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Abstract
The magnetic properties of [Cu4(ndpa)2(H2O)6Cl2]·2H2O are studied by static
and dynamic magnetic susceptibility measurements. The static susceptibility
measurements between 2 and 300 K reveal ferromagnetically coupled Cu(II)
dimers (J/kB = +24.0 ± 0.5 K). Two further exchange constants J ′/kB =
−0.40 ± 0.02 K and J ′′/kB = 2.2 ± 0.2 K are determined by zero-field ac-
susceptibility measurements in the temperature range between 12 and 0.4 K.
The exchange couplings are assigned by means of electron spin resonance
measurements which show that Cu4:Cl realizes a ferromagnetic alternating
spin- 1

2 Heisenberg chain with an antiferromagnetic interchain coupling.

1. Introduction

The relation between structure and magnetic properties plays an important role in the
understanding of the magnetism of molecular compounds [1–6]. The information is necessary
for the design and preparation of molecular-based materials exhibiting specific magnetic
properties such as magnetic chain systems [7, 8] or single-molecule magnets [9–11]. It is well
known that the triatomic carboxylate bridge –O–C–O– leads to an effective exchange coupling
of Cu(II) ions [12–15]. The carboxylate bridge offers a large variety of different bridging and
coordination conformations which determine the strength and the ferro- or antiferromagnetic
character of the exchange interaction. The coupling modes can be classified according to
the site (equatorial or apical) where the oxygen atom coordinates the Cu(II) ion and by the
relative orientation of the Cu(II) ion with respect to the carboxylate unit (syn or anti) [16].
The experimental information can be summarized by the following qualitative rules. An
antiferromagnetic coupling can be expected when equatorial sites are bridged in the syn–syn
or anti–anti mode, whereas the syn–anti mode can lead to a ferromagnetic coupling. On the
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Figure 1. View of the unit cell of Cu4:Cl (SCHAKAL).

other hand the syn–anti or anti–anti/syn–syn bridging mode of an equatorial and an apical
site favours a small antiferromagnetic or ferromagnetic coupling, respectively [16–19].

In a recent work Murugesu et al [20] studied polynuclear Cu(II) complexes formed
by the ndpa3− ligand (ndpa: nitrilo dipropionate acetate) and determined by magnetic
measurements the exchange couplings via the various kinds of carboxylate bridges. In the case
of [Cu4(ndpa)2(H2O)6Cl2]·2H2O (Cu4:Cl) a two-dimensional network of exchange coupled
Cu(II) ions is found instead of magnetically isolated tetrameric Cu(II) units. The interesting
magnetic properties of Cu4:Cl are analysed in this paper. The structure of Cu4:Cl is shown in
figure 1 (space group P21/c, a = 10.739 Å, b = 12.249 Å, c = 13.032 Å, β = 113.0◦). The
two Cu(II) ions Cu(1) and Cu(1i) are chelated by the ndpa3− ligand, and in turn are linked by
the coordination of the outer carboxylate oxygens on the longer propionate arms of the ligands
to two further Cu(H2O)2 units (Cu(2) and Cu(2i)) resulting in a rhomboid array of four Cu(II)
centres. The coordination of Cu(2) or Cu(2′) by one additional oxygen atom (O(6)) from
the shorter acetate arm of an adjacent complex results in the formation of infinite sheets of
linked tetranuclear units [20]. The tetranuclear units are characterized by an inversion centre
and repeated by virtue of a two-fold screw axis (figure 1). There are three types of exchange
couplings mediated by the intracluster equatorial–equatorial syn–anti (Cu(1). . . Cu(2i) and
Cu(2). . . Cu(1i)), the equatorial–apical syn–anti (Cu(1). . . Cu(2) and Cu(1i). . . Cu(2i)) and the
intercluster equatorial–apical anti–anti (Cu(1). . . Cu(2ii)) carboxylate bridges. The magnetic
properties of this Cu(II) network are studied by magnetic susceptibility and electron spin
resonance measurements. It is shown that Cu4:Cl realizes an alternating ferromagnetic spin- 1

2
chain.

