpendicular to them (inset
in figure 4). This arrangement resembles the noncollinear magnetic ordering proposed for
cuprates Nd2CuO4, Pr2CuO4 and Sm2CuO4 [9]. As has been shown recently, this type of
noncollinear ordering could be explained assuming the presence of pseudo-dipolar interaction
[10].

In the magnetic structure the spins are connected by the following simple transformations.
Thex- andz-components of spins for the pairs of atoms connected by the inversion operation
are opposite, while they-component does not change sign. Spins of pairs of atoms connected
by the two-fold axis are opposite.

In the magnetic structure described by the propagation vectork = [0 1
2 0] the spins of

atoms related by the translation along theb-axis are antiparallel. Moreover, in figure 4 one can
distinguish the antiferromagnetic planes parallel to the [1 0 1] direction and passing through
the octahedra. The adjacent planes are very distant and the exchange interaction between these
planes is practically absent. In fact they interact only through the CuO diamonds. The existence
of these weakly interacting antiferromagnetic planes is responsible for the low-dimensional
magnetic behaviour of La2Cu2O5.

4.4. Low-dimensional magnetic behaviour

As has been already noted in [1] the susceptibility curves (figure 2) are characteristic of a low-
dimensional magnetic behaviour of La2Cu2O5. The temperature dependency of the magnetic
reflection(1 1

2 2) gives further arguments in favour of this (figure 2). First, this dependency
does not follow the Brillouin function withs = 1

2 . Second, the intensity decreases rapidly
with increasing temperature, which is typical for low-dimensional magnetic systems. It is
known [11] that for the cuprates R2CuO4, the staggered magnetization of the Cu2+ sublattice
〈S〉 can be represented as:

〈S〉 ∼ (1− T/TN)β (4)

and the intensity of magnetic reflections as:

I ∼ (1− T/TN)2β. (5)

In fact the observed temperature dependency of the magnetic reflections can be well fitted
by formula (5) with the parameters:TN = 130.8(2) andβ = 0.228(8) (solid line in figure 4).
The critical indexβ obtained by fitting is slightly lower than value∼0.25, usually observed
for the cuprates R2CuO4.
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Figure 4. The magnetic structure of Cu2+ in the projections on thea–c- anda–b-planes. The
direction of spin in the octahedron is shown in the inset. (Note that for simplicity some of the
oxygen atoms are omitted.)

5. Conclusion

A noncollinear antiferromagnetic spin arrangement with the propagation vectork = [0 1
2 0]

was found in the monoclinic copper oxide-based compound La2Cu2O5 by single-crystal
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neutron diffraction. From the least-squares refinement, crystal and magnetic structure
parameters have been obtained. In spite of a complex crystal structure, the observed spin
arrangement of Cu2+ resembles the noncollinear magnetic structures of Cu2+ in the rare-
earth cuprates Nd2CuO4, Pr2CuO4 and Sm2CuO4, but with essentially the lower transition
temperature of≈130 K. The temperature dependency of the susceptibility, as well as that
of the magnetic reflection intensity, shows low-dimensional magnetic behaviour with critical
indexβ = 0.228(6).
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