The plan of the paper is as follows. The results of the static and ac susceptibility
are summarized in section 2. Measurements down to 2 K show an overall ferromagnetic
coupling of the Cu(II) ions whereas the low-temperature measurements down to 0.4 K
reveal a small antiferromagnetic coupling. The analysis of the susceptibility measurements
yield three exchange constants J/kB = +24.0 ± 0.5 K, J ′/kB = −0.40 ± 0.02 K and
J ′′/kB = +2.2±0.2 K. When the exchange constants are assigned in analogy to Cu4:NO3—a
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Figure 2. Magnetic susceptibility of Cu4:Cl (black dots: static susceptibility, grey dots: ac
susceptibility) and Cu4:NO3 (triangles). The calculated results (full curves) are explained in the
text. Inset: comparison between the ac (small dots) and static susceptibility measurements (larger
grey dots) of Cu4:Cl.

related substance of magnetically isolated tetramers [20]—an alternating ferromagnetic chain
structure results. The ESR results are discussed in section 3. These measurements confirm
the assignment of the exchange constants and provide insight into the magnetic anisotropy
of Cu4:Cl.

2. Magnetic susceptibility

Figure 2 shows the susceptibility of polycrystalline samples of Cu4:Cl. The static
susceptibility is measured with a SQUID magnetometer (Quantum Design, Magnetic
Properties Measurement System) for a magnetic field strength of 1 kOe in the temperature range
between 2.0 and 300 K (sample mass 11.8 mg). The measurements of Cu4:Cl are compared
with those of Cu4:NO3 ([Cu4(ndpa)2(H2O)8(NO3)2]·2H2O, sample mass 19.7 mg). Cu4:NO3

differs from Cu4:Cl by two additional H2O molecules which replace the coordination of Cu(2)
or Cu(2′) by atom O(6) of the neighbouring cluster. This modification cuts the exchange path
which exists between the tetranuclear units of Cu4:Cl (for details see [20]). The magnetic
susceptibility of the tetranuclear cluster Cu4:NO3 can be well approximated by the isotropic
exchange Hamiltonian

H = −J (�s1�s2 + �s3�s4) − J ′(�s2�s3 + �s4�s1). (1)

The static magnetic susceptibility is calculated according to the formula [1]

χ = N
(ḡµB)2

3kB T

∑
{ES}

S(2S + 1)(S + 1) exp(−ES/kB T )

/∑
{ES}

(2S + 1) exp(−ES/kB T ). (2)

where the summation {ES} includes all the spin eigenstates of the Hamiltonian equation (1)
which are ES=0 = 1

2 (J + J ′) ± √
J 2 + J ′2 − J J ′, ES=1 = − 1

2 (J − J ′) and 1
2 (J ± J ′),

ES=2 = − 1
2 (J + J ′) [20]. ḡ denotes the mean g factor of the CuII ions, N is the number of Cu4

units and µB is the Bohr magneton. The parameters of Cu4:NO3 are J/kB = +24.0 ± 0.5 K,
J ′/kB = −0.80 ± 0.05 K with g = 2.16 from ESR measurements (see figure 2)3, and agree

3 In figure 7 of [20] the denotation of sample 2 and 4 in the figure caption are interchanged.
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well with the results obtained in [20]4. The ferromagnetic coupling J can be assigned to
the equatorial–equatorial syn–anti carboxylate bridge between Cu(1) and Cu(2i) whereas the
small antiferromagnetic coupling is attributed to the equatorial–apical syn–anti carboxylate
bridge between Cu(1) and Cu(2) [20].

The Hamiltonian equation (1) cannot be applied in the case of Cu4:Cl since the tetranuclear
units are magnetically coupled. The ESR measurements (see section 3) show that the
intercluster exchange interaction is not negligible. At 2 K the magnetization of Cu4:Cl follows
the field dependence expected for spin 1. This indicates that the magnetic properties of Cu4:Cl
at 2 K are determined by the ferromagnetically coupled Cu(II) dimers. It can be concluded from
the fact that χTmax = 2.8 emu K mol−1 is larger than χT = 2.33 emu K mol−1 (ḡ = 2.16)—
expected for a system of free spins 1—that these dimers are ferromagnetically coupled. In [20],
the analysis of the magnetic results on Cu4:Cl was limited to an average value of the interdimer
exchange interaction. The susceptibility measurements were extended to a lower temperature
in order to obtain specific information about the interdimer exchange interaction and to establish
the relation between the structural and magnetic properties.

The low-temperature range down to ∼0.4 K was studied by ac susceptibility measurements
in a toploading 3He cryostat (sample mass 0.59 mg). The induced ac signal was detected
in a compensated pickup coil system with the usual lock-in technique. No static external
magnetic field was applied during the measurements in order to avoid any saturation effect of
the magnetization and the modulation field amplitude was below 2 Oe at a modulation frequency
of ∼78 Hz. No out-of-phase ac signal was detected. This means, that the spin dynamics in the
whole temperature range studied is so fast that the ac signal is simply proportional to the static
magnetic susceptibility. The non-calibrated ac signal was adjusted to the static susceptibility
measurements in the temperature range 2–12 K (see the inset of figure 2). These measurements
reveal a small antiferromagnetic interaction, which was not expected according to the analysis
presented in [20].

The antiferromagnetic coupling can originate either from a coupling within the two-
dimensional Cu network or alternatively in an interaction of neighbouring Cu sheets. The
second possibility is not likely, due to the small size of the dipolar interaction between
two Cu(II) ions of neighbouring sheets (∼0.01 K). The effective interaction between two
neighbouring sheets might be enhanced by short-range intraplane spin correlations. This
effect is certainly small since the product χT is only slightly enhanced over the value expected
for completely independent spin 1 units.

The magnetic properties of Cu4:Cl are therefore analysed by a planar model where the
spins are coupled according to the scheme shown in figure 3. According to the crystal structure
(see figure 1) pairs of Cu(II) ions are ferromagnetically coupled by J (bold lines in figure 3).
By an intracluster interaction J ′ they are coupled to tetranuclear units (thin lines in figure 3).
These units are linked by the intercluster interaction J ′′ (dotted lines in figure 3).

Since the experimental results indicate no long range spin correlation it can be assumed
that the coupling scheme of figure 3 leads to an appropriate description of the experimental
results when the periodic boundary conditions s1 = s′

1, s5 = s′
5, s9 = s′

9, s13 = s′
13 and s14 = s′

14
are used. The matrix elements of the exchange Hamiltonian corresponding to figure 3 were
calculated with the tensor operator technique [21, 22]5.

4 Our equation (2) leads to equation (5) in [20] apart from a factor of 2 in front of B , which is a typewriting mistake
and should be replaced by 1 (cf, e.g., [19]); note also that the exchange constants 2J1 and 2J2 in the Hamiltonian
equation (4) of [20] have to be replaced by J and J ′ of the present paper.
5 The coupling of 16 spin- 1

2 leads to 9 total spin states. The Heisenberg Hamiltonian splits up into matrices with the
following dimensions: S = 0:1430, S = 1:3432, S = 2:3640, S = 3:2548, S = 4:1260, S = 5:440, S = 6:104,
S = 7:15, S = 8:1.
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Figure 3. Coupling scheme of 16 spin- 1
2 for the modelling of the magnetic properties of Cu4:Cl.

Bold lines: strong ferromagnetic intradimer coupling J , thin lines: intracluster coupling J ′, dotted
lines: intercluster coupling J ′′.

The ferromagnetically coupled dimers −J�s2n−1�s2n , (n = 1, 2, . . . , 8) can be replaced by
an effective spin 1 at temperatures below ≈4 K. Then the coupling scheme of figure 3 reduces
with the above-mentioned periodic boundary conditions to the alternating spin 1 chain with the
effective exchange constants J̃ ′ = 1

2 J ′ and J̃ ′′ = 1
2 J ′′ as long |J ′|, |J ′′| � |J | holds. Due to

the translation invariance of the alternating chain model it is no longer possible to differentiate
between the inter- and intracluster exchange interaction. The fit of the experimental data with
the coupling scheme of figure 3 (see figure 2) leads to the parameter J ′/kB = +2.2 ± 0.2 K
or −0.40 ± 0.02 K and J ′′/kB = −0.40 ± 0.02 or +2.2 ± 0.2 K, respectively. In contrast to
the results reported in [20], it reveals for the temperature variation of the susceptibility above
T ≈ 100 K that there exists no significant difference between Cu4:Cl and Cu4:NO3 (figure 2).
Therefore J/kB = +24 K is fixed according to the results obtained for Cu4:NO3 and ḡ = 2.16
according to the ESR measurements (see section 3).

The intra- and intercluster exchange constants can be assigned in analogy to the related
Cu4:NO3 cluster. For this cluster the equatorial–apical syn–anti carboxylate bridge between
Cu(1). . . Cu(2) and Cu(1i). . . Cu(2i) leads to a small antiferromagnetic coupling of J ′/kB =
−0.8 K. Therefore it is reasonable to assign the small antiferromagnetic coupling of J ′/kB =
−0.40 ± 0.02 K to the intracluster coupling between Cu(1). . . Cu(2), Cu(1i). . . Cu(2i) and
the somewhat stronger ferromagnetic coupling to the equatorial–apical anti–anti carboxylate
bridge between the tetranuclear units (e.g. Cu(1). . . Cu(2ii), compare figure 1). It will be
shown in the following section that this assignment is supported by the analysis of the ESR
measurements.

3. ESR measurements

3.1. Experimental results

ESR measurements were carried out in order to gain insight into the magnetism of the copper
planes of Cu4:Cl. The most important question concerns the intercluster exchange coupling
via oxygen O(6).

Since the connected clusters are repeated by virtue of a two-fold screw axis along b

(compare figure 1), the orientation of their g tensors is different which opens up the possibility
to test the size of the intercluster exchange coupling. In the second part of this section the
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Figure 4. ESR results on Cu4:Cl at room temperature. (a) Anisotropy of the linewidth �B1/2
(half-width at half-height) and (b) the g factor in three orthogonal planes. Dots: experimental
results. Full and broken curves: calculations explained in the text.

anisotropic interactions of Cu4:Cl are analysed and it is shown that the ESR linewidth shows
features of low-dimensional spin diffusion caused by the two-dimensional nature of the copper
network.

ESR was measured with a Bruker ESP300E X-band spectrometer (9.5 GHz) which was
equipped with a rectangular cavity and an Oxford ESR900 cryostat. During the measurements
the sample was covered by vacuum grease. The ESR signal could always be characterized
by one Lorentzian absorption line. The studied crystals (∼1 × 1 × 1 mm3) were oriented by
means of a home-made goniometer and the measurements were carried out in the frame of
reference fixed by the principal axis of the g tensor of Cu4:Cl. The crystals could be oriented
very accurately at room temperature and the results are shown in figure 4. The experimental
g factors are gx = 2.121(1), gy = 2.157(1) and gz = 2.205(1). There is a small temperature
dependence of the g factor and the linewidth.

3.2. General discussion of the ESR results

In order to estimate the orientation of the principal axis x, y, z of the g tensor of Cu4:Cl
within the unit cell the g tensor has to be modelled. The g tensor of Cu4:Cl results from the
average of the g tensor of copper atoms Cu(1), Cu(2) and the atoms Cu(1ii) and Cu(2ii) of the
rotated unit (see figure 1). Within the Cu4:Cl cluster the atoms Cu(1i) and Cu(2i) are related
by inversion symmetry with Cu(1) and Cu(2) (the same holds for the pair Cu(1ii), Cu(2ii) and
Cu(1iii), Cu(2iii)) so that these ions are magnetically equivalent. The coordination environment
of the copper ions is approximately square pyramidal with an elongated distance between the
apical atom and the basal plane (see figure 1 and [20]). In order to restrict the number of
free parameters it is assumed that the g tensor can be approximated by an axial tensor with
g‖ > g⊥ [23]. The basal plane of Cu(1) is defined by the atoms O(3), N(1) and O(5) and the
basal plane of Cu(2) by the atoms O(8), O(2) and O(9) (see figure 1). It turns out that a fit
of the experimental data with the two parameters g‖, g⊥ is not possible. The differences in
the coordination environment of Cu(1) and Cu(2) suggest that their g tensors are also slightly
different. The fit yields g(1)

⊥/‖ = 2.10(2)/2.32(1) and g(2)
⊥/‖ = 2.048(7)/2.35(2). Within this
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model the x axis is nearly parallel to c�(x, c) = +4◦. The y axis is parallel to b, according
to the experimental results shown in figure 4. The real situation may slightly deviate from the
model presented since the g tensors of the Cu ions are certainly not perfectly axial.

In general, without the exchange coupling of the Cu ions four different ESR signals could
be expected corresponding to the four different g tensors of Cu(1), Cu(2) and the rotated pair
Cu(1ii), Cu(2ii). The exchange coupling leads to one exchange narrowed ESR signal as long
as the relative Zeeman energies of the Cu ions are small compared to the strength of their
exchange interaction [24]. This is the case of the ferromagnetically coupled copper dimers
Cu(1). . . Cu(2i) and Cu(2ii). . . Cu(1iii). The broken curves in figure 4(b) show the expected
variation of the averaged g factor of these copper pairs. The full curves in figure 4(b) show
the expected g factor of Cu4:Cl. According to figure 4(b) the relative interdimer Zeeman
energy |(g(12) − g(12)′)µB B|/kB in a magnetic field of 3.4 kOe is smaller than ≈0.05 K and
consequently no linesplitting can be expected at 9.4 GHz. The energy difference increases
with the strength of the magnetic field. Measurements at 95, 180 and 285 GHz were carried
out at the ESR spectrometer of the high-magnetic field laboratory in Grenoble [25]. At these
frequencies the anisotropic Zeeman interaction dominates and should lead to a linesplitting for
an intercluster exchange coupling of J ′′/kB = −0.4 K. A splitting could be observed for the
related compound Cu4:NO3 but not for Cu4:Cl. This result indicates that the ferromagnetic
coupling of +2.2 K has to be assigned to the intercluster interaction J ′′.

3.3. Discussion of the ESR linewidth

The ESR linewidth is determined by the dipolar interaction, the anisotropic exchange
interaction and the anisotropic Zeeman interaction. The anisotropic components of the
Zeeman–Hamiltonian

H (ani)
Zee =

∑
i

(g(i)
zz − ḡ)µBsz

i B0 + g(i)
xz µBsx

i B0 + g(i)
yz µBsy

i B0 (3)

contribute to the ESR linewidth according to [24, 26, 27]

�B(Zee)
1/2 = γ

(
B0

ḡ

)2 1

N

∑
i

(g(i)
zz − ḡ)2 JZee(0) +

1

2
((g(i)

xz )2 + (g(i)
yz )

2)JZee(ω0). (4)

ḡ denotes the mean value ḡ = 1
4 (g(Cu1)

zz + g(Cu2)
zz + g(Cu1ii )

zz + g(Cu2ii )
zz ), γ = ḡµB/h̄ and

ω0 = γ B0. The sum runs over all copper sites i . The spectral density related with the Zeeman
interaction JZee(ω) is the Fourier transform of a two-spin correlation function [27]. Figure 5
shows the angular variation of M (Zeeman)

2 = γ ( B0
ḡ )2 1

N

∑
i (g(i)

zz − ḡ)2 + 1
2 ((g(i)

xz )2 + (g(i)
yz )

2).
The anisotropy of �B1/2 is well reproduced in the xz plane. The variation in the xy and yz
planes reflects essentially the difference (g(i)

zz − ḡ)2 according to figure 4.
The dipolar broadening of the ESR line is given by the following formula [26, 28]:

�B1/2 = 9

32
h̄2γ 3 1

N

∑
i 
= j

(|F (0)

i, j |2 J (0) + 10|F (1)

i, j |2 J (ω0) + |F (2)

i, j |2 J (2ω0)). (5)

With an isotropic g tensor the quantities in equation (5) are F (0) = (1 − 3 cos2 θ)/r3,
F (1) = sin θ cos θe−iϕ/r3 and F (2) = sin2 θe−i2ϕ/r3 with the interdipole distance r and
the angles θ , ϕ specifying the orientation of the magnetic field with respect to r. The
spectral density J (ω) is the Fourier transform of a four-spin correlation function which is
normally frequency-independent for ω � |(J/h̄)| [26]. Figure 5 shows the angular variation
of M (dipolar)

2 = 9
32 h̄2γ 3 1

N

∑
i 
= j (|F (0)

i, j |2 + 10|F (1)

i, j |2 + |F (2)

i, j |2) calculated with g = 2 (curve 1).
When the anisotropy of the g tensor is included M2 increases without changing the angular
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Figure 5. Expected anisotropy of the linewidth due to the anisotropic Zeeman interaction M(Zeeman )
2

(a) and the dipolar interaction M(dipolar )

2 (b): curve (1) calculated with an isotropic g factor g = 2,
curve (2) calculated with an anisotropic g tensor (details see text) and curve (3) gives the ω = 0
contribution to the linewidth.

variation significantly (curve 2, details are given in the appendix). Curve 3 shows the
corresponding variation of |F (0)

i, j |2 which reproduces the essential features of the experimental

results observed in the xz plane. This indicates that the secular contribution of |F (0)

i, j |2 should
be enhanced. An enhanced spectral density J (ω = 0) is frequently found in low-dimensional
systems due to the restriction of spin diffusion to one or two dimensions [29, 30]. These
results confirm the conclusion in section 2 that the interplane interaction is negligibly small.
The broken curve in figure 4(a) shows a fit of the dipolar contribution with the spectral densities
J (0)/3.5 = J (ω0) = J (2ω0) = 1.2 × 10−11 s.

The description of the experimental results improves when the pseudo-dipolar anisotropic
exchange interaction (PD exchange) is included. The PD exchange is added to the
dipolar interaction of the ferromagnetically coupled Cu pairs of the tetranuclear clusters
Cu(1). . . Cu(2i)/Cu(1i). . . Cu(2) and Cu(1ii). . . Cu(2iii)/Cu(1iii). . . Cu(2ii) (cf the appendix).
The PD tensor Aµ,µ′ is oriented as the averaged g tensor of the coupled ions g(12) =
1
2 (g(Cu1) + g(Cu2)) and g(12)′ = 1

2 (g(Cu1ii ) + g(Cu2ii )) [31] and the anisotropy η = (Ax − Ay)/Az

is approximated by the anisotropy of the averaged g tensors, i.e. (g(12)
x − g(12)

y )/(g(12)
z − ḡ(12))

(with ḡ(12) = (g(12)
x + g(12)

y + g(12)
z )/3). The strength of the PD exchange is usually over-

estimated by the formula of Moriya [32] (�g/g)2|J | for small values of J (�g denotes the
deviation of g from the free electron g factor). The spectroscopic work on the spin chains Cu-
benzoate and α-bis (N-methylsalicylaldiminato)-Cu shows that the strength of the PD exchange
and the dipolar interaction are comparable [33, 34]. The full curve in figure 4(a) is obtained
when the contribution of the PD exchange with a strength of Az = −(gµB)2/r3 (g = 2 and
r = 4.466 Å the distance between the Cu(1)–Cu(2i) pair) and an anisotropy η = −0.667
resulting from the average of the g tensor g(12) = 1

2 (g(Cu1) + g(Cu2)) is included. A quantitative
analysis of the linewidth is not reasonable due to the large number of parameters but it is obvious
that the anisotropy of �B1/2 can be understood in terms of the dipolar interaction and the PD
exchange of the equatorial–equatorial syn–anti carboxylate bridge between Cu(1). . . Cu(2i)
and Cu(2). . . Cu(1i).
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When the temperature is lowered the g factor and the linewidth change slightly. This will
not be discussed since it is difficult to discriminate precisely between the effects caused by the
temperature and a possible misalignment of the crystal.

4. Conclusion

The magnetism of Cu4:Cl is determined by the properties of three kinds of carboxylate bridges:
the equatorial- equatorial syn–anti (1), the equatorial–apical syn–anti (2) and the equatorial–
apical anti–anti (3). By a combined analysis of static and dynamic susceptibility measurements
it was shown that bridge (1) leads to a ferromagnetic coupling J/kB = +24 K, bridge (2) leads
to a weak antiferromagnetic coupling J ′/kB = −0.4 K and bridge (3) to a weak ferromagnetic
coupling J ′′/kB = +2.2 K. Cu4:Cl can be regarded as an alternating ferromagnetic spin chain
with an non-negligible antiferromagnetic interchain coupling.
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Appendix

The tensor of the dipolar interaction between spin i and j Hdipole = Dµ,µ′(i, j)sµ

i sµ′
j

is given by Dµµ′(i, j) = (gµB )2

r3
i j

(δµµ′ − 3r̂µ

i j r̂
µ′
i j ), if the g tensor is isotropic. If the

anisotropy of the g tensor is included the tensor Dµµ′(i, j) becomes Dµµ′(i, j) =
µ2

B

r3
i j
((

∑
ν=x,y,z g(i)

νµg( j)
νµ′) − 3(

∑
ν g(i)

νµr̂ ν
i j)(

∑
ν g( j)

νµ′ r̂ ν
i j )). �ri j denotes the connecting vector of the

spins and r̂i j the corresponding unit vector. From this tensor the trace 1
3

∑
µ=x,y,z Dµµ(i, j) is

subtracted since it does not contribute to the anisotropy.
The pseudo-dipolar exchange is added to the dipolar interaction between a pair of spins

according to H = ∑
µ,µ′=x,y,z (Dµ,µ′(i, j) + Aµ,µ′(i, j))sµ

i sµ′
j . The principal axes of the PD

tensor Aµµ′(i, j) are determined by the principal axes of the averaged g tensor of the coupled
ions (g(i)

µµ′ + g( j)
µµ′)/2 and differ therefore in general from those of Dµµ′(i, j).

The geometrical factors F (q)

i j are F (0) = αzz/(ḡµB)2, F (±1) = − 1
3 (αxz ∓ iαyz)/(gµB)2

and F (±2) = − 1
3 (αxx − αxx ∓ 2iαxy)/(gµB)2 with the abbreviation αµ,µ′ = Dµ,µ′ + Aµ,µ′ .
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